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Acronyms and symbols

Here we collect some of the acronyms and symbols that we will use throughout this Thesis.

Acronym Meaning
FTMW Fourier Transform Migrqwave .
(refers to Balle-Flygare's original design)
CP-FTMW Chirped Pulse Fourier Transform Microwave
FID Free Induction Decay
DFT Density Functional Theory
PES Potential Energy Surface
MD Molecular Dynamics
MM Molecular Mechanics
MMFF Merck Molecular Force Field
WHB Weak Hydrogen Bond

Envelope, Twist, Chair, Boat, Half-Boat, Half-Chair, Twist-Boat

E.T.C.B.HB HCTB (five- and six-membered ring conformations)




Acronyms and symbols

Symbol Meaning
A B C Rotational constants
D”dD]’K(’jZDK’ Quiartic centrifugal distortion constants
Electric dipole moment components
Ha, b, He along the principal axes of inertia
Mot Total electric dipole moment
AE Difference in electronic energy
with respect to the global minimum
Difference in electronic energy with respect to the global minimum,
A(E+ZPE) or L ! ‘
taking into account the Zero Point Energy correction
AEo . - -
(residual energy at vibrational ground state)
AG Difference in Gibbs free energy
with respect to the global minimum
o) Standard deviation of the fit
N Number of transitions in the fit
V3 Barrier to internal rotation of a methyl top
/g ) Orientation of the methyl internal rotor (i) with respect to the axis g

(g=a.b.c, principal axes of inertia)
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Resumen en castellano

La espectroscopia de microondas estudia transiciones entre estados rotacionales de
moléculas o complejos intermoleculares en fase gas. En los inicios de esta técnica, se
realizaban experimentos de absorcidon en celdas estaticas, dejando pasar radiacion
monocromatica por una celda con la muestra gaseosa, y detectando la radiacion
transmitida. Sin embargo, los avances instrumentales en esta técnica han sido notorios vy,
hoy en dia, la mayor parte de los espectros rotacionales se toman con experimentos de
emision. En este tipo de experimentos, se excita la muestra mediante aplicacion de un
pulso de radiacion, se detecta la sefal de relajacion en el tiempo y se realiza la
transformada de Fourier para obtener el espectro en el dominio de frecuencias (el
procedimiento es similar a los experimentos de RMN). Ademéas, gran parte de los espectros
rotacionales se toman en expansiones supersonicas, donde las diferentes especies
moleculares se encuentran aisladas, es decir, libres de interacciones. También cabe
destacar que los avances instrumentales en el campo han dado como resultado una
mejora de la sensibilidad y de la resolucion espectral de estos aparatos. En esta Tesis
Doctoral, se analiza el potencial de la espectroscopia rotacional actual como herramienta
en la Quimica moderna.

La principal informacion que se puede obtener de los espectros de rotacion es el valor
de las contantes rotacionales. Estas estan relacionadas con los momentos de inercia y, en
consecuencia, con la estructura tridimensional de la molécula. Por ello, el campo de la
espectroscopia de rotaciobn se ha dedicado tradicionalmente a la determinacion
estructural de sistemas moleculares en fase gas. Gracias a la elevada resolucion espectral
de esta técnica (del orden de 0.0000001 cm-), es posible realizar la determinacién de las
estructuras con gran precision y exactitud. Por ello, la espectroscopia de microondas se ha
usado (y se sigue usando) para estudiar las diferentes conformaciones que puede adoptar
una molécula en fase aislada. Asi, se puede evaluar el rol de las fuerzas intermoleculares
que determinan la conformacion tridimensional de moléculas.

Por otra parte, el empleo de expansiones supersonicas permite aislar complejos
intermoleculares (dimeros, trimeros, tetrameros..) débilmente enlazados. Al realizar la
determinacion por espectroscopia rotacional de estos complejos, se pueden conocer
exactamente el tipo de enlaces que mantienen los mondmeros unidos (enlaces de
hidrogeno, fuerzas de Van der Waals, etc). Esta técnica se emplea frecuentemente para
identificar la naturaleza de los enlaces intermoleculares, por ejemplo, en casos en los que
haya competicion entre varios tipos de enlaces.

Por Gltimo, otro de los campos de aplicacion de la espectroscopia de microondas es
en el ambito de la astrofisica. Los espectros de rotacidn actlian como huellas dactilares de
las diferentes especies moleculares, en parte debido a la elevada resolucion espectral de
esta técnica. La identificacion de un conjunto de transiciones rotacionales de una
determinada especie confirma sin lugar a duda la presencia de dicha especie.
Radiotelescopios como ALMA (Atacama Large Millimeter Array, en Chile) son capaces de
recoger informacion de la region espectral en la que se producen transiciones rotacionales.
Por ello, la comparacion de datos obtenidos en el laboratorio con datos recogidos
mediante radiotelescopios permite confirmar la presencia de determinadas moléculas en
el espacio.



Resumen en castellano

El ambito de la espectroscopia de rotacion esta en continua evolucion, con grandes
avances tecnologicos e instrumentales que abren el campo a nuevos retos cientificos. A
continuacion, mencionaremaos algunos de los avances recientes mas relevantes, teniendo
en cuenta que éste no pretende ser un analisis exhaustivo, sino mas bien una recopilacion
delos avances gque han tenido un mayor impacto en la consecucion de esta Tesis Doctoral.
Por una parte, a finales de la década de los noventa, se incorporaron las técnicas de
vaporizacion laser con pulsos ultracortos. Esto permitid la vaporizacion de muestras
termolabiles, es decir, muestras que se descomponen al ser calentadas. La introduccion
de este tipo de técnicas fue particularmente relevante en el estudio estructural de
moléculas de interés bioldgico ya que éstas son habitualmente sensibles a la temperatura.
Por ello, el uso de vaporizacion laser permiti6 el estudio rotacional de muchas
biomoléculas que antes no eran accesibles con esta técnica.

Por otra parte, uno de los mayores adelantos de la espectroscopia rotacional en los
Gltimos anos es la introduccion de las técnicas de excitacion pulsada de banda ancha por
parte del Profesor Brooks H. Pate de la Universidad de Virginia. Este tipo de
espectrometros se denominan habitualmente "CP-FTMW", por sus siglas en inglés (Chirp-
Pulsed Fourier Transform Microwave). La principal caracteristica de esta técnica es el
empleo de un pulso multifrecuencia como fuente de excitacion de la muestra. Gracias a
este tipo de pulsos, se pueden registrar simultaneamente rangos espectrales de hasta 12
GHz. A modo ilustrativo, cabe destacar que, en otro tipo de espectrometros previos al
CP-FTMW, el rango espectral era alrededor de 1 MHz, lo cual requeria largos barridos para
cubrir el rango de frecuencias necesario. Por ello, el empleo de espectrometros de banda
ancha reduce en general el tiempo de adquisicion espectral, lo cual ha resultado una
importante ventaja en el ambito de la espectroscopia rotacional.

En esta Tesis Doctoral, ilustramos los diferentes grados de aplicacion de la
espectroscopia rotacional moderna a diferentes problematicas en Quimica. En concreto,
se estudian diferentes sistemas moleculares que se han analizado mediante dos
espectrometros de microondas en la Universidad de Pais Vasco UPV/EHU. Antes de nada,
es importante destacar que estos equipos no son comerciales, y por lo tanto su
construccion y mantenimiento quedan a cargo del grupo de investigacion. Denominamos
el primero de los equipos FTMW (Fourier Transform Microwave). Se trata de un equipo
basado en el disefo original de Balle y Flygare, y su uso esta muy extendido en la
comunidad cientifica internacional. Se construy6 en el Departamento de Quimica Fisica
de la Universidad del Pais Vasco UPV/EHU en el afo 2010. El ancho de banda es
aproximadamente 1 MHz, por lo que requiere la realizacién de barridos en frecuencia para
cubrir el rango espectral necesario. Su resolucion espectral es aproximadamente 5 kHz.
Actualmente, este sistema esta acoplado a un sistema de vaporizacion laser, lo cual
permite el estudio de muestras termolabiles. El segundo equipo es un espectrometro de
tipo CP-FTMW, basado en el disefno de Pate. Su incorporacion a la Universidad del Pais
Vasco (UPV/EHU) fue mas reciente (2014) y en esta Tesis Doctoral se destind un gran
esfuerzo a su construccidn y puesta a punto. Permite la adquisicion del rango 6-18 GHz en
un solo pulso molecular y, ademas, es posible la acumulacién de hasta millones de
espectros de forma coherente para alcanzar la relacion sefal/ruido deseada.



Resumen en castellano

El capitulo I de esta memoria es una introduccion tanto a la técnica experimental
como al trabajo realizado en esta Tesis Doctoral. En el capitulo 11, se resume la teoria de la
espectroscopia rotacional necesaria para entender los conceptos basicos del analisis de
un espectro rotacional. En el capitulo III, se resume la metodologia llevada a cabo en la
Tesis Doctoral, desde los calculos tedricos hasta el equipamiento instrumental empleado.

En el capitulo 1V, analizamos la capacidad de la técnica CP-FTMW para explorar
espacios conformacionales complejos. En concreto, realizamos el estudio de tres
moléculas: a-ionona, B-ionona y pB-damascona. Se trata de tres moléculas bastante
flexibles y considerablemente grandes en el marco de la espectroscopia de rotacion. Los
tres sistemas estan estructuralmente relacionados entre si (formula molecular C130H20) y
también con el retinal, un biocromoéforo muy importante que esta involucrado en el
proceso de vision. La B-ionona se puede considerar como la unidad reducida prototipica
del retinal. Las otras dos especies (a-ionona y B-damascona) son especies "“mutantes”, en
las que hay pequenos cambios estructurales con respecto a la B-ionona. En este capitulo,
exploramos el espacio conformacional de las tres moléculas para evaluar las diferencias
gue existen entre ellas. Primeramente, exploramos las conformaciones de forma tedrica,
mediante el calculo de las superficies de energia potencial. En un segundo lugar,
identificamos las diferentes conformaciones observadas experimentalmente. Asi,
detectamos seis conformaciones diferentes para la p-ionona y cuatro para cada una de las
especies mutantes. Ademas, los espectros rotacionales muestran estructura hiperfina
debida al movimiento de rotacidn interna de uno o varios grupos metilo. Los espectros
rotacionales poseen una relacion senal/ruido muy elevada, lo que permite identificar los
espectros de las especies resultantes de sustituciones isotopicas en abundancia natural de
13C (abundancia ~1%) y 180 (~0.2%). Gracias al trabajo realizado en el capitulo IV, podemos
observar como la B-ionona (es decir, la especie “natural”) posee mayor flexibilidad que las
dos especies mutantes. Esta mayor flexibilidad podria haber ayudado al retinal a adaptarse
mejor a su entorno bioldgico en la proteina en la que se encuentra albergado.

En el capitulo V, exploramos la complementariedad de las dos técnicas rotacionales
disponibles en la Universidad del Pais Vasco (UPV/EHU), es decir, los espectrometros
FTMW y CP-FTMW, a través del estudio rotacional de la cotinina. Dicha molécula
pertenece a la familia de los nicotinoides y esta estructuralmente relacionada con la
hicotina (la Gnica diferencia entre ambas moléculas es que la cotinina tiene un grupo C=0
adicional). El primer paso en el procedimiento experimental de este capitulo es la toma del
espectro rotacional en el espectrémetro de banda ancha CP-FTMW. Esto permite tener
una idea global de forma rapida de las diferentes conformaciones que adopta esta
molécula en fase gas. En concreto, se observa que la cotinina posee dos conformaciones
experimentales, que difieren en la rotacion de un anillo de piridina. Cabe destacar que los
meétodos tedricos predicen otros dos conformeros en un rango de energia bastante bajo;
sin embargo, éstos no se observan experimentalmente. En este capitulo demostramos
que la ausencia de estas dos conformaciones se debe a que relajan a las conformaciones
mas estables (observadas experimentalmente). La cotinina tiene una estructura hiperfina
muy compleja, debida a la presencia de dos atomos de Ny un grupo metilo que realiza
un movimiento de rotacién interna. No es posible resolver esta estructura hiperfina con la
resolucion del CP-FTMW y, por ello, algunas transiciones de esta molécula se midieron en
el espectrometro FTMW, que dispone de una mayor resolucion espectral. La identificacion
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de los diferentes componentes de la estructura hiperfina confirma la asignacion de las dos
conformaciones realizada previamente con el CP-FTMW. Por Ultimo, el estudio rotacional
de la cotinina nos ofrece la posibilidad de comparar con la nicotina, cuyo espectro de
microondas habia sido analizado anteriormente. Cabe destacar que para ambas
moléculas se detectan dos conformaciones en fase gas. Ademas, se puede considerar que
las conformaciones son analogas; tanto en la cotinina como en la nicotina las dos
conformaciones observadas difieren en la rotacion del anillo de piridina. La principal
diferencia entre las dos moléculas es que en la cotinina hay una interaccion C-H---0=C, que
no puede tener lugar en la nicotina y que, ademas, provoca una disminucioén de la barrera
de rotacion interna del grupo metilo.

En el capitulo VI, usamos la espectroscopia de microondas (en concreto la técnica
FTMW) para investigar el equilibrio tautomérico de la purina, una base nitrogenada de
gran importancia en el ADN, ya que es la unidad basica de las nucleobases adenina y
guanina. La purina existe predominantemente en dos formas tautoméricas, N(9)H y N(7)H.
Gracias a la elevada resolucion espectral de las técnicas de espectroscopia de microondas,
se pueden distinguir e identificar ambas especies tautoméricas. Ademas, también es
posible cuantificar la relacion de poblaciones de ambas especies, que en este caso es de
N(7)H/N(9)H~1/40. Asimismo, la purina tiene una estructura hiperfina extremadamente
compleja debido a la presencia de cuatro N en su estructura. Esto produce que cada
transicion rotacional se desdoble en muchas componentes (entre 4 y 41, dependiendo de
cada transicidon). Gracias a la resolucion espectral del espectrometro FTMW, fue posible
resolver la estructura hiperfina de la purina. Asi, la informacion obtenida de este analisis
permite confirmar la asignacion de los dos tautémeros. Por Gltimo, cabe destacar que este
analisis de la purina constituye la primera asignacion de la estructura hiperfina de una
molécula con cuatro atomos de N no equivalentes.

En el capitulo VII, ahondamos en otro aspecto clave de la espectroscopia rotacional
moderna: la relacion entre los calculos tedricos vy los resultados experimentales. Se trata
de una relacién bilateral. Por una parte, el tamano de los sistemas moleculares que se
pueden determinar espectroscopicamente es cada vez mayor y, por ello, son necesarios
calculos tedricos (sobre todo mecanocuanticos) para predecir las conformaciones y para
interpretar los espectros rotacionales. Por otra parte, en el desarrollo de nuevos métodos
teoricos, sigue siendo necesario comprobar la capacidad predictiva de éstos frente a
resultados experimentales. En este sentido, la espectroscopia de rotacion es una técnica
idonea como banco de pruebas para los calculos teodricos. Gracias al empleo de
expansiones supersonicas, las moléculas se encuentran en condiciones aisladas, libres de
cualquier tipo de interaccion. Por ello, los resultados obtenidos experimentalmente son
directamente comparables con las estructuras obtenidas con métodos tedricos (en
especial ab initio y DFT). En esta Tesis Doctoral, ilustramos la relacidbn entre teoria y
experimento con el ejemplo de dos moléculas de interés biologico. En primer lugar,
estudiamos el caso del metil jasmonato, una fitochormona de gran relevancia en los
sistemas de defensa de las plantas, entre otros roles. Estructuralmente, esta molécula
posee un anillo de 5 eslabones unido a dos cadenas flexibles. En el capitulo VII,
observamos cdémo es absolutamente necesario emplear métodos tedricos capaces de
describir interacciones dispersivas (en concreto, las interacciones entre los dos brazos
flexibles) para poder asignar las conformaciones observadas. Si se emplean métodos que
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no incluyen fuerzas dispersivas (como el funcional B3LYP, por ejemplo), no es posible
identificar los conformeros observados. En el caso del B3LYP en concreto, es necesario
anadir correcciones dispersivas como D3 o D3B) para poder reproducir los resultados
experimentales. En segundo lugar, presentamos el caso del zingerone, una molécula
odorante que consiste en un anillo de benceno sustituido por un hidroxilo y por una
cadena lateral flexible. En este caso, la conformacion adoptada por la molécula depende
de una competicion sutil entre dos interacciones débiles: C-H--rm y C-H--O. Las dos
interacciones no se pueden dar simultaneamentey la estructura tridimensional resultante
depende de cual de las dos tenga lugar. Debido a que se trata de interacciones muy débiles,
los métodos tedricos tienen problemas para evaluar la magnitud de cada una de ellas y
para determinar cual es la “ganadora”. Gracias a la espectroscopia de rotacion, podemos
determinar que es la interaccion C-H--O la que predomina. Observamos que algunos de
los meétodos tebdricos (entre ellos, MP2, cominmente empleado en este tipo de
experimentos) ni siquiera son capaces de predecir esta estructura.

El capitulo VIII pretende ser un ejemplo del empleo de la espectroscopia de
microondas en el analisis conformacional de moléculas de interés bioldgico en fase gas,
asi como de la posibilidad de complementar los resultados obtenidos con otras técnicas
(por ejemplo, con estudios estructurales en disolucion). De esta forma, se puede obtener
un conocimiento mayor de las propiedades estructurales de los sistemas moleculares en
diferentes medios. En concreto, nos centramos en el monosacarido
metil 2-deoxi-ribofuranosa, que es el aztcar presente en el ADN. En este trabajo, se han
compatibilizado sintesis quimica, espectroscopia rotacional en fase gas y estudios
conformacionales en disolucion acuosa. En primer lugar, el grupo del Profesor Benjamin
Davis en la Universidad de Oxford sintetizd el monosacarido. Mediante metilacion en el
oxigeno en posicion 1, fue posible aislar los dos anémeros (o y B) de la forma furanosa
(anillo de cinco eslabones). A continuacion, en la Universidad del Pais Vasco UPV/EHU,
procedimos a realizar el estudio conformacional de las dos muestras (andémeros a y B)
separadamente mediante espectroscopia de microondas CP-FTMW. Detectamos tres
conformeros delandmero By dos del a. Por tltimo, el grupo del Profesor Francisco Corzana
enla Universidad de la Rioja analiz6 las conformaciones en disolucion acuosa combinando
Resonancia Magnética Nuclear (RMN) y Dindmica Molecular. Resulta especialmente
interesante comparar los resultados obtenidos en fase aislada y en disolucion. Asi pues, se
puede observar que en fase gas predominan las estructuras que favorecen interacciones
intramoleculares (por ejemplo, O-H---O). Sin embargo, en disolucion, esas conformaciones
no estan favorecidas, principalmente debido a la solvatacion de los grupos mas polares de
la molécula (por ejemplo, grupos OH).

En el capitulo IX, incluimos un caso de aplicacion de la espectroscopia de rotacion
como técnica analitica. En el pasado, hubo varios intentos de emplear la espectroscopia
de microondas como detectores de gases. Sin embargo, esto no tuvo mucho éxito debido
a varios factores, como la complejidad de los espectros de rotacion o la dificultad de la
calibracién en intensidades. En la actualidad, con las nuevas mejoras en la técnica, esta
resurgiendo el interés por aplicar la espectroscopia rotacional a la resolucion de problemas
analiticos. Recientemente fue creada la empresa Brightspec, como spin-off del grupo de
investigacion de Brooks H. Pate, que comercializa espectrometros de banda ancha (tipo
CP-FTMW) con dos objetivos principales. El primero es la deteccidon de trazas en procesos
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guimicos, de combustion o petroquimicos y el segundo es el mercado de las empresas
farmacéuticas, en especial en el analisis de diastereoisomeros y enantiomeros. En el
capitulo IX de esta Tesis Doctoral, presentamos un trabajo en el que detectamos los
productos gaseosos de degradacion producidos al calentar una muestra de CHsNH3Pbls.
Esta sustancia es una perovskita hibrida que esta siendo estudiada en profundidad para su
aplicacion en placas fotovoltaicas. En la bibliografia se postulan dos mecanismos de
degradacion posibles para esta sustancia. Sin embargo, los estudios experimentales
realizados hasta la fecha no permiten tener una conclusion clara acerca de qué
mecanismo es el predominante. En este trabajo, confirmamos inequivocamente que
ambos mecanismos tienen lugar simultaneamente en las condiciones del experimento.
Gracias a la elevada resolucion espectral de esta técnica, podemos identificar sin lugar a
duda los productos de descomposicion gaseosos que confirman que ambos mecanismos
tienes lugar a la vez.

En conclusion, esta Tesis Doctoral demuestra que los nuevos avances en la
espectroscopia de rotacion moderna abren un inmenso campo de posibilidades como el
analisis de espacios conformacionales complejos, la resolucion de equilibrios
tautomeéricos o incluso como técnica analitica.
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Introduction

In this Thesis, we review the potential of modern rotational spectroscopy to solve
problems in different areas such as chemistry, biology and as an analytical tool. Rotational
{or microwave) spectroscopy is a high-resolution technique that is carried out in the gas
phase. As such, it has traditionally been related to the accurate structural elucidation of
molecules orintermolecular complexes under isolation conditions. Virtually all microwave
spectrometers used to date are not commercially available, meaning that the research
groups are in charge of building and maintaining the devices. This, together with the rather
high economical cost of these apparatus may have slowed down the success of the
technigue. However, thanks to the most recent advances in instrumentation, new
theoretical methods to support the experiments and the computational power of large
computer clusters, rotational spectroscopy is undergoing a renaissance in the last
decades. The field is opening now to tackling new problems; for instance, the structural
determination of “larger” biomolecular systems (15-30 heavy atoms), the identification of
enantiomers and the determination of enantiomeric excess of mixtures, the detection of
molecules in outer space thanks to the use of radiotelescopes or the potential use of this
technigue as an analytical tool in the pharmaceutical industry, among others. We will
consider some of these aspects in this Thesis, with specific cases that we have studied at
the Spectroscopy Group at the University of the Basque Country (UPV/EHU).

Rotational spectroscopy studies transitions between rotational energy levels of
molecules or intermolecular complexes in the gas phase. Rotational transitions occur in
the microwave region. Figure 1.1 summarizes the frequency ranges in the microwave
region. In this Thesis, we will exclusively work in the centimeter wave (cm wave) range.

; Frequency

£103GHz 30 GHz 300 GHz 3000 GHz %,

toRF toIR:
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100 cm 1cm 0.1 cm 0.01 cm

Wavelength

Figure 1.1 Microwave region of the electromagnetic spectrum.
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I.1 Microwave spectroscopy: past and present

The first microwave spectroscopy study dates back to 1934 It investigated the
ammonia rotational spectrum, with special focus on the umbrellainversion motion of this
molecule. It was an absorption experiment, carried out in a static gas cell. Briefly,
monochromatic microwave radiation was passed through a sample cell and the
transmitted intensity was monitored. We can also refer to this kind of experiments as
frequency-domain. In the following decades, spectroscopists studied a myriad of small
molecular systems (up to ~10 heavy atoms) using the same basic experimental design.
However, important improvements in spectral resolution and sensitivity were achieved,
partly due to the instrumental advances in microwave radiation sources and detectors
resulting from the development of radars in World War I1. A major breakthrough in the
field was the introduction of time-domain rotational spectroscopy techniques.234 These
can be viewed as Fourier Transform experiments analogous to pulsed NMR spectroscopy.
Briefly, a relatively high power (up to 20W) monochromatic microwave pulse is used to
excite the molecular sample. After the excitation pulse has dissipated, the molecular
emission in the time domain (Free Induction Decay, FID) is detected and later Fourier
transformed to obtain the rotational spectrum in the frequency domain. It was proved that
better sensitivity and resolution were achieved compared to frequency-domainrotational
spectroscopy. Finally, in 1981, Balle and Flygare designed a new spectrometer combining
FTMW (Fourier Transform Microwave) spectroscopy and supersonic expansions.s They
achieved better resolution and sensitivity and rotational spectroscopists have extensively
used this technique in the last 40 years.

More recently, other developments in the field of rotational spectroscopy have also
had an impact on the work of microwave spectroscopists. In 1996, a new improvement in
FTMW techniques was achieved with the introduction of the Coaxially Oriented Beam
Resonator Arrangement (COBRA).€ In this set-up, the supersonic expansion is coaxial with
the microwave resonator and one can obtain higher spectral resolution and sensitivity
compared to a perpendicular arrangement. Very importantly, the instrument was fully
automated for scanning operations and remotely controlled by a computer. Many
microwave spectrometers around the world are based on the COBRA design, including
one of the two microwave spectrometers available at the University of the Basque Country
(UPV/EHU).

The incorporation of laser ablation techniques was a major breakthrough in the field.
Two pioneering set-ups were independently created that used laser ablation techniques
mostly to study metallic oxides and halides in the gas phase.”® Later, in 1995, laser
vaporization techniques were incorporated to FTMW spectrometers to bring thermally
unstable molecules into the gas phase to be later probed with rotational spectroscopy.®
This opened the field to the study of biclogically relevant molecules such as amino acids'®
or sugars."! Furthermore, the use of shorter picosecond laser pulses (rather than
nanosecond) was a major advancement in laser vaporization techniques, resulting in
greater signal-to-noise ratios, less decomposition of the sample and a longer duration of
the latter.

Later, in 2008, Brooks H. Pate introduced the novel technique Chirped Pulse Fourier
Transform Microwave (CP-FTMW) spectroscopy.'? By using broadband excitation pulses,
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this spectrometer allows, in general, for shorter spectral acquisition times compared to
FTMW spectrometers based on Balle-Flygare's design. The CP-FTMW machine has had a
tremendous success in the microwave community in recent years.

The spectroscopic community has also devoted some efforts to the development of
conformer specific microwave techniques. In rotational spectra, transitions belonging to
different conformers appear interspersed amongst one another, which can be a source of
difficulty in the subsequent analysis. To facilitate this task, several approaches have been
devised to identify the rotational transitions belonging to the same conformation by using
microwave-microwave double resonance techniques.'314

Finally, the most recent development is probably the application of double quantum
coherence to phase-discriminate the enantiomeric pair of chiral molecules, thanks to
three-wave mixing techniques.'>1817 Enantiomers can be discriminated spectroscopically
in this way, and it is possible to estimate enantiomeric excess. However, a reference of a
pure enantiomer must be used in order to identify the nature (R or S) of a given chiral
molecule.

Apart from the instrumental developments abovementioned, it is worth mentioning
the tremendous impact that theoretical calculations and large computing facilities have
had on rotational spectroscopy, and, in particular, on the use of this technique in structural
elucidation. As the size of the molecular systems targeted increases, it becomes more
necessary to rely on theoretical calculations to have an idea of the conformations that the
molecule may adopt. This is particularly relevant in flexible molecules or intermolecular
complexes, for which chemical intuition may be insufficient to predict the preferred
conformations. The advancements in theoretical methods such as Molecular Mechanics
(to perform fast conformational searches) or ab initio and Density Functional Theory (DFT)
methods (to obtain accurate structural predictions) are key in the success of modern
structural studies. Nowadays, it is possible to obtain very accurate predictions of molecular
conformations in a rapid way and this is most helpful in the interpretation of rotational
spectra.

1.2 Uses of rotational spectroscopy

The most important piece of information that one can extract from a rotational
spectrum of a given molecular species is the value of the rotational constants (A, Band C).
With a spectral resolution of ~3-100 kHz (in the order of 107-106 ¢cm™) in modern
microwave spectrometers, the experimental values of A, B and C are obtained to a very
high precision (not achievable with other techniques). Rotational constants are inversely
proportional to the moments of inertia along the principal axes of the molecule (/a, Ir and
lo). Therefore, they are directly related to the three-dimensional structure of that molecule.
Small structural/conformational changes lead to large changes in the rotational
constants. Therefore, different conformers give rise to different rotational spectra that can
be unambiguously identified. Even isotopologues are identified routinely in rotational
spectra. With all this, rotational spectroscopy is a very powerful tool to perform structural
studies under isolation conditions.
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In fact, most rotational studies focus on the structural study of molecules or
molecular aggregates in one way or another. For example, the conformational landscapes
of flexible molecules are very often probed with microwave spectroscopy. Up to fifteen
different conformers were identified for citronellal.’® In this way, we can study the intrinsic
structural preferences of a molecule without the interference of interactions such as
crystal packing or solvent. The presence of intramolecular interactions can be detected
and its effect on the overall conformation of the molecule can be assessed. Furthermore,
microwave spectroscopy can also be used to study tautomeric equilibria. In the case of
keto-enol tautomerism, for example, the two tautomeric forms can be independently and
unambiguously identified in rotational spectra. By estimating the population ratio of the
two species, we can have an overall idea of the balance between keto and enol forms.

The study of intermolecular complexes is another field in which the power of
rotational spectroscopy as a structure elucidation tool becomes clear. Supersonic
expansions allow for the isolation of intermolecular complexes (dimers, trimers, tetramers,
and up to decamers, such as the water decamer'9) that can be probed with microwave
spectroscopy. Spectroscopists use this technique for the investigation of the nature of the
intermolecular interactions that hold molecules together. Several research groups, such
as the groups of Professor Walther Caminati at the University of Bologna or Professor
Anthony Legon at University of Bristol devote a lot of effort to the identification of weak
intermolecularinteractions and the competition between them. They have studied a great
number of short-lived intermolecular complexes (mostly dimers) by confronting small
monomers (for example, substituted alkanes, small carboxylic acids or alcohols) and
analyzing the interactions between them. The nature of the interactions under study
ranges from strong and moderate hydrogen bonds (O-H--O, O-H--N, etc) to weak
hydrogen bonds and other kind of interactions (C-H---F weak hydrogen bond,2 Cl---C
halogen bond?' and others2223) Moreover, microwave studies on intermolecular
complexes are also used to model the interactions between biomolecules and their
biological receptors. For example, the study on the sevoflurane-benzene heterodimer?*
mimics the interaction between the anesthetic (sevoflurane) and aromatic residues at the
protein's binding site.

In some cases, rotational transitions display fine and hyperfine splittings from which
one can extract structural information. For instance, molecules with one or several nuclei
with spin (I) equal to or greater than 1 will give rise to rotational spectra with hyperfine
structure, due to the effect of nuclear quadrupole coupling. The analysis of this hyperfine
structure renders information about the electronic surrounding of the atom. In addition,
some rotational spectra may also display fine structure arising from large amplitude
motions, from which one can extract dynamical information. A recurring example is the
case of molecules with a methyl group. The internal rotation of the methyl top couples
with the overall rotation of the molecule and produces splittings in rotational transitions.
By analyzing those splittings, we can estimate the barrier to internal rotation of the methyl
top. This, in turn, yields structural information; for example, about the sterical hindrance
around the methyl group. Moreover, microwave spectroscopy is also a useful tool in the
determination of experimental permanent dipole moments, thanks to Stark effect
experiments.2>
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Furthermore, microwave spectroscopy studies serve as a perfect benchmark for
testing the performance of quantum chemical methods. Rotational spectroscopy in
supersonic expansions vyields the structures of molecular systems under isolation
conditions (in vacuo). Therefore, the results are directly comparable to the theoretical
structures obtained with ab initio or DFT methods. For example, in the cases where there
is a subtle competition between two intra- or intermolecular interactions in a molecule (or
intermolecular complex), theoretical methods may struggle to find the dominant one. In
those cases, rotational spectroscopy experiments will find the solution by unambiguously
identifying the experimental molecular structure. This interplay between experiment and
theory is even more important nowadays, because the size of the molecular systems
targeted in structural studies (by either microwave spectroscopy or any other technique)
is increasing and, therefore, it becomes necessary to support the experiments with
accurate theoretical predictions.

Because of the inherently high spectral resolution of microwave spectroscopy
experiments, rotational spectra serve as fingerprints of molecules. That is, the observation
of several rotational lines belonging to a given molecular species unambiguously confirms
the presence of that species. Indeed, the microwave spectroscopy community devotes a
great effort to the detection of molecules in outer space. By comparing laboratory
rotational frequencies with data obtained from radiotelescopes such as ALMA (Atacama
Large Millimeter Array, in Chile), it is possible to confirm the presence of molecules in
space. For this purpose, the millimeter wave (mm wave) and sub-mm wave frequency
regions are most useful, since that is the frequency range that radiotelescopes cover. For
instance, CHsNCO was detected in Orion Clouds.26

The fact that rotational spectra act as fingerprints of molecular species implies that
this technique may be used as an analytical tool for the detection of chemical species.
Since the 1990s, there have been several attempts to commercialize trace gas sensors
based on FTMW spectrometers. However, the complexity of rotational spectra and the
problems with intensity calibrations, amongst other issues, have prevented the success of
these technigues. Nowadays, with the new developments in instrumentation, there is a
renewed interest in commercializing microwave spectrometers. The company Brightspec
was founded in 2012 as a spin-off from Brooks H. Pate’s laboratory. It commercializes
broadband spectrometers that serve two main purposes. On the one hand, some of their
instruments are designed for the determination of trace level process contaminants in
chemical, petrochemical, combustion, and semiconductor industries. On the other hand,
they focus on the pharmaceutical industry, in particular, chiral process monitoring. The
unambiguous identification of molecular species, including diasterecisomers and, to
some extent, enantiomers, is the major strength of rotational spectroscopy that could
transform it into an analytical tool.
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1.3 Aim and objectives of this Thesis

The Spectroscopy Group at the University of the Basque Country (UPV/EHU)
(Department of Physical Chemistry) currently possesses two microwave spectrometers.
The first one (built in 2010) is an FTMW machine based on Balle-Flygare's original design,
covering the 5-18 GHz frequency region, with a spectral resolution of ~5 kHz. It is coupled
to an ultrafast laser vaporization set-up, allowing for the vaporization of thermally
unstable samples. The second oneis a CP-FTMW machine based on Pate’s design, working
on the frequency range 6-18 GHz, with a spectral resolution of ~20 kHz. A major part of the
work in this Thesis was devoted to the construction, implementation and optimization of
the CP-FTMW spectrometer and, therefore, we will mainly focus on this machine.

The objectives of this Thesis are:

e Implementation of a CP-FTMW spectrometer at the Spectroscopy Group at
the University of the Basque Country (UPV/EHU)

e Investigation of the potential of rotational spectroscopy in conformational
elucidation, the determination of biomolecular structures, the study of
tautomeric equilibria and as a potential analytical tool

In Chapter II, we will review the basic concepts about the theory behind rotational
spectra. This chapter is not meant as a thorough explanation of rotational spectroscopy,
but rather as an overview of the basic tools to understand the analysis of rotational
spectra.

In Chapter I11, we will summarize the methodology employed in rotational studies. In
particular, we will review the basic concepts about experimental set-ups, computational
methods, and some other concepts that will be needed throughout this Thesis.

Chapter IV focuses on a- and B-ionone and B-damascone, three structurally related
biomolecules. We use these molecular systems to explore the power of microwave
spectroscopy to probe rich conformational landscapes of moderately large flexible
molecules.

In Chapter V, we unravel the conformations of the nicotinoid cotinine in the gas
phase. The rotational study of this molecule needed the use of the two spectrometers at
the University of the Basque Country (UPV/EHU) (FTMW and CP-FTMW). This chapter
serves as an example of the complementarity of both techniques: the CP-FTMW machine
provided an overview of the conformational landscape of cotinine in a rapid way, while the
FTMW device was used to solve the hyperfine structure of rotational transitions.

Chapter VI deals with purine, a nucleobase that presents a very complex hyperfine
pattern due to the presence of four N nuclei. The goal of this study is to address the
tautomeric equilibrium of purine. For doing so, we take advantage of the unequalled
spectral resolution of FTMW spectroscopy to solve the hyperfine pattern of rotational
transitions.

In Chapter VI, the cases of methyl jasmonate and zingerone stress the importance of
the interplay between theory and experiment and show how the results from microwave
spectroscopy serve as a benchmark for theoretical methods.
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Chapter VIII presents the structural study of methyl 2-deoxy-D-ribofuranoside, the
monosaccharide present in the DNA, as an example of the potential of microwave
spectroscopy in the study of biomolecular systems. We combine the results of rotational
spectroscopy with further data in solution (Molecular Dynamics calculations and NMR
spectroscopy). Thus, in this work, we probe the conformational landscape of this sugar
under isolation conditions, and we compare it with data on aqueous solution. In this way,
we can differentiate the intrinsic properties of this sugar from the ones coming from
interactions with the solvent.

Finally, Chapter IX serves as an example of rotational spectroscopy as an analytical
tool. Thanks to this technique, we can monitor the gaseous degradation products of a
hybrid perovskite that is a prototype material for solar cells. The goal is to determine the
degradation mechanism of this substance.
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This chapter reviews the basic theory about molecular rotation necessary to
understand the analysis of rotational spectra. The aim of the following sections is not to
give a full and detailed description of the theory and the underlying mathematics, but
rather a general overview presenting the basic tools to understand rotational analysis.
Thorough analysis of molecular rotation theory and subseguent mathematical
developments can be found in the literature.l23

II.1 Hamiltonian for rotation

The first approach to molecular rotation is to assume the rigid rotor model, in which
bond angles and distances adopt constant values. In that case, the Hamiltonian for
molecular rotation can be written as:

Hyor = AJa" + BJp* + CJ .2
where J, (g = a, b, ¢) are the operators corresponding to the angular momenta along the

principal axes of inertia a, b and c. A, B and C are the rotational constants, which are
inversely proportional to the moments of inertia along a, band ¢

h? h? h?
= 8nzl, ~ 8n2l, € =81,
where I, (g = a,b,c) is the moment of inertia along the g axis (I; = X; m;rg,*) (m; and ry;
are the mass of atom iand its distance to the g axis, respectively).
The principal axes of inertia are defined as follows. The a axis is the one that yields the
minimum value for la and the c axis is chosen to give the maximum value to Ic. It can be
proved that a and care always perpendicular to each other. Finally, bis the axis orthogonal

to a and c¢. Depending on the values of /5, b and I, the molecules can be divided in the
following groups:

-Linear: 1a=0 < Ip=Ic

-Spherical top: la=lp=Ic

-Prolate symmetric top: la< lb=Ic
-Oblate symmetric top: la=Ib < Ic
-Asymmetric top: la< Ip < Ic

Most of the biomolecules targeted in microwave studies in the gas phase belong to
the last group (asymmetric tops), and to the Ci symmetry group. However, in some cases,
their structure may be close to that of a symmetric top (prolate or oblate). Ray's
asymmetry parameter (k)*is a measure of how much a conformation deviates from the
symmetric top limits:

2B—A-C
S —

The values of k lie between +1 and -1. In the prolate limit k=-1 while for an oblate top

Kk=+1.
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For linear and symmetric top molecules, the energy levels can be expressed in a
closed form, as follows:>6

E(J) =BJ(J + 1) linear
E(J,K)=BJ(J+ 1)+ (A—B)K? Prolate
E(J,K)=BJ(J+ 1)+ (C—B)K? Oblate

where J=0, 1,2, 3...is the quantum number associated to total angular momentum (J, with
J2=JA 12 +]2) and K=0, +1, £2..., 1) is the quantum number associated to the
projection of the angular momentum along one of the symmetry axes (J 4 with g = a for
prolate and cfor oblate).

In the case of asymmetric rotors, the theoretical treatment of molecular rotation is
more complex and the energy levels cannot be expressed in convenient equations. None
of the J; operators commutes with H,.,, and therefore K is no longer a good quantum
number. An important difference with the symmetric case is that, while in the symmetric
case the energy levels corresponding to +K and —K are degenerate (E() K) depends on the
square of K), this is not the case for the asymmetric rotor. Hence, each | level gives rise to
J+1 distinct energy sublevels in a symmetric top, while it generates 2J+1 sublevels in an
asymmetric top. The approach to label the rotational energy levels in an asymmetric top
is to extrapolate to the prolate and oblate symmetric top limits. Therefore, for asymmetric
tops rotational energy levels are expressed as J,K-1, K+1, where K-1 represents the K value
corresponding to the limiting prolate top and K+1 the one for the oblate top.

It is important to note that K1 y K+1 are not good quantum numbers, but rather
numbers used to design the sequence of sublevels for a given ] value. They are often
referred to as pseudo-quantum numbetrs.

I1.2 Selection rules

In this section, we will summarize the selection rules for rotational transitions. In
particular, the focus is on asymmetric rotors, which encompasses all the molecular
systems studied in this thesis.

Given two rotational levels defined by the wavefunctions w(, K., K+1) and
w()' K'-1,K'+1), the transition dipole moment is the following magnitude:

R= j U0 Ko Ky (0 K oy, K )

where u is the electric dipole moment operator. The intensity of a rotational transition is
proportional to the square of the transition dipole moment and hence, the condition for
allowed transitions between rotational energy levels is that R adopts non-zero values. This
imposes a suite of restrictions on the values of J, K-1 and K+ of the two energy levels that
we will discuss in the following paragraphs.

First, for asymmetric rotors the conditions on J are that A)=0, +1 (this is also the case
for symmetric rotors). Q-branches correspond to AJ=0, P-branches to AJ=-1 and R
branches to AJ=+1.
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Second, regarding the pseudo-quantum numbers K- and K+, the selection rules
derived from the condition R + 0 are summarized in Table I1.1.

Table I1.1 Selection rule for the pseudo quantum numbers K-1 y K+1 for an asymmetric
rotor. Larger variations in the indices (in parentheses) produce weaker transitions.

Type of transition AR- AR+
a 0 (teven) +1 (todd)
b +1 (fodd) +1 (fodd)
c +1 (todd) 0 (teven)

At this point, it is important to note that only molecules with non-zero permanent
dipole moment (u) can be studied with microwave spectroscopy. Molecules with y =0
{molecules with inversion center always have u=0 by symmetry requirements) do not
possess allowed rotational transitions and therefore it is not possible to record their
rotational spectra. In the case of molecules with non-zero p, it is necessary to know the
orientation of the electric dipole moment in order to identify the type of transitions in the
spectrum. For example, if the only component of p is along the a axis, then ya#0 and
Mb=Hc=0 and the only transitions expected in the rotational spectrum are a-type. The
molecules of biological interest analyzed in this Thesis normally present at least two
non-zero components of the permanent dipole moment and therefore different types of
transitions are found simultaneously in the spectra.

I1.3 Centrifugal distortion

So far, we have assumed the rigid rotor model for the treatment of molecular rotation.
In this approximation, the atoms are punctual masses connected by a rigid bond of
constant length. However, a more realistic picture would be to consider bonds as springs
with finite restoring forces. As the molecule rotates, the nuclei tend to be thrown outwards
by centrifugal forces, the spring stretches and the intermolecular distance increases. This
phenomenon is known as centrifugal distortion effect. Since centrifugal distortion has the
effect of increasing bond lengths, there is an effective increase in the moment of inertia,
which translates into an effective decrease in rotational constants. The rotational
transitions appear then at lower frequencies than in a perfect rigid rotor. Therefore, it
becomes important to account for centrifugal distortion in the analysis of rotational
spectra. This is particularly so for small and/or flexible molecules (the latter being the case
for most of the molecules in this Thesis) and weakly bound intermolecular complexes for
which the effect of centrifugal distortion is more dramatic. One of the methods employed
to account for this effect is to use Watson's Hamiltonian.” In particular, we present it here
in its symmetric (S) reduction, which is particularly appropriate for asymmetric tops that
approach the symmetric limit:
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HS, = HS), 1 S

Watson T0
HS), = AOJ% + BOJE + CO2
HS) = —D)J* — Dy J¥J% — DiJt + dyJ>(% +J2) + dy U +J%)
+HJS + HyJ* 2 + HJ2 e + HiJe + hJ*(J5 +72) + hoJ* U2 +J5) + hs(JS +J9)

where J, = (Jo £iJp), Di Dr, D, di and d2are centrifugal distortion constants (quartic
terms) and Hj, Hxk, Hk, Hry, hi, h2and hzare sextic terms.

I1.4 Nuclear quadrupole coupling

Often, pure rotational spectra display complex patterns of fine and hyperfine
structures, in which rotational transitions split into several components. This is the case for
some of the molecules presented in this Thesis. Among the phenomena that cause those
splittings is nuclear quadrupole coupling, which we will discuss in the following.

If we consider a specific atom in a molecule, two conditions must be fulfilled for
nuclear quadrupole coupling to take place:

a. Non-spherical distribution of nuclear charge about the nucleus
b. Non-spherical distribution of electronic charge about the nucleus

Condition (b) can be taken for granted in virtually all molecules targeted by rotational
spectroscopy. Condition (a) requires that the nucleus has a nuclear spin | >1. In the case of
organic molecules, the most common atoms with | >1 are N (I=1), 2H (I1=1), 35Cl (1=3/2),
37CI (1=3/2) and 27| (1=5/2). When condition (a) is fulfilled, it gives rise to a nuclear
quadrupole moment while the fulfilment of condition (b) gives rise to an electric field
gradient about the nucleus. The interaction between these two magnitudes (quadrupole
moment and electric field gradient) results in a coupling between the nuclear spin
momentum I and the rotational angular momentum J, such that the total angular
momentum F is now:

F=1+])
The quantum number F is introduced such that:
F=J+1, J+1-1, J+1-2, . )]

The selection rules that govern transitions between these rotational states are Al=0,
AJ=0, +1 and AF=0, +1. Each rotational transition is therefore split into additional
components compared to a case with no quadrupole coupling. For example, in the case of
the rotational transition 4 0 4 €3 0 3 and an atom with =1 (for example, 1“N), the allowed
guantum numbers are summarized in Table I1.2.

IL.6



Theory of rotational spectroscopy

Table I1.2 Allowed gquantum numbers for the 4 0 4 and 3 0 3 states of an asymmetric
rotor with a quadrupolar nucleus (I=1)

)R-, Ki1=4 04 J,K-1,Ki1=303
) 4 3
| 1 1
F 5:4;3 4;3;2

The allowed transitions in this case would be the ones with AF=0 (4¢4; 3€3), AF=+1
(5€4; 4€3; 3€2) and AF=-1 (3€4), although in most cases only the transitions with AF=+1
are intense enough to be observed experimentally.

In molecules with a single nucleus with 1>1, the Hamiltonian takes on the following
form:

H=H),

Watson

+ Hy

where H, accounts for the interaction with the quadrupolar moment. The derivation of
H, can be found in detail in the literature,'23 resulting in:

eQq;

Ho == piai=n

3
[a-n*+ 51 J—1*?]

where I and J are the operators associated with spin and rotational angular momentum,
respectively, eQ is the nuclear quadrupole moment and q) is the coupling constant,
defined as the mean value of the field gradient in the direction of the maximum projection
of J along a space-fixed axis:

0%V
q; = (ﬁ)M]=]

where V is the potential and Z is the laboratory-fixed axis. gjcan be transformed into the
principal axis of inertia coordinate system resulting in:

o
qg,y! - agag!

with gg=a, b, c. The magnitude q4 4, can be related to the elements of the nuclear
quadrupole coupling tensor:

Xg.gr = €Qqg,qgr
The nuclear quadrupole coupling tensor is symmetric and takes on the following form:
Xaa Xab Xac
X=1|Xba Xob Xbc
Xca Xeb  Xcc

The diagonal elements of the quadrupole coupling tensor fulfill the requirement:

Xaa T Xob T Xec =0
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Experimental values of xqq. Xpp and x. are often inferred from the analysis of
hyperfine structure in rotational spectra. Since they represent the electric field gradient
along the principal axes of inertia, they are very sensitive to local electronic environment
and, therefore to chemical structure. That is the reason why these magnitudes are very
helpful in structural elucidation. In those cases where rotational constants do not provide
enough proof to identify molecular conformations, Xaq. Xp» and Xxcc May be extremely
helpful in discerning different species. 8 Furthermore, the determination of the
off-diagonal components of the nuclear quadrupole coupling tensor allows for its
diagonalization.

Finally, it is worth mentioning that, in this Thesis, we have mostly used Pickett's
SPFIT/SPCAT program suite? for the spectral fitting of experimental rotational spectra in
order to obtain the experimental values of rotational constants, centrifugal distortion
constants and nuclear quadrupole coupling parameters. In many cases, we have also used
Kisiel's AABS program package'? as a graphical aid for spectral fitting.

I.5 Large amplitude motions: internal rotation of methyl tops

In some cases, rotational spectra are affected by large amplitude motions that need
to be taken into account when performing the rotational analysis. In this section, we will
review the fundamentals of a specific kind of motion: internal rotation of a methyl top.
This situation occurs when a methyl group is able to rotate about a single bond by which
it is attached to the rest of the molecule. Under certain conditions, internal rotation of
methyl tops can produce splittings in rotational transitions and therefore make their
analysis more complicated. However, it is possible to obtain more information about the
molecule or intermolecular complex from the effects of internal rotation. Other large
amplitude motions often encountered in rotational spectra include ring puckering or
inversion motions.11.1213

In methyl tops, rotation about the single bond gives rise to three equivalent minima
(Csv symmetry). We encounter three different situations depending on the height of the
potential energy barrier (V) separating the minima.

a.  Vs>oo:the barrier to internal rotation is very high. Internal motions are restricted
to small, harmonic oscillations around the single bond.

b. Vs has a finite, intermediate value.

c.  V3>0: the barrier is very low, negligible and the methyl top is treated as a free
rotor.

For the very high barrier case (a), the system can be described as three harmonic
isolated oscillators each located at a minimum. Tunneling between the different minima
is forbidden and each torsional energy level is threefold degenerated (because the three
hydrogens are equivalent). For finite barriers (b), on the other hand, there is a probability of
tunneling between the minima since the wave functions extend through the classically
forbidden regions and the potential energy takes the shape of a periodic function (see
Figure I1.1). Because of tunneling, the degeneracy is partially lifted. Each torsional energy
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level splits into two sub-levels: A (non-degenerate) and E (doubly degenerate). For the free
rotor case (c), the energy levels are normally labeled with the quantum number m. The
degeneracy is also partially lifted (as with the case of intermediate barriers) except for the
cases where mis a multiple of 3. Figure I1.2 displays the correlation between the energy
levels in the three cases.

Potential energy
=
T
e
\
g
b
i
N

0 21m1/3 4m1/3

\ .

v=0

P
2
>

Potential energy
i, A

0 2m/3 411/3

Figure I1.1 Shape of the potential energy function for a methyl rotor in the high barrier
limit (top) and in the intermediate barrier situation (bottom)

m \

[+
w
| ﬁmf>
N

+2
t1’ 0
o\/A/

V,=0 V, = oo

Potential energy barrier
Figure 11.2 Correlation between the torsional energy levels of the two limiting cases. For
very high Vs values, the energy levels are denoted with the v quantum number. For the free
rotor case (V3=0), we use the m guantum number to label energy levels. For the
intermediate cases, the lifting of the degeneracy results in A/E sublevels.
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Each A or E torsional sub-level hosts rotational energy levels. Rotational transitions
follow the selection rules A€>A and E€->E. Hence, direct transitions between A and E
torsional states are forbidden. Moreover, rotational levels in A and E states are slightly
different and therefore rotational transitions have slightly different frequencies (A€>A
compared to E€-E). That is the reason why rotational transitions appear as doublets (A
and E) in the case of molecules with a methyl top with finite Vs barrier. In general, high Vs
barriers yield small splittings (of the order of a few kHz), which can be unresolvable with
the resolution of the spectrometer if the barrier is very high. On the other limit, low Vs
barriers can result in A-E splittings of several GHz.

One can derive structural information from the analysis of the A-E splittings. In
particular, it is possible to estimate the height of the potential energy barrier (Vs), but also
the orientation of the methyl top with respect to the principal axes of inertia of the
molecule. In order to do so, the following Hamiltonian is used:

H= Hp+H;+Hpr

where Hy, refers to the rotation of the molecule, H; to the torsions of the methyl top
and Hgr to the coupling between both of them. In general, there are two main approaches
to solving this Hamiltonian; they differ mostly in the choice of the coordinate system. The
Principal-axis method (PAM)'15 uses the principal axes of the molecule as the coordinate
system. The axis of internal rotation may or may not be coincident with one of the principal
axes. Alternatively, the Internal-axis method (IAM)'6.17.18 yses a coordinate system in which
the symmetry axis of the top is one of the coordinate axes. In this Thesis, we mostly used
the XIAM program,’® which is based on the IAM method, to carry out the fits with methyl
internal rotation.

II.6 Determination of molecular structures

As we have mentioned in Chapter I, one of the most common applications of
rotational spectroscopy is the precise and unambiguous determination of gas phase
conformations of molecular systems with atomic resolution. From rotational
spectroscopy experiments, we can determine the values of the rotational constants A, B,
C (inversely proportional to the moments of inertia /5, b and I to an accuracy not
achievable with other experimental techniques. Rotational constants are extremely
sensitive to the overall conformation of the molecule or intermolecular complex. That is
the reason why rotational spectroscopy is probably the most accurate tool for elucidating
conformations of small-medium sized molecules in the gas phase.

Apart from the overall conformation of the system under study, detailed structural
information can also be obtained from the moments of inertia derived from rotational
studies. Accurate determination of bond distances and angles provide useful data about
the forces that govern molecular structures. In particular, the magnitude of intra- and
inter- molecular interactions may be assessed by the values of inter-atomic distances and
angles. However, there is an uncertainty in the determination of structural parameters
from experimental values of moments of inertia because the dimensions of the molecule
are affected by vibrational energy. Even in its ground vibrational state, the molecule
possesses residual vibrational energy. Different strategies exist for dealing with vibrational
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effects. Each one of these procedures gives rise to a different kind of structure. We will
review some of them in the following subsections.

It is worth mentioning that, in most cases, these structure calculations require the
experimental determination of a large set of rotational constants. Hence, it is necessary to
obtain the rotational constants of several isotopologues of a given molecule. In favorable
cases where the rotational spectrum is intense, isotopologue species in natural abundance
are detectable in the rotational spectra and their rotational constants can be
experimentally obtained. The most common isotopologues arise from 13C substitution
(~1% natural abundance), 180 (~0.2%), "°N (~0.4%) and 37CI (~24%). Alternatively, isotopically
enriched samples can be purchased or obtained with chemical synthesis.

In the following, we will review four different strategies to calculate molecular
structures (re, 1s, fo and reSE). These are probably the most commonly used and that is the
reason why we are only focusing on them. Several other strategies for structural
calculations exist, such as rm, rm@, rm(1t), rm@L) (see reference 20) or rz among others.

[1.6.1 Equilibrium structure, re

The equilibrium structure is the one adopted by the molecule at the minimum of the
potential energy well. It is not possible to reach this structure physically because the
molecule will always have residual zero-point energy (energy at the vibrational ground
state). However, the structures obtained by theoretical calculations approach re, since they
estimate the energy at the bottom of the potential energy well (and not at the vibrational
ground state). Therefore, it is common to find in the literature that the structures coming
from theoretical calculations are referred to as fre.

It is possible to determine re experimentally (through the rotational constants at
equilibrium Be) by extrapolation to the excited vibrational states. This procedure is
summarized in Figure I1.3 for a diatomic molecule (for the sake of simplicity). The potential
energy curve with the different vibrational states is displayed. It can be observed how, once
the experimental values of ro, r1, r2, etc are known, it is possible to extrapolate to re.
Therefore, for this procedure it is necessary to know the shape of the potential energy
surface and the rotational constants in several excited vibrational states. In practice,
rotational spectra of excited vibrational states of larger molecules have low intensity
because these states have lower population in the supersonic expansion. In consequence,
it becomes hard to obtain rotational constants in excited vibrational states for the
extrapolation. Therefore, it is not common to carry out this procedure in rotational studies
of larger molecular systems and the experimental determination of re is mostly restricted
to small molecular systems.

It is important to remember that rotational constants obtained from microwave
studies correspond to structures in the vibrational ground state (Bo) and not in the
minimum of the potential energy well (Be). When a thorough comparison between
experimental and Be rotational constants is desired (for example, to compare the
performance of different theoretical methods), it becomes necessary to add a correction
to the experimental values to account for the structural differences between the
minimum in potential energy and the vibrational ground state. Anharmonic calculations
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(in suitable level of theory and basis set) yield the values of Be-Bo corrections. Therefore, by
correcting the experimental rotational constants with those corrections, it is possible to
perform a systematic comparison between experimental results and equilibrium
structures. This strategy has been applied to large biological molecules in order to assess
the performance of different theoretical methods in accounting for dispersion
interactions.?!

Potential energy

Atomic coordinate
Figure IL.3 Potential energy curve for a diatomic molecule, indicating the equilibrium

geometry (re) and the extrapolation technique to attain it from the structures of excited
vibrational states (ro, 11, 12, ...).

11.6.2  Substitution structure, rs

The substitution structure derives from the analysis of a molecule's changes in its own
moments of inertia upon isotopic substitution of one of its atoms. Kraitchman's method?2
yields the coordinates of an atom with respect to the molecule’s center of mass from the
variation of the moments of inertia upon isotopic substitution of that specific atom. It
implies that we can only obtain the coordinates of those atoms for which data on isotopic
substitution are available. The same applies for structural parameters, meaning that bond
distances, angles and dihedral angles are only attainable if there are data on isotopic
substitutions of the atoms involved. Moreover, it is assumed that bond distances and
angles remain unchanged upon isotopic substitution. For non-planar asymmetric tops,
atomic coordinates according to Kraitchman's equations can be written as:

AP, AP AP, \]?
|x|=[—x<1+ 4 )(1+ z )]
m L—1, L —1,
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AP, AP, AP\
Yy zZ x
=|=2(1+ 1+
i [/‘ < Iy_12>< Iy_IX>]

where:
1
AP, = 5 (AL, + Al — Al)
1
AP, == (Al + Al — AL)
1
AP, == (Al + Al = Al)
The x, v, z axes correspond to the three principal axes a, b, ¢ and [ is the reduced mass
MAm

M+Am
difference in mass between the isotopically substituted molecule and the parent molecule.

defined as u = . Where M is the total mass of the parent molecule and Amis the

Finally, one of the major drawbacks of rs structures is that vibrational effects are very
acute when the substituted atom lies close to a principal axis of inertia. In fact, the
uncertainty in the atomic coordinate is inversely proportional to the atomic coordinate
itself. Therefore, for very small atomic coordinates (¢ 0.1 A) rs coordinates may be
inaccurate. There are other effects that may jeopardize the accuracy of rs structures, such
as H/D substitutions (due to the large change in atomic mass) and the existence of large
amplitude motions.

11.6.3  Effective structure, ry

The effective structure rv is the one that best reproduces the observed moments of
inertia () and the subsequent rotational constants (B.) in a given vibrational state. Most
rotational studies in supersonic expansions are restricted to the vibrational ground state
and therefore refer to ro, loand Bo. In practice, rois calculated by performing a least-squares
fit of structural parameters (bonds distances, angles and dihedral angles) to reproduce
experimental values of rotational constants in the vibrational ground state. A large
number of rotational constants (from the parent species and isotopologues) is desirable in
order to obtain the best possible fit and to calculate the maximum number of structural
parameters. The approximation that bond distances and angles remain unchanged upon
isotopic substitution also holds in the case of effective structures. Contrary to rs, structural
parameters involving non-substituted atoms may be obtained in ro structures, at least in
very favorable cases in which there is a large number of rotational constants of
isotopologues available.

.64 Semi-experimental structure ret

Finally, the reSE structure approximates the equilibrium structure at the non-physical
minimum of the potential energy by a least-squares fit of experimental rotational
constants of different isotopologues corrected by computed vibrational contributions.2324
These vibrational contributions take on the following form: AB=Bo-Be and they are
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calculated through anharmonic frequency calculations. The latter are normally very costly
and require a lot of computing time when performed at an acceptable level of theory. This
is currently the major bottleneck of the reSE molecular structure.
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III.1 General approach in MW studies

Rotational  spectroscopy  has been  traditionally  used for the
structural/conformational/dynamical analysis of molecules or intermolecular complexes
under isolation conditions. In this Thesis, we mostly work on the structural elucidation of
molecular systems in the gas phase, with the exception of Chapter IX. The methodology
used in these structural studies is mostly the same. Figure I11.1 summarizes the steps in the
methodology, which we explain in the following:

e First, a fast conformational search (using Molecular Mechanics (MM)) yields the
approximate structures that the system under study may adopt in the gas phase,
by performing a complete and unrestricted scan of the Potential Energy Surface.

e Second, these structures are further re-optimized with quantum chemistry
methods. We obtain more accurate and precise structural predictions of the
lowest-lying conformers, as well as more realistic values for their relative
energies. This allows us, on the one hand, to identify which may be the most
populated conformations (normally, the lowest lying in energy) and, on the other
hand, to predict the most relevant spectroscopic parameters (rotational and
centrifugal distortion constants, permanent electric dipole moments, nuclear
quadrupole coupling constants, barriers to internal rotation in methyl tops, etc)
of those conformations. Thanks to this information, we can make a simulation of
the rotational spectrum, which is the sum of the rotational transitions arising
from all populated conformations.

e Third, we record the experimental rotational spectrum and we identify the
rotational lines belonging to the different conformations. The subsequent fit
yields the experimental values of the rotational and centrifugal distortion
constants, etc. Furthermore, hyperfine structure arising from nuclear quadrupole
coupling may be analyzed at this point, as well as features of dynamical motions
such as theinternal rotation of a methyl top. Moreover, if the signal-to-noise ratio
allows forit, we can look for rotational lines arising from isotopologues in natural
abundance (3C, *N, etc). It is important to note that the theoretical predictions
(second step) are very important to guide the analysis of the spectrum and to
assign each set of rotational constants to a molecular structure.

e Fourth, the experimental values of the spectroscopic parameters serve as a
benchmark to validate the predictive capabilities of the different theoretical
methods.

In the following sections, we will give more details about the different steps in the
methodology.
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section 111.2.1
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Figure II1.1 Summary of the methodology in rotational spectroscopy structural studies.

III.2 Theoretical calculations

The first studies in microwave spectroscopy were limited to small molecules
consisting of 2-10 heavy atoms.'23 With the development of new techniques and
instrumentation, larger molecular systems are nowadays available for microwave studies,
the largest molecule studied to date being covalent oxadiamantyl dimer with 28 heavy
atoms.* In the quest for larger molecules and intermolecular complexes through
microwave spectroscopy, the advances in computational methods play a pivotal role, at
the same level as the developments in instrumentation. These larger molecules are often
very flexible systems, with several degrees of freedom defining their conformation. Hence,
chemicalintuition is sometimes not enough to predict the most stable conformations that
these systems may adopt in the gas phase. That is why computational calculations have
become nowadays an essential tool for spectroscopists in general and for rotational
spectroscopists in particular. Ab initio and DFT calculations are routinely used for
predicting the most favored conformations of molecular systems in the gas phase as well
as for the prediction and interpretation of rotational spectra. The field of rotational
spectroscopy owes many of its recent successes to the development of new theoretical
methods. Furthermore, researchers have very often access to large computational
resources (computer clusters) that allow them to perform costly calculations. In this Thesis,
we have used the IZO-SGlI Scientific Computing Service (SGlker) at the University of the
Basque Country (UPV/EHU).

[11.2.1 Conformational search

The first step in the methodology is an exhaustive conformational search to estimate
the structures and relative energies of the lowest lying conformers. A scan of the Potential
Energy Surface (PES) of the molecule (or intermolecular complex) is carried out in the
vibrational ground state. For that purpose, we use MM,> which allows for a fast and
unrestricted scan of the PES. MM uses classical mechanics to calculate the energy of a
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molecule in a given conformation. The atoms in the molecule are considered as spheres
and bonds as springs. The potential energy of a given conformation is calculated by
application of classical mechanics as a sum of stretching, bending, torsional and
non-bonded interaction terms. There are many different force fields to calculate the
potential energy, each of them accounting for different effects and types of molecular
systems. One of the greatest advantages of MM is that it remains a cheap method in terms
of computational cost. This means that the complete Potential Energy Surface of relatively
large molecular systems can be sampled without any kind of restriction in the molecule’s
degrees of freedom, and it gives us an overall idea of the conformational landscape.
Hence, local minima can be found at a low computational cost. Of course, this is in
detriment of the accuracy of the structure and potential energy of the different local
minima. That is why more thorough and time-consuming ab initio and DFT calculations
are carried out starting from the conformational search structures, in order to perform a
proper geometry optimization of the local minima.

In this Thesis, we have mainly used the Merck Molecular Force Field (MMFF) € in the
conformational searches. This force field is specifically designed to deal with bio-organic
and pharmaceutical related molecular systems. In particular, one of the goals of this
technigue is the 'study of receptor-ligand interactions involving proteins or nucleic acids
as receptor'. Conformational geometries and energies are crucial to fulfill that task and
that is the reason why MMFF is specifically parametrized to carefully assess molecular
conformations and conformational energies. This characteristic makes it a good choice
for the conformational search purposes of this Thesis. Other force fields include OPLS?
{Optimized Potentials for Liquid Simulations), AMBER? (Assisted Model Building with
Energy Refinement) or GLYCAM? the last being originally parameterized for
carbohydrates, although it can be used for other biomolecules.

Finally, it is worth mentioning that the algorithm used to sample the conformational
landscape is a combination of Monte Carlo (MC) and large-scale low-mode sampling
(LLMOD)0. MC performs random changes to dihedral angles in rotatable bonds to create
new conformations while LLMOD calculates the molecules normal modes of vibration and
amplifies them to create a very different structure. Finally, the energy window typically
used in the conformational search is 20-30 kJ/mol, although it is adjusted to each
molecular system.

111.2.2  Quantum mechanical calculations

As was mentioned before, MM provides a means of rapidly scanning the
conformational space of a given molecule or intermolecular complex and predict the
structures of the most stable conformations. However, the low computational cost of MM
is in detriment of the accuracy of the structures and potential energy of the different
conformations. Therefore, in order to obtain more accurate structures and energies, the
conformations obtained in the conformational search are further re-optimized using
quantum mechanics. The structures resulting from this step can then be used to
accurately predict relative energies, rotational constants and any other spectroscopic
parameter necessary for the interpretation and analysis of the rotational spectra.
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Different quantum mechanical methods are routinely used in rotational
spectroscopy analysis. In this work, we make use of several methods, depending on the
characteristics of the molecule under study (size, dispersive interactions, etc). On the one
hand, we use ab initio methods, in particular second-order Moller—Plesset perturbation
theory (MP2).11 This method provides very accurate values of rotational constants and can
take into account dispersive interactions, although it may overestimate their strength in
some cases. This makes it one of the most common choices of quantum mechanical
methods in the rotational spectroscopy community. However, it has the disadvantage of
a high computational cost. As the size of the molecules measurable by microwave
spectroscopy increases, MP2 calculations may no longer be affordable. On the other hand,
we also use quantum mechanical methods based on Density Functional Theory (DFT). In
general, the DFT methods used in this work are less time-consuming than MP2
calculations. A common choice among the rotational spectroscopy community is hybrid
functionals, in which the exchange-correlation energy functional incorporates a part of
the exact exchange from HF and the rest from other sources. One of the methods used in
this work is M06-2X.12 Although it does not explicitly include dispersion corrections, it
accounts for part of them thanks to a flexible functional and extensive parametrization.'3
Another common method is B3LYP, which includes Becke's form of the exchange
correlation functional' with the non-local correlation provided by the LYP expression.'s
Although B3LYP is a very common functional in the spectroscopic community, it has the
major drawback that it does not account for dispersion interactions. However, the
guantum chemistry community is making a great effort to design dispersion corrections
to these functionals. In this work we consider Grimme's dispersion correction D3¢ and also
D3B)J,'" which includes Becke-Johnson damping. Regarding the basis sets, in this work we
use mostly the split valence 6-311G basis set by Pople,'® augmented with polarization
functions and diffuse functions (6-311++G(d.p)).

Geometry optimizations with the above mentioned quantum chemistry methods
lead to better and more accurate in vacuo structures than those obtained in the
conformational search. These calculations yield theoretical values for rotational constants,
dipole moments along the principal axes of inertia, nuclear quadrupole coupling
constants, relative energies, etc that can be used to predict and analyze rotational spectra.

The next step in the computational work is to perform calculations on vibrational
frequencies for each optimized geometry. These serve three purposes. First, frequency
calculations allow the identification of real minima. Geometry optimizations by quantum
chemistry methods sometimes lead to structures that are transition states (instead of the
desirable local minima). These transition states are easily spotted in harmonic frequency
calculations since they contain one imaginary frequency value in the vibrational modes.
Second, thanks to these calculations we can estimate the Zero Point Energy Correction,
and therefore the energy of the molecule in the vibrational ground state (v=0) (rather than
at the minimum of the potential energy well). Third, vibrational calculations yield the
values of the centrifugal distortion constants. The experimental values of the latter can be
obtained from the fits of the rotational spectra and hence we can make a comparison
theoretical vs. experimental.
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Using the theoretical (ab initio or DFT) values of the rotational constants of the
lowest-lying conformations, we predict the rotational spectrum of the molecule under
study. This simulation guides theinterpretation and analysis of the experimental rotational
spectrum. Comparison of experimental and theoretical rotational constants allows for the
identification of each species to a given conformation. It is also important to note that the
results obtained from rotational spectroscopy (i.e. experimental values of A, Band C) serve
as a benchmark to validate theoretical methods in vacuo. For example, the ability of
different methods to account for dispersion interactions may be put to the test by
comparing calculated rotational constants with experimental results from rotational
spectroscopy.’3 In Chapter VII, we perform this test with two molecular systems: methyl
jasmonate and zingerone.

II.3 Experimental rotational spectroscopy set-ups

[11.3.1 Vaporization methods

The first step in any high-resolution structural study in the gas phase is, precisely, to
bring the sample into a gaseous state. There are several methods for doing so. In order to
choose the most appropriate vaporization method, one has to carefully analyze the
characteristics of the sample (such as state of matter, vapor pressure or thermal
(inystability). In this Thesis, we have worked with either solid or liquid samples. We have
used two vaporization methods, conventional heating techniques and ultrafast laser
vaporization, which will be further explained in the following.

a. Conventional heating techniques

We use this method inthe cases of samples (either solid or liquid) that are at the same
time not very volatile and not thermally unstable. In those cases, we can increase the vapor
pressure (and, subsequently, the amount of molecules in the gas phase) by increasing the
temperature of the sample, which is located in a customized heating nozzle. In this Thesis,
we have optimized the vaporization method in order to obtain maximum signal-to-noise
ratio in the rotational spectra. The conventional heating vaporization set-up currently
consists of:

e Customized heating nozzle. It features a reservoir where the sample (either a
solid or a liquid impregnated in glass wool) is placed. The nozzle is attached to a
pulsed solenoid valve and a carrier gas is flown through it. The heating nozzle has
a"crown” shape on the outside with four holes so that it can be fixed to a support
and we can adjust the opening of the valve in the optimization process.
Figure I11.2 displays a picture of the nozzle.

e Resistance heating wire. We have designed a piece consisting of two metallic
concentric tubes with a resistance heating wire coiled between the two of them.
Its shape is specifically designed so that it adapts to the customized heating
nozzle. With this design, we ensure that the process of heating is homogeneous
throughout the heating nozzle. Moreover, we are able to reach temperatures of
220°C under vacuum.
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e Temperature controller. We use a digital temperature controller Fuji Electric
PXR4. Inits auto-tuning mode, the temperature controller automatically adjusts
its own settings (duration and frequency of the current pulse, etc.) to provide
constant temperature.

a. b.

Figure IIL.2 a. The customized heating nozzle consists of two pieces: the one on the left
hosts the sample reservoir while the one on the right serves as the attachment to the
pulsed valve. b. The two pieces are screwed to each other.

b. Ultrafast laser vaporization

When using conventional heating techniques, some samples may decompose
before they are transferred into the gas phase; that is, they are thermally unstable. This is
the case of many biomolecules. For example, molecules with a carboxylic acid group (such
as amino-acids) tend to decompose by releasing CO, when they are heated. Sugars also
tend to decompose easily, for example with ring opening at the anomeric carbon. In those
cases, we cannot use conventional heating techniques to bring the intact molecules into
the gas phase. Instead, one can use ultrafast laser vaporization. In this strategy, a mixture
of the sample and a commercial binder is mechanically pressed to get cylinder-type solid
samples ("rods"). The rod is then attached to a stepper motor that sits immediately before
a customized ablation nozzle. The vaporization process goes as follows. A picosecond
pulse coming from a Nd-YAG laser in the third harmonic (355 nm) hits the rod in the
presence of a carrier gas (Neon, ~6 bar). The sample is vaporized due to the action of the
laser pulse and supersonically expanded (with the carrier gas) through a 1.0 mm ablation
nozzle. The motor translates and rotates the sample rod after every pulse so that the next
laser pulse hits “fresh” surface of the sample rod.

By using ultrafast laser vaporization, a fraction of the sampleis brought intact into the
gas phase. This strategy opened the field of rotational spectroscopy to the study of
biomolecular systems that could not be studied with other vaporization techniques, such
as amino acids,’%20 monosaccharides,2'22 and even small peptides.23

I11.3.2  Supersonic expansions

Supersonic expansions are very often combined with spectroscopic techniques
(rotational, vibrational) to identify and characterize the different conformations that a
molecule or intermolecular complex may adopt in the gas phase.
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A supersonic expansion occurs when a gas expands from a high-pressure region
(2-10 bar) into a low-pressure region (10-°>-10"7 mbar) through a small orifice (~1 mm
diameter). In spectroscopic studies, the gas is typically a mixture of the vaporized sample
diluted inaninert carrier gas (usually helium, neon or argon). During the expansion, the gas
reaches very high speed, greater than the speed of sound. Since a high-pressure gas
expands through a very small orifice, the sample molecules undergo many collisions with
the carrier gas (and with other molecules of the sample to a lesser extent). These collisions
result in an effective cooling of the molecules and the rotational and vibrational
temperatures decrease dramatically. In particular, the rotational temperature attained in
the experiments carried out in this Thesis is ~0.5-5 K. The consequence of this rotational
cooling is that only the lowest rotational levels are populated and this results in a
simplification of rotational spectra.

Even though the molecules are cooled vibrationally and rotationally, the
conformational distribution corresponds to a situation of equilibrium. This is so because,
prior to the small orifice, the distribution of conformations corresponds to an equilibrium
situation (at room temperature or at the temperature of the nozzle). Later, in the
supersonic expansion, those conformations are trapped in their corresponding potential
energy wells. Therefore, provided that the barrier for interconversion between conformers
is high enough, the different conformations can be identified separately in an equilibrium
distribution within the supersonic expansion.

Zone of silence

M>>1 Flow direction

Figure IIL.3 Schematic diagram of a supersonic expansion. M is the Mach number (ratio
between the speed of the gas and the speed of sound). Po and To are the pressure and
temperature of the gas before the expansion (in our case, in the following ranges:
298-498 K and 2-6 bar). Pc is the pressure of the region where the expansion takes place
(vacuum chamber). In our case Pc~ 106 mbar.

The lowest pressures and temperatures of the supersonic expansions lie in the
so-called 'zone of silence’, (see Figure 111.3) which makes it the most appropriate region of
the supersonic expansion to probe with spectroscopic techniques. Most importantly, the
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‘zone of silence’ is virtually a non-interaction zone, where the molecules are free from
collisions or interactions.

Finally, a key feature of supersonic expansions is that it makes it possible to isolate
weakly bound intermolecular complexes. They are formed in the vecinity if the orifice and
later trapped in the supersonic expansion. Then, it is possible to probe them with
spectroscopic techniques.

To sum up, the combination of supersonic expansions with spectroscopic techniques
(in this Thesis, rotational spectroscopy) presents the following advantages:

e Moleculesare underisolation conditions, allowing for the analysis of their intrinsic
properties, as opposed to the properties arising from the interactions with the
surrounding (solvent, crystal packing, etc).

e We can isolate and identify separately each conformation of a given molecular
system.

e Supersonic expansions allow for the generation and later characterization of
weakly bound intermolecular complexes (dimers, trimers, tetramers, etc).

e There is a considerable simplification of rotational spectra because only the
lowest vibrational and rotational states are populated. This results in a larger
molecular density inthe populated states and, consequently, inanincrease of the
intensity of rotational signals in the frequency region in which we are working (in
this case, mostly 6-18 GHz).

111.3.3 FTMW spectrometer

Fourier Transform Microwave (FTMW) spectroscopy allows for the measurement of
the resonant frequencies of rotational transitions of a given molecular system. This
technique is based on the excitation of the rotational energy levels in the microwave
region, followed by the detection of the emission in the time domain (Free Induction
Decay, FID) and the Fourier transformation to the frequency domain to obtain the
rotational spectrum. The combination of FTMW spectroscopy with supersonic expansions
is a very powerful tool to identify the different species in the jet. It benefits froma very high
spectral resolution (~5 kHz, ~107 cm™), hardly achievable with other spectroscopic
techniques. Therefore, the different conformations of a given molecular system can be
unambiguously identified and we can infer their structures with great precision. Also
tautomers and isotopologues can be clearly identified with the spectral resolution of this
technigue.

In 2010, a FTMW spectrometer was built at the Department of Physical Chemistry of
the University of the Basque Country (UPV/EHU)2* see Figure 1114 for a picture of the
device. It is based on Balle-Flygare's original design?> and features a COBRA
arrangement,26 as many other FTMW spectrometers used nowadays by other research
groups. This spectrometer is coupled to an ultrafast laser vaporization set-up, which
makes it possible to analyze thermally unstable samples. In this Thesis, we have used the
Balle-Flygare device for two molecular systems (see Chapters V and VI), either because we
needed very high spectral resolution or because we needed the laser vaporization set-up.
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The apparatus is not commercially available and it has been described in detail
elsewhere.24 It is not the objective of this Thesis to give a detailed description of the
experimental set-up (we will do it for the CP-FTMW machine). We will rather review the
most important features of the Balle-Flygare's FTMW spectrometer.

In this kind of spectrometer, the supersonic expansion is generated inside a
Fabry-Pérot resonator located in a vacuum chamber. The resonator consists of two
concentric mirrors (radius=33 cm), at the center of which are located two L-shaped
antennas. The microwave radiation is introduced in the chamber by one of the antennas
and is reflected in the resonator. This radiation interacts with the supersonic expansion
and produces a molecular excitation. After a few microseconds, the molecular emission
FID is collected with the second antenna and Fourier transformed to obtain the rotational
spectrum in the frequency domain.

The main disadvantage of this kind of spectrometers is that its bandwidth is quite
narrow (~1 MHz). This means that portions of only 1 MHz of the rotational spectrum can
be collected at a time. Therefore, we need to perform a mechanical tuning for each
different frequency, consisting in changing the distance between the two mirrors (one of
themis attached to amotorand, therefore, mobile). This results inlong spectral acquisition
times.

Figure I1L4 Picture of the FTMW spectrometer at the University of the Basque Country
(UPV/EHU), with numbering of the main components (1: Electronic tower with the
electronic equipment, 2: Vacuum chamber, 3: Ultrafast laser vaporization set-up).

[11.3.4 CP-FTMW spectrometer

In 2008, Professor Brooks H. Pate revolutionized the field of microwave spectroscopy
with the introduction of the Chirped Pulse Fourier Transform Microwave (CP-FTMW)
spectrometer.2’ The novelty of this techniqueis the use of short (~1us duration) broadband
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{(~12 GHz) pulses to excite the molecules. This means that a wide fraction of the rotational
spectrum (12 GHz in our case) can be collected in a single acquisition. Moreover, millions
of spectra can be averaged coherently over time in order to increase signal-to-noise ratio.
In general, the use of CP-FTMW spectrometers results in shorter spectral acquisition times
compared to FTMW machines based on Fabry-Pérot resonators. As a reminder, the typical
bandwith of a Fabry-Pérot FTMW spectrometer is around 1MHz (requiring mechanical
tuning to measure each rotational transition), while it can be 12GHz for the CP-FTMW
spectrometer. One of the goals of this Thesis was to build and optimize a CP-FTMW device
at the Spectroscopy Group at the University of the Basque Country (UPV/EHU). In the
following, we will describe the main characteristics of the apparatus.

Figure I11.5 shows a picture of the CP-FTMW apparatus as it was initially built, with the
labelling of the main components of the set-up. Briefly, a broadband pulse is generated in
the Arbitrary Waveform Generator (AWG, 1 in Figure 1IL.5) and later amplified in a
Travelling Wave Tube Amplifier (TWTA, 2 in Figure IIL5). The pulse is broadcast into the
vacuum chamber (3 in Figure IIL5) through a horn antenna where it interacts with the
supersonic expansion. The time-domain signal of the molecular emission is collected in a
digital 20 GHz oscilloscope (4 in Figure 1IL.5) and Fourier-transformed to obtain the
rotational spectrum.

Figure IIL5 Picture of the CP-FTMW spectrometer at the University of the Basque Country
(UPV/EHU), with numbering of the main components (1: Arbitrary Waveform Generator,
2: Travelling Wavetube Amplifier, 3: Vacuum chamber, 4: Oscilloscope).
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In 2016, we incorporated a larger vacuum chamber that could host three pulsed
solenoid valves that can run simultaneously in order to increase signal-to-noise ratio.
Moreover, we incorporated a new set of Q-par horn antennas. Figure I11.6 displays a picture
of the new, larger vacuum chamber and Figure II1.7 shows one of the two identical Q-par
antennas.

Ra—
R e

Figure II1.6 Picture of the larger vacuum chamber installed in the CP-FTMW device. Red
arrows mark the positions of the gas inlets leading to the three pulsed valves. Yellow
arrows mark the locations of the two extenders that host the new horn antennas.

Figure II1.7 Q-par horn antenna.
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Finally, a detailed scheme of the electronic components of the spectrometer is
presented in Figure I11.8.
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Figure 111.8 Detail of the electronics of the CP-FTMW spectrometer at the UPV/EHU. A
chirped pulse created by an arbitrary waveform generator (AWG) covering a base band of
12 GHz is filtered (FILT 1) and upconverted to the operating region 7-18.5 GHz with a
broadband mixer (MIX). The local radiation originates from a stabilized oscillator (PLDRO,
18.95 GHz), followed by an isolator (ISOL) and a filter (FILT 2). The polarizing radiation is
preamplified (Pre-AMP), leveled (ATT) and power amplified with a travelling wave tube
amplifier (TWT), to be finally radiated through a horn antenna (HORN). The jet propagates
perpendicular to the exciting emission. The molecular free-induced-decay captured by a
second horn passes a power limiter (LIM) and a protection switch (SW), and is amplified
{Low Noise Amplifier, LNA) and digitized in the time domain. The components marked
with an asterisk are frequency-referenced to a 10 MHz Rb standard. Solid arrows indicate
the propagation of the microwave signal, while dotted arrows represent the electric
signals that trigger the different electronic devices. DG-645 is a digital delay/pulse
generator and INJ is the pulsed valve driver (iota one).

We will briefly review the main characteristics of the most relevant electronic
components of this apparatus.

-Arbitrary Waveform Generator (AWG)

The AWG creates a short microwave pulse (1-2 us duration in all the experiments
carried out in this Thesis) covering a 12 GHz frequency region. The pulse is a linear chirp,
meaning that the frequency increases linearly with time. Figure I11.9 shows the shape of a
linear frequency sweep such as the one we are using in this Thesis. That microwave signal
will later be mixed with a fixed frequency signal in order to convert it to the desired working
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range (7.5to 18 GHz in this case). In practice, the AWG creates a sequence of chirped pulses
(from 10 to 30) separated by a 25 us buffer time. In this way, we can record multiple (from
10to 30) spectra per molecular pulse and reduce even further the spectral acquisition time.
In Figure II1.10, we can see a front view of the AWG, with a sequence of 10 chirped pulses

1.5
1 |
/‘\' H
:2 0.5
©
S
© o0
s
=
=
S 05
=
< |
3
-1.5
0 0.2 0.4 0.6 0.8 1

Time (us)

Figure I11.9 Shape of a Tus long chirped pulse.

Figure II1.10 Front view of the Arbitrary Waveform Generator (AWG) used in this Thesis.
A sequence of 10 chirped pulses (1 ps duration) with a buffer time of 25 us between them
can be seen on the screen of the AWG.
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-Traveling-Wave Tube Amplifier

This device amplifies (200 W power amplification) the microwave signal generated
by the AWG (and later up-converted). In the current set-up, the TWTA coversthe 7.5t0 18
GHz region.

-Vacuum chamber

This is where the interaction between microwave radiation and the supersonic
expansion takes place. The vacuum chamber (made of stainless steel) has a cylindrical
form, it is 90 cm long and the diameter is 85 cm. Moreover, the two side extensors that
host the horn antennas are 65 cm long and the diameter is 25 cm. The vacuum system
consists of an oil diffusion pump (pumping speed 5000 L/s) backed with a rotatory (20 L/s)
and a roots pump (180 L/s). With this system, the pressure can be as low as 10 mbar,
which ensures that the supersonic expansion is cold enough to carry out the experiment.
The vacuum chamber sits on a metallic support, as it can be observed in Figure I11.6.

The gas mixture is introduced into the chamber (through a 1 mm circular orifice)
thanks to a pulsed solenoid valve at the top. The valve runs at 1 or 2 Hz. The output of the
TWTA is broadcast into the chamber through a horn antenna, while a second antenna
collects the signal emitted a few microseconds later and drives it to the oscilloscope. Inside
the vacuum chamber, the supersonic expansion and the microwave radiation are
arranged perpendicular to each other.

-Detection system

The oscilloscope collects the molecular signal, which has been previously driven
through the horn antenna and amplified with a Low Noise Amplifier. The oscilloscope we
use in this Thesis covers the 0 to 20 GHz frequency span, which allows us to collect the
molecular signal directly, without having to convert the signal to another region. We
collect a 20 ps-long time-domain FID (Free Induction Decay) signal for every molecular
pulse. The oscilloscope offers the chance to perform the Fourier transformation (Fast
Fourier Transform, FFT) to obtain the rotational spectrum in the frequency domain in real
time. However, we select a 0.6 ps section of the FID for the FFT because the oscilloscope
cannot process a longer signal in real time. Thanks to the FFT in real time, we can optimize
the conditions of the experiment (opening of the valve, delay of the MW pulse) by looking
at the microwave signal directly on the oscilloscope. Finally, it is worth mentioning that we
developed an application (using LabVIEW) that controls the oscilloscope remotely and
saves the FIDs at regular intervals. This allows us to monitor the evolution of the
microwave signal with time.

Allfrequency signalsin the CP-FTMW spectrometer are frequency-referencedtoa 10
MHz rubidium standard. This allows the averaging of rotational spectra coherently.

Figure I11.11 summarizes the operating sequence of the CP-FTMW spectrometer.
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<44

Methodology

Supersonic
expansion

~1 ms

Y

Polarization

2 us

Y

Detection of the
molecular emission

(time domain)

L7



Chapter III

The steps in the operation of the apparatus are:
1. Molecular pulse

The duration of the opening of the valve is around 500-1200 ps. During that period,
the quasi-adabiatic expansion of the gas mixture originates a supersonic expansion inside
the vacuum chamber.

2. Polarization: microwave pulse

In this step, we induce the polarization (excitation in the microwave region) of all the
species in the supersonic expansion. The excitation sequence generated in the AWG is
amplified in the TWTA and broadcast into the vacuum chamber through a horn antenna.
This step is delayed about 600-1300 ps with respect to the opening of the valve.

3. Molecular emission

The molecular species in the supersonic expansion spontaneously emit coherent
radiation at the resonant frequencies of rotational transitions.

4. Detection

After a few microseconds, the molecular emission is collected thanks to a horn
antenna, later amplified with a Low Noise Amplifier and driven to the oscilloscope.

To sumup, we will briefly compare the two microwave spectrometers available at the
University of the Basque Country (UPV/EHU). The Fabry-Pérot cavity based FTMW
spectrometer was the first rotational spectroscopy machine installed at the University of
the Basque Country (in 2010). It was built and fully operating before the work of this Thesis
started. Currently, it is coupled to an ultrafast laser vaporization set-up, which allows for
the analysis of thermally unstable samples. It features a very high spectral resolution
{(~5 kHz), which makes it an ideal tool to study subtle hyperfine interactions. The main
disadvantage of the technique is that its short bandwith (~1 MHz) results in long spectral
acquisition times.

More recently, in 2014, a CP-FTMW spectrometer was built at the University of the
Basque Country (UPV/EHU). A large part of the work in this Thesis focused on the building,
conditioning and optimising of this machine. With a bandwidth of 12 GHz, spectral
acquisition times are normally shorter than the Fabry-Pérot machine for the recording of
a rotational spectrum with similar signal-to-noise ratio. The spectral resolution of this
apparatus is ~20 kHz. Therefore, it might not be enough to resolve the hyperfine structure
in cases with very small splittings (see sections I1.4 and I1.5 for nuclear quadrupole coupling
and internal rotation effects, respectively). This spectrometer is not currently coupled to a
laser vaporization set-up, although there are plans to do it in the future. At present, we use
the CP-FTMW device for gaseous samples or for solid or liquid samples that can be
vaporized with conventional heating techniques.
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III.4 Population distribution of the different conformations

Many molecules may exist under different conformations, because they possess one
or more degrees of freedom. These conformations can be identified separately in
microwave spectra. It is possible to derive the relative population of the individual
conformations from the values of the intensities of rotational lines. In general, we assume
that, before the supersonic expansion, there is a situation of thermodynamical
equilibrium, and the population of the different conformations corresponds to a
Boltzmann distribution at the pressure and temperature conditions prior to the expansion
(room temperature, or temperature at which the sample is being heated). During the
expansion, this distribution “freezes” and, therefore, the population distribution in the
supersonic expansion corresponds to the one prior to the expansion, that is, an equilibrium
distribution. The intensity of rotational lines depends both on the dipole moment and on
the population of the given conformation. Therefore, by comparing the intensities of
rotational lines (weighted with the dipole moments) between different conformers, we
can infer the population ratio between the different conformations. Finally, by assuming
an equilibrium distribution, we can estimate the energy difference between
conformations.

In some cases, an effect called the "missing conformer” may occur. Let us suppose
that there are two conformations that can interconvert to one another (for example, by a
rotation about a single bond). If the interconversion energy barrier between the two
conformations is low enough (tentatively, under 4-5 kJ/mol), collisions with the carrier gas
may have enough energy to overcome the barrier. In that case, the high-energy conformer
relaxes into the low-energy one. Therefore, the high-energy conformer is not detected in
the microwave spectrum and we call it the "missing conformer”.28 The extent of the
relaxation process is very dependent on the nature of the carrier gas. Heavier gases (such
as Aror Kr) result in more conformational relaxation than lighter gases (such as He or Ne).29

II.5 Cremer-Pople analysis

Some of the molecules that we have analyzed in this Thesis possess a ring in their
structure (all of them are five or six membered rings). In order to analyze quantitatively the
conformations of the rings, we can perform a Cremer-Pople analysis;3° we have done that
for the ionones and damascone, cotinine and methyl 2-deoxy-D-ribofuranoside. In this
section, we will briefly review the basic concepts of the Cremer-Pople analysis necessary
to understand the contents of this Thesis.

The atoms in an N-membered ring arrange in different conformations in order to
reduce ring strain. We can describe these conformations with N-3 parameters called the
Cremer-Pople coordinates. In the following, we will focus on two cases: five and six
membered rings.

In five-membered cycles (N=5), we can describe the conformation of the ring with
two coordinates, the amplitude (g) and the phase angle (). A five-membered ring adopts
preferably two conformations: envelope (E) and twist (T). When the ring adopts an E form,
fouratomsliein the same plane, and the fifth stands either above or below that plane. The
nomenclature is XE or Ex, where X is the atom that stands above (superscript) or below
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(subscript) the plane formed by the other four. In a T conformation, there are three atoms
in the same plane, the fourth stands above that plane and the fifth stands below. In this
case, the nomenclature is XTy (x is the atom above and y is the atom below). Figure I11.12
shows two examples of an E and a T conformation.

Figure I11.12 Example of E and T conformations for a prototypical cyclopentane unit.

There are only two coordinates (g and @) to define a five-membered ring. Briefly, the
angle ¢ defines what kind of T or E conformation the system adopts (for example Es, 2E,
T2, 5T4, etc..). Meanwhile, the amplitude q is a measure of how far the atom(s) stand out of
the plane formed by the other four (three) atoms in the ring. The visual representation of
the Cremer-Pople analysis for a five-membered ring is a disc, such as the one presented in
Figure I11.13.

q/A

0.50

0.25 +

0.00 -

0.25 +

0.50 -

Figure I11.13 Cremer-Pople wheel for a five-membered ring.

I1.20



Methodology

In the case of six-membered cycle (N=6), we can describe the configuration of the
ring with three coordinates; an amplitude (g) and two phase angles (¢ and 8). There is a
wider range of possible conformations for a six-membered ring than for a five-membered
one. Perhaps the most common is the Chair (C) conformation, where four atoms lie in a
plane, the fifth lies above the plane, and the sixth below. The nomenclature is *XCy, where x
is the atom above and y the one below the plane. The Boat (B) conformation is also quite
common, in this case, two atoms (standing opposite to each other in the ring) are either
above (*¥B) or below (Bxy) the plane formed by the other 4 atoms. Furthermore, there are
other conformations such as Half-Boat (HB), Half Chair (HC) or Twist-Boat (TB).

Since there are three polar Cremer-Pople coordinates to describe a six-membered
ring (g, ¢ and 0), the visual representation is a sphere. Figure IIL.14 features the
Cremer-Pople sphere for a six-membered ring, and displays examples of C, B, HB, HC and
TB conformations.

8=0°
c
L~
<D=0°-\‘ 0= 1800
0=66.5° _,
HB; HE B \—if,w=mﬁam.mm
8=90°
®=(0,60, ...,300) | . HB
o 9=113.5° 8 ¢=(30,90, ..., 330)
®=(30, 90, ..., 330) - HC
6=180°
c

Figure I11.14 Cremer-Pople sphere for a cyclohexane prototype ring. The shapes of the C,
B, HB, HC and TB conformations are detailed.

Furanoses and pyranoses are specific cases of five- and six-membered rings,
respectively. These terms refer to the cyclic units present in saccharides, in which one of
the atoms in the ring is an oxygen atom and the rest are carbon atoms. We will refer to
furanoses in Chapter VIII and we will review the conformations adopted by this kind of
cycles.
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The conformational landscapes of a-ionone, B-ionone and B-damascone

IV.1 Introduction

In this Chapter, we explore the potential of CP-FTMW spectroscopy to study complex
and rich conformational landscapes of flexible molecules. One of the goals in modern
rotational spectroscopy is to extend the technigue to molecular systems of increasing size
and flexibility. The study we present here represents a step in that direction and unveils the
potential of CP-FTMW spectroscopy to probe the conformational landscape of flexible
molecules of biological interest. For doing that, we present the conformational analysis of
three biomolecules (a- and B-ionone and B-damascone) that are structurally related. We
will study how the structural differences between the three of them affect their preferred
conformations (and their dynamics) and the possible implications in biological activity.

Retinal is a very important biocromophore involved in vision processes. It interacts
with rhodopsin receptor protein in the form of retinal protonated Schiff-base (RPSB).! The
position of the absorption maximum is strongly affected by a subtle interplay of
interactions between the protein and the chromophore, but the details of these
interactions are not clear and are still debated in a variety of studies.234567 In general, there
isa common agreement that the interactions between the different protein’'s amino acids
residues and the chromophore induce conformational changes in retinal that vary the
wavelength absorption maximum position.8

In this work, we study the structural preferences of this biocromophore by addressing
the conformational space of p-ionone (B-i), which can be considered as the basic structural
motif of retinal. Moreover, we also study two "“mutant” species: o-ionone (a-i) and
B-damascone (B-d). These two molecules allow us to explore the consequences of
performing structural changes in the cyclohexene ring (change in the position of the
double bond in a-i) and in the lateral chain (interchange between the double bond and the
C=0 group in B-d). See Scheme 1V.1 for the chemical structures of B-i, o-i and p-d.
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p|sp

periplanar

= clinal
0

-ac

retinal -150°

—ionone a-ionone p—-damascone

Scheme V.1 Sketch of the structures of retinal, o-i, B-i and B-d, including the
corresponding torsions (t1, 12), and the atom numbering used in the text. IUPAC
nomenclature was used: sp (syn-periplanar), sc (synclinal), ac (anticlinal) and ap
(anti-periplanar) for t1 and C, T (cis /trans~0°/180°) for t2. A conformer labelled as -sc/C
would indicate that t1 is between -30° and -90° and 12 has a cis configuration.

Supersonic expansions provide an interaction-free medium where we can
investigate, by means of CP-FTMW spectroscopy, the main forces governing the
conformations of B-i and its two mutants. There are previous rotational spectroscopy
studies in the gas phase reported in the literature about a-i and p-i. In particular, a Low
Resolution MicroWave (LRMW) study in 19749 estimated the values of B+C for the two
molecules. However, these data are not very precise and, moreover, only one
conformation was reported. More recently, in 2016, Martin-Drumel et al. reported the
experimental rotational constants of one conformation of a-i and one of p-i.' However,
that work focused on introducing a novel automated microwave double resonance
spectroscopic technique and did not present a full description of the conformational
landscape of these systems, as we intend in this work. Furthermore, Legani et al.
performed a theoretical study on a-i and B-i (among other related molecules) at the
B3LYP/6-31G(d) level of theory.!

IV.2 Experimental section

Commercial samples of a-i (80%, b.p. 260°C), B-i (96%, b.p. 271°C), and B-d (95%, b.p.
200°C) were purchased from Sigma Aldrich and used without any further purification. All
samples appear as colorless to pale yellow clear liquids with a sweet-floral odor. In order
to vaporize the samples, we used conventional heating techniques. In particular, we used
customized heating nozzles as explained in Chapter III. Table IV.1 summarizes the
experimental conditions used for the rotational study of the three molecules.
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Table 1V.1 Experimental conditions for the rotational spectra of the three molecules.

Experimental

conditions ot P p-d
Number of nozzles 2 3 2
Nozzle temperature 210°C 200°C 135°C
Carrier gas Ne/He (80/20) Ne/He (80/20) Ne/He (80/20)
' Number of 10 10 10
chirps/molecular pulse
Total number of cycles 22.50 millions 16.25 millions 15.10 millions

IV.3 Results

IVv.3.1 Theoretical calculations

a. Potential Energy Surfaces and predicted conformations

The common structural motif of the three molecules is a six-membered cyclohexene
ring with a lateral chain containing double bonds and a C=0 group. The conformational
landscape of a-i, B-i, and B-d can be analyzed grouping the three main torsions that rule
their structural arrangements (see Scheme IV.1):

e 11: orientation of the alkyl chain with respect to the ring.

e 12: orientation of the double bond of the alkyl chain with respect to Cio (12~ 0° or
180°)

e Ring puckering of the cyclohexene ring.

These three torsions enable the description of the conformational panorama that
characterizes the three compounds.

In order to predict the most stable conformations, we calculated the Potential Energy
Surfaces (PES) of each molecule by scanning ©1 and 12 in steps of 15° at the
B3LYP-D3/6-31+G(d) level of theory. Due to the presence of a double bond, the ring can
only adopt two conformations. Both of them are distorted HC configurations (see section
I11.5 about the Cremer-Pople analysis). The difference between the two HC configurations
is an interchange between the atom that is standing above the plane and the one that is
below (in general, it would be @2HCb and PHCa). The inversion barrier between them is close
to 20 kJ/mol, in agreement with data reported in literature.' For this reason, the ring can
be treated as independent of the other two torsions (t1 and t2). For B-i and B-d, the two
positions are equivalent by symmetry ((HCo=PHC3). Only for a-i does the puckering give rise
to non-equivalent species and hence, two PESs were calculated for a-i. The PESs are
depicted in Figure IV.1 for the three systems in the form of two-dimensional contour plots.
Eight different minima are predicted for a-i (four>HCs and four ¢HCs), six for p-i and four for
B-d, the latest with SHC4 ring configuration (see the Cremer-Pople analysis later for details
of the HC configurations). The labelling chosen for the identification of the conformers
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refers to the IUPAC nomenclature (see Scheme 1V.1). The geometries at these minima
were optimized at MP2 and B3LYP-D3 levels of theory with the 6-311++G(d,p) basis set.
The most relevant spectroscopic parameters of the different predicted conformations are
summarized in the appendix (Tables IV.A.1 to IV.A.3 in the appendix).

a—ionone ("HC,) a—ionone ("HC,)
360 360
240 . 240
T, T
120 120
0 0
360
240
Tl
120
0
0 120 240 360

0 20 40 60 80

Figure IV.1 Theoretical 2D conformational PESs (kJ/mol) of a-i, B-i and B-d, exploring the
71 and 12 torsions at the B3LYP-D3/6-31+G(d) level of theory. The numbers reported on the
graphics refer to the barrier heights separating the minima. Regarding B-d, it was not
possible to calculate a section of the surface (12 » 315°) because of the steric hindrance due
to the closeness of the carbonyl group and the cyclohexene ring. The energy scale is
common to the four PESs. However, it is woth noting that the 0 kJ/mol energy point refers
to the energy minimum of each molecule separately. That is, the 0 kJ/mol energy point for
B-iis different than the 0 kJ/mol energy point for a-i, and B-d.
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In addition to this, we used Molecular Mechanics (MM) to perform a conformational
search onthe three molecules. In particular, we used the MMFFs force field with a 20 k)/mol
energy window. As expected, the conformers obtained in the conformational search
correspond to the ones arising from the 2D scans.

b. Barriers to internal rotation of the methyl tops

Each of the three molecules possesses four non-equivalent methyl tops that are
subject to produce splittings in the rotational spectra due to coupling of the internal
rotation with the overall rotation of the molecule. We estimate the barriers for internal
rotation of the different methyl tops for the observed conformers (see later) by performing
a relaxed scan at MP2/6-311++G(d,p) in steps of 10°. The results are shown in Tables IV.2,
V.3 and IV.4.

Table 1V.2 Calculated methyl internal rotation barriers of the different methyl tops of a-i
atthe MP2/6-311++G(d,p) level of theory.

. -ac/T -ac/C sp/T sp/C -ac/T -ac/C

o-l 6HCs  SHCs  SHCs  SHCs  5HCs  SHCe
V3(C10)/k)/mol 38 46 3.7 4.7 3.9 4.6
V3(C12)/k)/mol 8.1 8.3 79 77 9.7 9.2
V3(C13)/kJ/mol 14.4 14.4 14.3 14.2 16.0 15.9
Vi(C14)/k)/mol 163 16.1 189 18.8 16.3 16.7

Table IV.3 Calculated methyl internal rotation barriers of the different methyl tops of p-i
at the MP2/6-311++G(d,p) level of theory.

B—i -sc/T -sc/C +sc/T +sc/C
V3(C10)/k)/mol 36 43 36 45
V3(C12)/k)/mol 7.4 7.0 6.9 6.8
V3(C13)/k)/mol 14.7 14.5 12.5 12.5
V3(C14)/k)/mol 16.1 16.1 17.3 16.8
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Table 1V.4 Calculated methyl internal rotation barriers of the different methyl tops of p-d
at the MP2/6-311++G(d,p) level of theory.

B-d -sc/T -sc/C +sc/T +sc/C
V3(C10)/k)/mol 79 7.7 79 7.7
V3(C12)/k)/mol 53 5.8 6.0 7.2
V3(C13)/k)/mol 176 176 14.0 14.7
V3(C14)/k)/mol 16.2 18.0 18.2 19.1

IV.3.2 Spectroscopic analysis

The rotational spectra (6-18 GHz) of the three samples (B-i, a-i, and p-d) were collected
in three different experiments using the CP-FTMW available at the University of the
Basque Country (UPV/EHU). In general, the three rotational spectra were very complex
and dense, as shown in Figures IV.2, IV.3 and IV.4. In the spectrum of a-i, six different sets
of rotational transitions were identified and fitted to a semi-rigid asymmetric rotor
Hamiltonian in the Watson's S-reduction. The experimental values of the rotational
constants A, Band C (see Table IV.5) were obtained and compared to the calculated values
for the predicted conformations. This comparison proves that the six different sets of
transitions observed correspond to conformers ac/C, ac/T with both >HCs and 6HCs
configurations of the ring, and sp/C and sp/T with an arrangement éHCs of the cyclohexene.
Most rotational transitions displayed splittings due to tunneling effects from internal
rotation of a methyl top. These splittings were included in the fit and we could estimate
the value of the barrier to internal rotation (Vs) and the angles between the axis of internal
rotation and the principal axes of inertia of the molecule. Once all the lines arising from the
six assigned conformations were removed from the spectrum, several lines remained
unassigned. Some of those lines were assigned to the isotopic species arising from 13C
substitution in natural abundance (~1%, 13 different species) and also 80 (~0.2%, one
species) for the most stable conformation of a-i (-ac/C 6HCs). Table IV.6 collects the values
of the experimental rotational constants of all observed isotopologues of a-i. A similar
procedure was used for p-iand B-d, where four conformers were identified (sc/C, sc/T, sc/C
and sc/T) (see Tables IV.7 and IV.9 for experimental rotational constants of the parent
species). In the case of B-i, the lines appeared as doublets, proof of the internal rotation
from one single methyl top (analogous to a-i). However, for B-d the situation was slightly
different. Rotational transitions appeared as quintuplets, coming from the internal
rotation of two non-equivalent methyl tops. The signal-to-noise ratio in the spectra of p-i
and B-d allowed for the detection of isotopic species arising from 13C substitution in natural
abundance, the results of the corresponding fits are summarized in Tables IV.8 and IV.10.

The calculated values of the rotational constants at MP2/6-311++G(d,p) and
B3LYP-D3/6-311++G(d,p) levels of theory are in very good agreement with the
experimental values. Both methods are able to characterize the structures with very high
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accuracy, giving an average percent relative error in the rotational constants of 8yp, =
0.2/0.4/0.8 and 8g3.yp_p3 = 0.5/0.4/0.4 for B-i, a-i, B-d, respectively.

Furthermore, each molecule possesses four methyl tops that may potentially induce
splittings in the rotational transitions. In order to know which methyl top is the one
responsible for the splittings, it is necessary to compare the theoretical values of Vs with
the experimental ones that result from the fits (that is, comparing the values in Tables V.2,
IV.3 and IV.4 and the ones in Tables IV.5, IV.7 and 1V.9). By doing that, we can easily
conclude that in the case of a-i and B-i, the methyl top responsible for the internal rotation
is the terminal methyl group in the chain (C10) while in B-d it is C10 and C12 (the one that
stands alone in the ring) the ones that induce splittings in the rotational transitions.

All measured rotational transitions of the three molecules and their isotopologues
are collected here.

14 0 14 <13 0 13

14 1 14€¢13 1 13 JI
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Figure IV.2 Experimental rotational spectrum of a-i, with a zoomed view around the 10350
MHz region where the splittings due to internal rotation are observable. The spectrum
contains approximatively 3600 lines with a signal-to-noise ratio greater than 2/1.
Signal-to-noise ratio of the most intense line assigned (1129 < 10 2 8) is about 3200.
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Figure 1V.3 Experimental rotational spectrum of B-i, with a zoomed view around the 9750
MHz region where the splittings due to internal rotation are observable. The spectrum
contains approximatively 2800 lines with a signal-to-noise ratio greater than 2/1.
Signal-to-noise ratio of the most intense line assigned (102 8 € 92 7) is about 950.
642532

A1

E3

W

|

6436532 |,
E1 ||E2

£ \A1 “J‘\I'

E3 |
E4‘,‘\""‘ “ht J‘,‘ k“‘ E4
__,,\,J ’ \‘~\~/

/ “\‘J’ u
8796 8798 8800
Frequency (MHz)

n“ “\_," \

—

6000 8000 10000 12000 14000 16000 18000
Frequency (MHz)
Figure IV.4 Experimental rotational spectrum of B-d, with a zoomed view around the 8800
MHz region where the splittings due to internal rotation are observable. The spectrum
contains approximatively 1000 lines with a signal-to-noise ratio greater than 2/1.
Signal-to-noise ratio of the most intense line assigned (7 3 4 € 6 2 4) isabout 700.
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Table 1V.5 Experimental spectroscopic parameters of a-i and comparison with
theoretical predictions at MP2/6-311++G(d,p) level.

-ac/T ¢HCs -ac/C °HCs sp/T ®HC;s
Exp. Theory Exp. Theory Exp. Theory
A/MHz 1059.1769(7) 1061 1041.5530(5) 1044 980.8933(9) 978
B/MHz 405.7415(1) 406 408.06351(7) 409 450.4025(2) 454
C/MHz 359.6409(71) 360 363.66898(8) 365 392.9703(2) 398
Dy/kHz 0.0067(3) 0.0068 0.00564(8) 0.0068 0.0151(3) 0.0167
Di/kHz 0.178(2) 0.1889 0.1803(2) 0.1780 0.071(3) 0.0791
Dw/kHz -0.16(1) -0.1257 -0.087(7) -0.1236
di/Hz 0.13(6) -0.04
do/Hz -0. 34(5) -0.05 -0.20(4) -0.15 -0.7(2) -13
m/) ‘I‘{ 43070(9) 378 5.254(3) 456 43002) 371
Z(ah/deg 145.28(6) 146.96 97.0(1) 92.35 128.5(9) 125.47
Z(b,i)/deg 89.180(1) 89.22 86.851(1) 86.83 58.5(4) 57.06
Z(c)/deg 124.71(6) 123.03 172.4(1) 176.05 54.4(5) 5267
N 290 954 142
o/kHz 18 19 16
sp/C éHC; -ac/T°HCq -ac/C*HCs
Exp. Theory Exp. Theory Exp. Theory
A/MHz 977.6680(6) 974 1156.413(1) 1159 1137.4744(9) 1140
B/MHz 452.9156(1) 457 399.7992(1) 400 402.3243(1) 403
C/MHz 393.5871(1) 399 341.2269(2) 342 344.53064(9) 346
Dy/kHz 0.0144(2) 0.0159 0.00442(8) 0.0055
Dy/kHz 0.073(1) 0.0741 0.208(6) 0.1930 0.1701(5) 0.1842
Dw/KHz -0.13(4) -0.1237
di/Hz 0.8(1) 0.4 -0.87(6) -1.0
dy)/Hz -1.10(8) -0.8 -0.23(4) -0.3
*C/) }I‘{ 5.446(7) 4.69 4.26(2) 3.85 5.276(3) 4.62
Z(ai)/deg 120.9(3) 113.57 34(2) 37.2¢4 79.2(1) 83.65
Z(b,i)/deg 46.2(2) 4227 81.7(4) 80.97 80.222(5) 80.10
Z(c./deg 59.6(1) 57.26 122(2) 125.76 165.3(1) 168.21
N 455 102 689
o/kHz 18 14 17
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Table 1V.6 Experimental spectroscopic parameters of the observed isotopologues of a-i.

13¢(1) 13C(2) _13C(3) _ 13C(4) __ 13C(5) _ 13C(6) __ 13C(7)

1040.753 1037.061 1035.57 1037.465 1036914  1038.892  1041.540

A/MHz
(8) ) (1) 8 M (8) 9)
B/MHz 407.8626 407.6155 406.3951 404.8913 406.2871 407.3069  407.8753
(1) (1) (1) M M m M
C¢/MHz 363.6107 362.7895 361.8522 361.5769 362.3641 362.7861 363.5213
(1) (1) ) m m m m
N 60 58 53 58 76 60 57
o 9 10 10 8 10 9 9
o/kHz
13C(8) 13C(9) 13C(10) 180(11) 13C(12) 13C(13) 13C(14)
A/MHz 1040.863 1041.546  1036.151 1040.01 1025.125 1035.53 1028.781
(6) @ (8) )] ©) m ©)
B/MHz 406.69360  404.5240  403.5347  396.0581  407.7227  405.2094  407.8199
(8) m m @3) M m m
C/MHz 36266659  360.8544  360.6930 3542730 361.7532  361.5333 3619954
(8) m m (@) m M M
N 64 57 55 16 54 60 63
o/kHz 6 8 9 9 10 9 10
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Table IV.7 Experimental spectroscopic parameters of B-i and comparison with

theoretical predictions at MP2/6-311++G(d,p) level.

-sc/T -sc/C +sc/T +sc/C
Exp. Theory Exp. Theory Exp. Theory Exp. Theory
A 1109.0046 1100.5066 1134.5209 1121.9807
/MHz @3) 1108 Q) 1100.2 ®) 1135 @ 1123
B 406.02837 408.99572 402.9824 405.98131
MHz ®) 407 ©) 410.5 o) 404 ) 407
C 338.45550 339.93901 333.3748 335.12030
/MHz (7 339 ®) 340.4 1 334 0 336
D 0.0060 0.00456 0.0051 0.00453
Kbz ) 0.0059 0 0.0055 2) 0.0044 ) 0.0042
Dk 0.0988 0.0997 0.077 0.0821
JkHz 9) 0.0901 5) 0.0878 2) 0.0900 ®) 0.0892
/Eljz -0.050(2) -0.033 -0.053(2) -0.040 -0.048(5) -0.059
di/Hz -0.34(6) -0.3 -0.12(5) -0.4 -0.49(9) -0.5 -0.57(6) -0.6
da/Hz -0.48(4) -0.8 -0.70(4) 0.7 -0.44(6) -0.6 -0.55(4) -0.6
V3
/K 4.1064(5) 3.5836 5.107(2) 434 4.074(3) 3.56 5.231(3) 4.45
mol!
fézg 45613) 4122 69.72(7) 7330 41.72) 421 1190) 76.07
(b 62.97(2 62.17 46.55(2 45.39 64.8(1 63.44 46.09(5 44.92
/deg 91(2) . .55(2) . 8(1) X .09(5) :
/Za(gg 56.54(2) 55.51 50.36(2) 49.35 120.7(1) 122.35  130.55(4) 131.59
N 710 802 227 550
o
/kHz 15 15 12 13
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Table 1V.8 Experimental spectroscopic parameters of the observed isotopologues of p-i.

13¢(1) 13C(2) 13C(3) 13C(4) 13C(5) 13C(6) 13C(7)

1084.128 1095.94 1093.827 1098.94 1099.101 1097436 1100.031

A/MHz
©) M ) M (8) 9) (8)
B/MHz 408.8616 408.6215 406.9550 405.3739 406.1545 408.3047 408.7095
2) ) 2) @ (1) @ (M
C/MHz 338.4334 3392877 337.8931 337.4493 337.8504 339.1716 339.7721
) ) () @ ) m 2
N 32 31 26 24 29 28 38
o/kHz 11 9 8 9 8 8 9
13C(8) __ 13C(9) _ 13C(10) __13C(12) _ 13C(13) _ 13C(14)
Mg 109992 1100417 109660 1100361 1088852  1086.26
M (1 M 8) ©) m
BMH 4078293 4054211 4041882  408.8903 4079011 4081980
)] (1) ) m (M )]
CMHz 3391283 3374749 3365480  330.8888 3389608 3384916
) 1) )] )] M ©)
N 28 31 26 32 31 27
o/kHz 13 7 10 9 9 10

Table 1V.9 Experimental spectroscopic parameters of p-d and comparison with
theoretical predictions at MP2/6-311++G(d,p) level.

-sc/T -sc/C +sc/T +sc/C
Exp. Theory Exp. Theory Exp. Theory Exp. Theory
1014172 860.9633 1059.0938 897.2905
A/MHz o) 1008 ) 854 e 1052 i 889
466.4507 541.9859 462.8105 5362615
B/MHz % 468 o) 549 D 464 0 541
401.7351 489.0367 389.8836 4727732
C/MHz ) 404 o) 495 ) 393 ) 480
Dy/kHz o_g;s 0.026 0'(()62)81 0.0298 0'(()2)85 0.0092 0'(()32)37 0.0239
Di/kHz O'(37§6 0.206 o.(o;)sg 0.088 o.(12¢;5 0.201 0'(()§)55 00321
-0.244 -0.046 0.114 0.0076
D/kHz 0075 -0.061 -0.124 0.0031
: (6) 2 3) ()
di/Hz 6(1) 5 1.2(1) 14
du/Hz -0.4(1) 001 '(2;;2 05 -0.23(5) 0.1
Vs(C10) 6.948 6.950 6.92 7.040
o 0 7.89 9 1 @ 7.88 © 7.66
Vs(C12) 5419 6.49
P M 5.29 6.54(1) 5.82 0 5.96 6.60(1) 7.16
4(%}5 0) 33.1(6) 30.64 39(5) 4019 15T6(T) 1523
4’3’32(; 0 80.72) 8133 78(1) 7804  848(2) 8363
g(c/,é)é(;o) 12146 1191 127(4) 1277 ML 1169
Z(j'gég 2) 537(4) 5184 48(3) 5546 1244(5) 1269
4’3’32(; 2 543(2) 5534 45(3) 3831 490(3)  50.57
4(%)2(; 2) 56.2(2) 57.12 76.8(6) 7548 5992  60.89
N 198 602 27 793
o/kHz 20 20 12 19
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Table IV.10 Experimental spectroscopic parameters of the observed isotopologues of

B-d.
13¢()  13C(2) 13C(3) _13C(&) _ 13C(5) _ 13C(6) 13C(N)
wr 897144 894172 891086 895297 894679 895615 895213
(1) ) 3) ) ) (2) (3)
oy 536 536.7 5336 530.8 533.7 5367 5313
(4) (5) (7 (5) (M (5) (8)
Oy 4128 4710 4707 469.7 4694 4700 4698
(4) (6) (8) (6) (8) (6) 9
N 36 3 36 36 3 40 32
o/kHz 2% 3 25 34 39 37 49
13C(8)  13C(9)  13C(10) _13C(12) __13C(13)  13C(14)
A/MHz  896.847(3) 896.183(3) 893.770(2) 886.936(2) 888.876(2) 892550
B/MHz  5352(7)  5315(8)  5278(5  5340(5)  5354(6)  5339(5)
CIMHz  4682(8)  4708(09)  4650(6)  4719(6)  4709(1)  469.5(6)
N 32 32 32 36 36 3
o/kHz 4 44 33 34 38 31

Iv.3.3 Cremer-Pople analysis

We performed a Cremer-Pople analysis (see section I11.5) on the cyclohexene ring of
B-i, a-i, and B-d to assess quantitatively what conformations the six-membered ring adopts
inthe gas phase. The results are summarized in Figure IV.5, which shows the Cremer-Pople
sphere for the observed conformers of the three molecular systems. According to this, all
observed conformations share a distorted Half-Chair conformation, where four atoms in
the ring lie in the same plane and two stand out of that plane (one up and one down). The
two atoms that are not in the plane are the ones located opposite from the double bond.
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Figure 1V.5 Cremer-Pople sphere for the observed conformers of B-i, a-i, and B-d. All
amplitudes (g, distance to the center of the sphere) have been given the same value for
the sake of clarity.

IV.4 Discussion

In this work, we have reported on the conformational landscape of the three
structurally related biomolecules B-i, a-i, and B-d by means of a combination of rotational
spectroscopy and theoretical calculations. These systems appear as flexible structures,
each of them giving rise to several conformations (six for a-i and four for B-i and p-d). The
rotational transitions displayed splittings due to the internal rotation of methyl tops. The
signal-to-noise ratio of the different spectra was high enough to allow for the detection of
isotopologues arising from isotopic substitution in natural abundance of 3C and 180 (the
latter only for a-i) for the global minima.

In order to evaluate the changes in the ring puckering properties among the three
molecules, we performed a Cremer-Pople analysis, which allows the description of a
six-membered ring with three polar coordinates. Each conformation with its
corresponding coordinates is located in the spherical visual representation of the
Cremer-Pople study in Figure IV.5. As mentioned above, all three systems share the same
structure of the ring: a distorted HC conformation. We can clearly observe that, within a
given molecule, conformations with different ring configurations are diametrically
opposed. All B-i and B-d conformations are located in the same region of the sphere,
corresponding to a distorted *HC4 conformation equivalent to “HCs by symmetry. o-i has a
different behavior. In this case, the position of the double bond is different from the other
two molecules. Consequently, the symmetry is lost and the two HC configurations are no

V.76



The conformational landscapes of a-ionone, B-ionone and B-damascone

longer equivalent. Hence, o-i adopts two non-equivalent *HCe and ¢HCs configurations,
where atoms 5 and 6 are the ones that stand out of the plane, as opposed to the case of B-
i and B-d, where the out-of-plane atoms are 4 and 5.

In the rotational spectra of B-i, a-i, and B-d, rotational transitions displayed splittings
due to the internal motions of methyl tops. Hence, it was possible to calculate the
corresponding barriers to internal rotation (Vs). In the case of B-i and a-i, rotational lines
appear as doublets due to the methyl top at the end of the flexible chain (C10). Vs is
sensitive to the electronic surrounding of the methyl group, so it acts as a probe of the local
environment of the given internal top. In fact, in the case of B-i and a-i, Vs tells us about the
configuration of t2. When 12~0° (cis, C conformers), Vs is around 5 kJ/mol, and when
1~180° (trans, T conformers), Vs takes on values around 4 kJ/mol. The rest of the methyl
tops (C12, C13 and C14) in the molecules possess Vs barriers greater than ~7 k)/mol for all
conformers and do not produce splittings in the rotational spectrum. Steric effects might
be the cause of this dependence of V3 on 2. When 12~0°, the lateral chain adopts a more
compact, folded structure, and the CHs group is closer to the hydrogen in the double bond,
which may cause sterical hindrance and, hence, increase the potential energy barrier. f-d
has a different behavior than the other two molecules. Its rotational transitions appear as
quintuplets, due to the internal rotation of both the terminal methyl top (C10) and the
methyl group in the ring (C12). The value of V3 of the terminal chain methyl top is higher
than in the cases of B-i and o-i (~7 kJ/mol compared to 4-5 kJ/mol). In the latter, there is a
C=0 adjacent to the CHs while this is not the case for -d (where the C=0 group is moved
two positions toward the ring). Therefore, a CH---O attractive interaction in the case of p-i
and a-i might be responsible for the decreasing in Vs compared to pB-d. Finally, the barrier
for internal rotation of the CHs in the ring (C12) is lower in the case of B-d, probably due to
a combination of electronic (proximity of the C=0 group) and steric effects.

Rotational spectroscopy studies such as the one presented here allow for the
estimation of the relative populations of the different conformations in the supersonic
expansion, and their relative energies (see section I11.4). We have performed this task for
the three molecules under study and the estimations of the relative energies are presented
in Table IV.11. For doing that, we have selected rotational transitions that are close in
frequency (maximum 1 GHz span) to avoid problems caused by the instrument having
slightly different responses in different frequency regions. We can observe that, for p-d
and a-i, a single conformation dominates the conformational landscape (-ac/C 6HCs for a-i
and +sc/C for B-d), with the next conformer lying around 4 kJ/mol higher in energy. p-i, on
the other hand, has a slightly different behavior. Two conformers are almost isoenergetic
(-sc/C and -sc/T), and the next conformer lies only 2.0(9) kJ/mol higher in energy.
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Table IV.11 Experimental relative energies of the different observed conformers of a-i,

B-iand B-d.

i -ac/C -ac/T -ac/C sp/T -ac/T sp/C

SHCs SHCs 5HCs SHCs 5HCs 6HCs

AEoo / kJ*mol! 0 4.1(8) 6.0(1.1) 7.0(8) 8.2(3) 9.8(7)
B-i -sc/C -sc/T +sc/T +sc/C
AEoo / kKJ*mol? 0 0 2.0(9) 3.9(9)
p-d +sc/C -sc/C +sc/T -sc/T
AEoo/ kJ*mol?! 0 3.8(8) 6.7(6) 12.4(5)

In general, we have demonstrated that the PES of B-i is flatter than its two mutants,
B-d and a-i. From a theoretical point of view, it is clear from the two-dimensional PESs that
the energy barriers to interconvert between conformers along t1 (that is, up to down or
down to up in Figure 1V.1) are the lowest of all molecules (8-12 kJ/mol, while any other
interconversion in the two other molecules requires more than 25 kJ/mol). While this
interconversion in p-i does not seem to occur in our supersonic expansion, it could be the
case in other media. From the experimental point of view, we have demonstrated that two
conformations dominate in B-i (-sc/C and —sc/T) that share the same configuration of
11~+52° (corresponding SHC4 and “HCs configurations (equivalent by symmetry)), but differ
in cis /trans conformation of t2. For B-d and a-i, on the other hand, there is only one
dominant conformation for each molecule, the rest of the conformers being more than
4 kJ/mol higher in energy. Moreover, one could think that resonance in §-i should induce a
planarity of the C2=C1-C7=Csg dihedral angle. However, the two conformers that approach
planarity (ap/T and ap/C) are predicted higher in energy and hence they are not observed
in our rotational spectra. The steric effects between the hydrogen atom attached to C8
and the hydrogen atoms of the methyl group (C12) prevent these arrangements. With all
this, we can say that B-i possesses more structural flexibility than its two mutants. The
ability to interconvert between different conformers may help this molecule adapt to the
biological medium (for instance, in the interaction with the protein), in comparison with B-
d and a-i, which display a more rigid structure.
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CP-FTMW and FTMW techniques in
the structural study of cotinine

Adapted from: |. Uriarte, C. Pérez, E. Caballero-Mancebo, F. ). Basterretxea, A. Lesarri, ). A.
Ferndndez, E. ). Cocinero, Chem. Eur. ). 2017, 23, 7238-7244.
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V.1 Introduction

In this Chapter, we prove the complementarity of the CP-FTMW and FTMW
techniques in the rotational study of the nicotinoid cotinine. First, the broadband
spectrometer allows for the acquisition of the rotational spectrum of this nicotinoid in the
7 to 18 GHz frequency region in a rapid way. A first analysis of the rotational spectrum
obtained with the CP-FTMW device yields the overall picture of the conformational
landscape of the molecule. However, the complicated fine and hyperfine structure arising
from internal rotation of the methyl top and the presence of two quadrupolar nuclei is not
completely discernible at the resolution of the broadband spectrometer. Therefore, in a
second step, some rotational transitions of cotinine are measured in the FTMW, whose
spectral resolution allows for the identification of the hyperfine components separately.

Nicotinoids are agonists of specific acetylcholine receptors (NnAChRs)'23 inducing a
wide range of natural and pharmacological responses in the central and peripheral
nervous system. The structural prototype of this family of biomolecules is nicotine
(see 1, Scheme V.1). The search for a nicotine pharmacophore and alternative nAChRs
receptors has been active in the last decades, calling for additional attention on other
nicotinoids. Cotinine (1-methyl-5-(3-pyrinidyl)-2-pyrrolidinone, 2 in Scheme V.1) is the
predominant oxidative metabolite of nicotine,* differing only in the addition of a carbonyl
group to the pyrrolidine ring. However, cotinine shows a reduced desensitizing effect on
NAChRs. Xiu and co-workers explained the interaction between nicotine and nAChR in
terms of a strong cation---m interaction between the protonated nicotine and an aromatic
residue of a tryptophan residue.> Several reasons have been postulated to explain the
lower affinity of other nicotinoids (such as cotinine) to the nAChRs receptors. First, the
N---N distance could modulate the intensity of their biological activity. Second, the partial
charge on the pyrrole N atom might influence the tendency to protonation and hence the
biological activity. Third, a possible C-H---O=C intramolecular interaction is also suggested
as an explanation for the lower affinity of cotinine to the receptor.6 Accurate structural
information on nicotinoids is thus required to model binding to receptor proteins and to
define structure-activity biochemical relationships.

Nicotine Cotinine Anabasine

Scheme V.1 Chemical structure of three nicotinoids.

There are no previous high-resolution spectroscopic studies of cotinine reported in
the literature. A recent vibrational circular dichroism (VCD) analysis in solution and in solid
phase suggested that four conformations could be responsible for the vibrational spectra.”
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However, intra- and intermolecular interactions can be masked by solvent and
crystal-packing forces, so these data are not always conclusive for the free molecule. A gas
phase electron diffraction (GED)® also pointed to the coexistence of four different
conformations, but the spectral resolution of this technique is not enough to resolve small
structural differences in conformationally complex mixtures. Here, we apply the unique
power of rotational spectroscopy as a structural elucidation tool to solve the problem of
conformational analysis of cotinine. Other nicotinoids such as nicotines or anabasine? (3,
Scheme V.1) have been previously studied with this method. From the spectroscopic point
of view, cotinine presents a challenge since its rotational spectrum is expected to display
a very complicated hyperfine structure arising from the two "N nuclei and the methyl top.
In this work, we pursue two goals. The first one is the identification of the dominant
conformations of cotinine under isolation conditions. The second one is the unraveling of
the complex hyperfine structure. We use here the two microwave spectrometers available
at the University of the Basque Country (UPV/EHU) and demonstrate the
complementarity of the two machines. While the CP-FTMW spectrometer provides a
rapid means of surveying the conformational preferences of cotinine, the higher spectral
resolution of the FTMW cavity device allows for the assignment of subtle fine and
hyperfine patterns.

V.2 Experimental section

Cotinine samples (solid at room temperature, m. p. 40°C) take on a wet appearance,
with small crystals sticking together. The consistency of the sample made it impossible to
use laser vaporization techniques, which are more suitable for samples with low volatility.
Therefore, we used conventional heating techniques to bring cotinine into the gas phase.
Table V.1 summarizes the experimental conditions used for the rotational study of cotinine
in the CP-FTMW and FTMW spectrometers.

Table V.1 Experimental conditions for CP-FTMW and FTMW spectra of cotinine.

Experimental conditions CP-FTMW FTMW
Number of nozzles 1 1
Nozzle temperature 200°C 200°C
Carrier gas Ne/He (80/20) Ne/He (80/20)
Number of chirps/molecular 10 3
pulse
Total number of cycles 5 millions 20000-200000*

*The exact value depends on the required number of cycles to obtain a good signal-to-
noise ratio of a given rotational transition.
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V.3 Results

V.3.1 Theoretical calculations

a. Predicted conformations

Cotinine is an assembly of pyrrolidinone and pyridine rings linked by a single C-C
bond. This two-ring assembly structure is a common motif among nicotinoids. Cotinine’s
conformational landscape can be rationalized attending to two factors:

e The first one is the pyrrolidinone conformation. The five-membered ring may
preferably adopt two distorted twist conformations, distinguishable by the
equatorial/axial (eg/ax) position of the pyridine substituent.

e The second one is the internal rotation around the single bond connecting the
two rings. Two rotamers (denoted a and b) arise by a ~180° rotation of the
pyridine moiety.

We used Molecular Mechanics (MM) to perform a conformational search on
cotinine. In particular, we used the MMFFs force field with a 25 kJ/mol energy window and
it vielded the four conformations expected from the two abovementioned structural
factors. Then, those conformations were optimized by quantum mechanical methods to
yield accurate structures. The structures were labeled eg-a, ax-a, eg-b and ax-baccording
to the two structural factors. The results from MP2, M06-2X, B3LYP and B3LYP-D3
theoretical calculations are summarized in Table V.2.
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Table V.2 Computed spectroscopic parameters for the lowest lying conformers of
cotinine (MP2/M06-2X/B3LYP/B3LYP-D3)

eq-a ax-a eq-b ax-b
by 1914/1916/1900/  1625/1646/1686/  1893/1900/1882/  1606/1631/1668/
1903 1658 1884 1640
B/MHz  478/483/474/478  535/536/508/522  482/487/478/482  541/541/513/528
C/MHz  449/452/447/449  514/511/490/500  453/454/450/452  518/514/493/503
Okt O014/0.014/0014/  0.040/0.042/0036/ 0.015/0014/0016/  0.041/0.045/0.040/
) 0011 0.034 0.007 0023
19N,
GlMHZ  -17/-21/-18/-19  -28/-3.1/-28/-29  13/1.2/14/14 1.5/15/1.6/16
w/MHZ  2.7/2.8/3.0/2.9 1.0/1.0/20/13 16131915 -22/-2.1/-05/-16
wMHZ  10/-07/-12/-10  19/21/08/16  -29/-25/-33/29  0.7/06/-1.1/-0.0
14Nm
w/MHZ  1010/11/11 -03/-03/01/-01  09/10/1.0/10  -04/-03/-0.0/-0.2
w/MHZ  2.1/2.1/23/22 0.0/0.3/0.8/0.4 2.1/2.0/2.2/2.1 -0.1/02/0.6/0.3
%/MHZ  -3.1/-3.1/-34/-33  03/0.0/-09/-03  -3.0/-3.0/-32/32  04/0.1/-06/-0.1
/D 15161717 1.0/1.1/1.3/12 2.7/2.8/2.8/29 28/2.9/29/2.9
/D 10111210 1.0/1.1/1.1/10 27/3.0/2.7/2.9 40/4.0/3.5/3.8
lLl/D  06/05/0505 04/0.6/0.3/0.5 2.9/2.8/3.0/2.9 25/26/3.0/2.8
/D 1972002272 15/171.7/17 4.8/5.0/4.9/5.0 5.5/5.5/5.4/5.5
/Akfjﬁgﬁ 0.0/0.0/0.0/0.0 0.1/04/2.1/08 2.3/2.4/2.0/2.0 2.7/2.8/4.2/3.0
AG(4T3
K) 0.0/0.0/0.0/0.0 0.4/0.1/0.8/1.0 23/28/1.7/2.1 3.0/2.5/23/3.3
/k) mol!

b. Barriers to interconversion among conformers

Conformers a (eg-a and ax-a) differ from conformers b (eg-b and ax-b) in a ~180°
rotation along the bond connecting the two rings. Therefore, it is possible to estimate the
barrier for interconversion a= b by scanning the rotation along the bond connecting the
two rings. To do that, we scan the dihedral angle N1-C2-C6-C7 in steps of 10° at the
MP2/6-311++G(d,p) level of theory (see Figure V.1 for atom numbering). The barrier for
interconversion eg-b>eg-ais estimated at 29.9 kJ/mol while the barrier ax-b>ax-ais 22.7
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kJ/mol. Both barriers are too high to be surmounted in the environment of a supersonic
expansion. Figure V.1 shows a graphical display of the barriers.
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Figure V.1 Ab initio potential curve (MP2/6-311++G(d,p)) for the rotation along the bond
connecting the two rings of cotinine. The barrier height for the eqg-b—=>eg-a and the
ax-b=>ax-a conversions are marked in blue. At the top of the figure, atom numbering of

cotinine.
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Moreover, conformers eq (eg-a and eg-b) are different from conformers ax (ax-aand
ax-b) in that they possess different twist conformations of the ring. We can estimate an
interconversion path between these structures by scanning one of the dihedral angles
defining the configuration of the pyrrolidinone ring. Therefore, we performed a relaxed
potential energy scan of the N1-C2-C3-C4 angle at the B3LYP-D3/6-311++G(d,p) level of
theory in steps of 2° (see Figure V.1 for atom numbering). We estimated both barriers
{ax-a>eg-a and ax-b>eg-b) to be around 3.6 k)/mol. Figure V.2 shows the steps of the
above mentioned scans along with the variation of the unidimensional potential energy.
It is important to note that the interconversion between conformers ax and eq could
proceed through a different path than the one suggested here. For example, a concerted
movement of the atoms in the ring could have a lower potential energy barrier than the
one calculated here. Therefore, our result (3.6 kJ/mol) should be taken as an upper limit to
the barrier for ax> eqginterconversion.
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Figure V.2 A possible relaxation path between conformers ax-b and eg-b. Different steps
of the scan are shown as well as the variation in potential energy (using B3LYP-D3 method
and 6-311++G(d,p) basis set). Hydrogen atoms and the pyridine ring have been removed
from the molecular structures for the sake of clarity.

V.8



CP-FTMW and FTMW techniques in the structural study of cotinine

Finally, Figure V.3 displays the four predicted MP2 conformations and summarizes the
potential energy barriers for interconversion among conformers.

22.7 kJ/mol

ax-a
0.1 kd/mol

ax-b
2.7 kd/mol

-

3.6 kd/mol
3.6 kd/mol

eqg-a
0.0 kd/mol

eqg-b o
2.3 kJ/mol

29.9 kJ/mol

Figure V.3 The four MP2 lowest-lying conformations of cotinine in the gas phase.
Zero-point corrected relative energy values are shown (A(E+ZPE)), as well as the barriers
for interconversion between conformers.

¢. Barriers to internal rotation of the methyl top

Cotinine possesses a methyl top that is subject to produce splittings in its rotational
spectrum due to coupling of the internal rotation with the overall rotation of the molecule.
We estimate the barriers for internal rotation of the methyl top by performing a relaxed
scan at MP2/6-311++G(d,p) in steps of 10°. The results are shown in Table V.3.

Table V.3 Calculated methyl internal rotation barriers at MP2/6-311++G(d, p) level.

eq-a eq-b ax-a ax-b

Vs/k) mol™ 4.3 4.3 4.0 4.0
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V.3.2  Spectroscopic analysis
a. CP-FTMW spectrum

First, we recorded the rotational spectrum of cotinine in the CP-FTMW spectrometer,
which allows us to obtain a wide spectral range in a rapid way. The experimental spectrum
of cotinine in the 7 to 18 GHz region displays a pattern of ya R-branches with a regular
spacing of ~1000 MHz, characteristic of near-prolate asymmetric rotors. Figure V.4a shows
an overview of the spectrum, where several branches can be observed. Figure V.4b
displays the branch in the 7500 MHz region with J=8. Due mainly to the low vapor pressure
of this nicotinoid,’® the spectrum is very weak. Some lines in the spectrum appear as
doublets (splitting~100 kHz), evidencing the effects of internal rotation of the methyl top.
At first glance, this behavior seems anomalous since other nicotinoids like nicotine® or
anabasine? do not show any internal rotation patterns in their rotational spectrum. No
hyperfine structure due to nuclear quadrupole coupling interactions seemed noticeable
at the spectral resolution of the CP-FTMW. In a first step, we assigned a series of ya
transitions to an asymmetric rotor (labeled as I). After removal of the assigned lines, a
series of slightly weaker transitions remained in the spectrum, also displaying a regular
pattern of Ua R-branches. These were assigned to a different asymmetric rotor (labeled as
I1}. All the transitions measured in the CP-FTMW spectrometer are collected in Tables V.A.1
and V.A.2 of the Appendix. The observed transitions were fitted to a standard semi-rigid
Watson Hamiltonian including centrifugal distortion, as discussed in Chapter II.
Comparison of the derived rotational constants with the values predicted by theoretical
calculations (see Table V.4) allowed us to propose a preliminary assignment of the
detected species | and Il to the eg-a and eg-b conformers of cotinine, respectively. A later
fit was carried out considering internal rotation terms according to the Internal Axis
Method (IAM) (see section IL5). The results of the internal rotation fit, in particular the
barrier heights and the orientation of the CHs group relative to the molecule frame, are
collected in Table V.5. The barrier height for internal rotation of the methyl top was
determined to be nearly equal for both conformers (ca. 4.6 kJ/mol), indicating a similar
chemical environment around the methyl top. After removal of the lines corresponding to
eg-aand eg-b, no other lines attributable to higher-energy conformations remained in the
spectrum. The absence of ax-a and ax-b species is remarkable and will be discussed in the
following section.
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Figure V.4 a) Overview of the CP-FTMW rotational spectrum of cotinine in the 7-18 GHz
region, where the regularly spaced ua R-branches can be observed. b) Expanded view of
J=8 ua R-branch transitions corresponding to eg-a and eg-b conformers. ¢) Narrow-band
FTMW measurement of the 8 3 647 3 5 transition of conformer eg-a (blue-shaded in b)).
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Table V.4 Experimental spectroscopic parameters of cotinine (global fit including
CP-FTMW and FTMW measured lines) and comparison with theoretical predictions at
MP2/6-311++G(d,p) level.

Experimental Calculated (MP2)
Conformer | Conformer
i eq-a ax-a eq-b ax-b
A/MHz 1911.19(12) 1893.66(11) 19140 16248 18927 16056
B/MHz 478.56272(41)  482.65540(38) 4T1.7 534.5 482.0 541.0
C/MHz 449.43077(45)  452.49336(39) 4494 5144 453.0 518.2
Dy/kHz 0.01408(50) 0.01606(26) 0.014 0.040 0.015 0.041
14Np
yaa/ MHz -1.76(11) 1.215(65) -1.73 281 125 1.50
2o/ MHz 2.31(25) 270 096 160  -2.16
yec/ MHz -0.55(25) 097 185  -285 066
14Nm
yaa/ MHz 1.09(11) 0.747(73) 095  -027 087  -037
oo/ MHz 2.09(25) 1.45(28) 2.1 0.02 2.06 -0.06
yec/ MHz -3.17(25) -2.19(28) -305 025  -293 043
|n, |7D 153 097 269 277
|n, |7D 1.01 104 270 401
|u |/D 059 040 293 248
|keoel/D 193 148 481 5.47
AE+ZPE
/kJ mol? 0.0 0.1 2.3 2.7
AG(473K)
/k) mol 0.0 0.4 2.3 3.0
Ncp-Frmw 56
ocp-rimw/KHz 20.0
NFrvw 34
Ortmw/KHz 57

Table V.5 Internal rotation parameters for the observed conformers of cotinine.

Conformer | eq-a Conformer Il eq-b
(exp.) (MP2) (exp) (MP2)
V3/k) mol-! 4.55(4) 4.26 4.64(3) 4.32
Z(a,1)/deg 85.4(2) 82.4 84.8(2) 82.4
Z (b,i)/deg 24.64(4) 25.3 26.36(4) 26.9
Z(c,i)/deg 65.854(7) 66.0 64.23(1) 64.4
l/u A2 [3.18] 3.18 [3.27] 3.27
N 128 126
Ortmw/kHz 18.2 16.6

*values in brackets were fixed to ab initio values
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b. FTMW spectrum

The two N atoms in cotinine induce splittings in the rotational transitions due to the
nuclear quadrupolar effect (see Chapter II). Since two quadrupolar nuclei are present, we
define the coupling scheme as | =l + Io, F =1 + ). These splittings are predicted to be only a
few kHz and therefore not resolvable with the CP-FTMW instrument (~20 kHz resolution).
That is the reason why some transitions of both conformers were re-measured in the
narrow band FTMW instrument, which achieves a higher spectral resolution (~5 kHz). This
allowed us to perform the separate identification of each hyperfine component. We chose
a set of transitions with a compromise between spread of hyperfine components (greater
at higher K-1 values) and line intensities (greater at lower K-1 and ] values). As an example,
Figure V.4c displays the 8 36 € 7 3 5transition, in which the A-E splitting due to the internal
rotation of the methyl top can be observed, as well as the hyperfine structure arising from
the two "N atoms. Tables V.A.3 and V.A.4 in the appendix collect all measured transitions.

The analysis of the hyperfine structure rendered the values of the nuclear quadrupole
coupling tensor elements in Table V.4. Comparison between theoretical and fitted xa«
values in Table V.4 provides unambiguous identification of Conformer | in Table V.4 to
conformer eg-a and Conformer Il to eg-b. This is the most conclusive evidence for
conformer identification, as the rotational constants of both species are remarkably
similar. It should be noticed that conformers | and Il differ only in the location of the
nitrogen atom in the pyridine ring. This leads to different values of the nuclear quadrupole
coupling tensor elements for the Np atom (see Scheme V.1).

¢. Cremer-Pople analysis

We performed a Cremer-Pople analysis (see section I11.5) on the pyrrolidinone ring of
cotinine to assess quantitatively what kind of twist or envelope conformation the five-
membered ring adopts in the gas phase. The results are summarized in Figure V.5, which
shows the Cremer-Pople wheel for cotinine (all four predicted conformations) and for the
observed conformations of nicotine.® According to this, conformers eg-aand eg-b (i.e. the
observed conformers of cotinine) adopt a distorted twist 3T, ring conformation in the gas
phase.
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Figure V.5 Cremer-Pople wheel for cotinine and nicotine. The stable conformations are
indicated by polar coordinates g (the magnitude of ring puckering) and the angle of
pseudorotation ¢. Values ¢ = 0,36, 72°, ... correspond to envelope (E) conformations with
Cs symmetry, and ¢ = 18, 54, 90°, . . . give twist (T) conformations of Ca symmetry. Black
symbols show the position of cotinine conformations (crosses for eg-a and eg-b and
circles for ax-a and ax-b) and red crosses correspond to the observed conformations of
nicotine in reference 8.

V.4 Discussion

The conformational landscape of the nicotinoid cotinine was successfully probed
under isolation conditions. The two structures observed (eg-a and eg-b) share the same
conformation of the five-membered ring, demonstrating a preference of the pyridine
substituent for the equatorial position. The difference between both structures is a ~180°
rotation around the bond connecting the two rings. The barrier for interconversion
between both species is estimated at 29.9 kJ/mol. This high value excludes conformer
relaxation and supports the observation of eg-a and eg-b simultaneously in the seeded
expansion. Microwave studies also allow one to estimate the relative populations of the
observed conformers. The intensity of a given rotational transition in the jet is proportional
to the population difference between the rotational levels involved in the transition and to
the molecule’'s dipole moment. An estimate of the relative population is
Neg-a/Neg-b=4.0(2.8), corresponding to a relative energy (AG) of 2.2(1.4) kJ/mol at 473 K,
indicating that conformer eg-a is the dominant species. These values are approximate as
the intensity of a given transition is spread into many hyperfine components and many
lines overlap. Surprisingly and pleasantly this value is in excellent agreement with the
predicted theoretically (2.3 kJ/mol at 473 K).
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The relative stabilities (A(E+ZPE)) of ax-a and ax-b conformations were estimated to
be 0.1 and 2.7 kKJ/mol respectively above the global minimum at MP2/6-311++G(d,p) level.
Although these values imply that the axial conformers should have enough population to
be detected, none of them was observed in our experiment. In fact, ax-a was predicted to
be more stable than one of the observed conformations (eg-b). These facts suggest a
relaxation of the five-membered ring into its most stable conformation, with the pyridine
substituent in an equatorial position. The barriers for the ax-a>eg-a and the ax-b>eg-b
relaxations were both estimated to be 3.6 kJ/mol. Both potential energy barriers are low
enough to be overcome in our supersonic expansion. Although the relaxation process
could occur through a concerted motion different from the one suggested in this work,
our calculations set an upper limit to the energy barrier that can be surmounted in the
conditions of our experiment. A similar behavior was observed for anabasine® and
nicotine® in the gas phase, where two conformations were also found, sharing the same
conformation of the five membered ring and differing in a rotamerization around the
bond connecting the cycles. However, for nicotine, the two “non-observed” conformers
were predicted to be much higher in energy (~25 kJ/mol) and their absence from the
rotational spectrum was rationalized in terms of non-population of the high-energy
conformers. We have also performed a conformational search and ab initio calculations
on nicotine. These calculations vielded two additional conformers that are analogues to
ax-a and ax-b of cotinine and which were not reported in reference 8. These lie at
~14 kJ/mol above the global minimum.

As mentioned above, cotinine differs from nicotine in the addition of a C=0 moiety
to the non-aromatic ring. The results presented here offer the chance to study the effect
of this modification on the behavior of this nicotinoid. The five-membered ring adopts a
distorted twist 3T2 configuration, while nicotine was found to display an envelope 'E
structure, as shown in the Cremer-Pople diagram in Figure V.5. The cotinine
five-membered ring takes on a more planar configuration than that in nicotine (shown by
a lower value of the puckering amplitude in Figure V.5). This can be explained in terms of
the presence of an amide moiety in which the carbonyl group adopts a planar geometry
reducing ring's strain. This fact can also explain why predicted relative energies of the
non-observed conformers are much higher in nicotine than cotinine. In nicotine, the
five-membered ring takes on a very stable structure, and the energy cost of placing the
pyridine ring in an axial position is very high. On the other hand, the more planar
configuration of cotinine reduces the energy difference between axial and equatorial
conformations. Finally, it is noteworthy that in previous studies about cotinine 67 the same
four conformations as calculated here were described as envelope-type structures. In our
work, we have determined quantitatively that the pyrrolidinone ring adopts a distorted
twist 3T, configuration thanks to the Cremer-Pople diagram. This result stresses the need
for quantitative analysis of distorted ring configurations in cases such as cotinine where
visual inspection may be misleading.

The analysis of the hyperfine structure of cotinine allowed us to calculate the internal
rotation barrier of the methyl top. Values for both observed conformers are almost
identical (4.55(4) and 4.64(3) kJ/mol for eg-a and eg-b respectively) and prove no
dependence of the methyl internal rotation with the position of the Np atom. These values
are in agreement with the theoretically estimated values of ~43 KkJ/mol at
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MP2/6-311++G(d,p) level for both conformers (see Table V.3). However, no internal
rotation splittings were observed for nicotine,® and the barrier for internal rotation was
estimated to be at a substantially higher value than in cotinine (MP2/6-311++G(d,p):
~16.5 kJ/mol). This result seems surprising, since both molecules are structurally similar.
The different behavior may be explained by differences in the electronic distribution in the
N-CHs bond and weak intramolecular interactions. First, the internal rotor bond is adjacent
to the amide N-C=0, with partial double bond character, which could influence the methyl
internal rotation. Second, Figure V.6 shows the computed (MP2/6-311++G(d,p)) energy
variation for the internal rotation of the C-CHs group for cotinine (conformer eg-a) and
nicotine (conformer trans-a). In cotinine, the shortest interatomic distance between
non-covalently bonded atoms involving the CHs top corresponds to a weak C-H---0=C
attractive interaction. This stabilization results in a low barrier for internal rotation.
Conversely, in nicotine such stabilizing C-H---O=C interaction cannot take place. The
shortest distances correspond to highly energetic C-H---H-C repulsions and the barrier is
much higher. In addition, a phase shift of ~30° can be observed between both profiles, due
to the fact that in the C-H--O=C interaction (cotinine) the four atoms are coplanar,
whereas for the C-H---H-C interaction (nicotine) they are not. It is worth mentioning that a
similar behavior was observed for the N-methylpyrrolidine/N-methylpyrrolidone system,
which is closely related to the nicotine/cotinine pair in the sense that they also differ only
in the addition of a C=0 group. An internal rotation barrier of 16.1(2)kJ/mol was observed
for N-methylpyrrolidine in a microwave study.’” On the contrary, the N-methylpyrrolidone
displays a nearly free internal rotation of the methyl top,'2 which was attributed to an
attractive interaction C-H---0O=C.
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Figure V.6 Ab initio potential curve (MP2/6-311++G(d,p)) for the internal rotation of the
C-CHs group for cotinine (black, conformer eg-a) and nicotine (red, conformer trans-a).
The torsion angles with the shortest C-H---X distances are highlighted.
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The molecule-receptor activity of cotinine has been suggested to arise from various
factors® including the N--N distance, the charge distribution on the Nm atom and a
possible intramolecular hydrogen bond C-H---O=C. In Table V.6, we present the calculated
N---N distances for the observed conformers of cotinine and nicotine. It is apparent that
this distance is quite different for the two conformations of each sample (i.e. eg-a (4.79 A)
vs. eg-b (4.25 A) in cotinine), but there is no significant difference between similar
conformations of cotinine and nicotine (i.e. eg-a of cotinine (4.79 A) vs. trans-a of nicotine
(4.80 A)). This may rule out the first factor. The internal rotation analysis presented in this
work suggests that the methyl rotation in cotinine is favored by the existence of a weak
intramolecular hydrogen bond C-H---O=C. Such interaction corresponds to the third factor
that is suggested in reference 6 as responsible for the lower affinity of cotinine to its
receptor.

Table v.6 N--N distance (in A) for the lowest lying conformers of cotinine (this work) and
the observed conformers of nicotine (reference 8). Values are calculated in both cases at
MP2 level using the 6-311++G(d,p) basis set.

Cotinine Nicotine
eqg-a ax-a eqg-b ax-b trans-a trans-b
4.79 4.86 4.25 4.24 4.80 4.24
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VI.1 Introduction

In this Chapter, we solve the tautomeric equilibrium of purine in the gas phase. This
molecule exists in the form of two main tautomers and has a very complex hyperfine
structure arising from the presence of four N nuclei. Thanks to the spectral resolution
achievable by the FTMW spectrometer, we are able to solve the hyperfine structure of
both tautomers and provide unambiguous identification of each of them. This work
represents an example of the power of rotational spectroscopy in the analysis of subtle
hyperfine structures. Moreover, purine is the first case of a molecule with four
non-equivalent quadrupolar nuclei whose hyperfine structure has been fully resolved.

Conformational/tautomeric equilibria of isolated biomolecules in the gas phase have
beeninvestigated in the past years, partly due to the development of techniques based on
laser spectroscopy. Resonant-enhanced multiphoton ionization (REMPI), laser-induced
fluorescence excitation (LIF), and IR and/or UV double/triple resonance methods'234 are
some examples of techniques that are applied to the structural study of biomolecules in
the gas phase. Conformational or tautomeric assignments require, within the above-
mentioned techniques, the support of accurate theoretical calculations. Even so, the
assignments are not always unambiguous.

Due to its inherent spectral resolution (5 kHz in the present case), rotational
spectroscopy provides the most accurate vision of the molecular structure in the ground
electronic state. It was initially restricted to the investigation of small molecules but, with
the advent of pulsed jet Fourier transform microwave (FTMW) spectroscopy first56 and,
more recently, broadband (chirped pulse) CP-FTMW spectroscopy,” it has turned into a
very competitive technique in the study of moderate-size biomolecules. It can indeed
provide many fine details (tunneling splitting, quadrupole hyperfine structures, interaction
energies, etc.), which supply chemical information difficult to be achieved otherwise. More
recently, laser vaporization techniques have been combined with microwave
spectroscopy,®? to unravel conformational equilibria of several amino acids,’" to study
the conformational/tautomeric forms of some nucleobases, 12:13 and to resolve the
conformational/tautomeric landscape of some sugars.141516.17

Nucleobases (nitrogenous bases or bases in genetics) are organic compounds with
two or more nitrogen atoms (see Scheme VI.1). These biological compounds are found
linked to a sugar within nucleosides, the building blocks of DNA or RNA. The rotational
spectra of nucleobases are complicated because of the nuclear quadrupole coupling
effects. The *N nuclei possess a nuclear spin | = 1, and each one produces a splitting of the
rotational transitions into several hyperfine components. Nucleobases have 2-5 nitrogen
atoms that indeed generate a very complex hyperfine pattern. Occasionally, this hyperfine
structure of the N nuclei has been eliminated (or simplified) by replacing one or several
14N with >N nuclei, which have a nuclear spin I=1/2. So far, it has been possible to analyze
the quadrupolar effect of up to three “N nuclei (e.g., in cytosine’3). But this hyperfine
analysis was not possible for guanine,'? which contains five *N nuclei. In this case, no
attempt was made to assign the quadrupole hyperfine components and the rotational
frequencies were measured as the intensity-weighted mean of the line clusters. In this way,
a provisional set of rotational constants was estimated for four tautomers of this species.
It is important to note that the analysis of hyperfine structure in nucleobases may provide
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important information in the assignment of tautomeric species. The rotational constants
of tautomers are very similar and additional information on quadrupole coupling
constants may be crucial in the identification of tautomeric species.

() G

N
Pyrimidime Purine
o} NH, 0 NH, 0
NH SN NH N7 SN HN N
S S orY e
N NS
N N
H 0 ﬁ o H 0 N H HzN™ °N H
Thymine Cytosine Uracil Adenine Guanine
l | E
Pyrimidime nucleobases Purine nucleobases

Scheme VI.1 Molecular structure of pyrimidine and purine and the five primary
nucleobases.

Purine belongs to a series of molecules characterized by two aromatic rings, one six-
and one five-membered, fused together to give a planar aromatic bicycle. There are two
main tautomers of purine, N(9)H and N(7)H, drawn in Figure VI.1. The physicochemical
properties of purine (which is the mainframe of the nucleobases adenine and guanine, see
Scheme VL1) are useful for the interpretation of several biochemical processes. The
understanding of the N(9)H2N(7)H tautomeric equilibrium is particularly relevant in this
respect. This kind of tautomerisms can play a role in chemical mutagenesis.'®19 In the solid
state, purine exists as the N(7)H tautomer,20:2! although small amounts of the N(9)H
tautomer have also been postulated.2223 Several studies in solution conclude that purine
exists as a mixture of N(7)H and N(9)H tautomeric forms in several solvents.24.25 A
gas-phase UV photoelectron spectroscopy study suggests (rather indirectly) the
dominance of the N(9)H species,?¢ while contradictory results have been obtained with
matrix isolation techniques.2”.28 Several DFT and ab initio calculations predict the N(9)H
form to be more stable by 15-40 kJ-mol-1.27.29.30 The only previous rotational study of
purine is a free jet absorption millimeter wave (mmw) spectrum, obtained by heating the
sample to 140 °C in a preexpansion furnace.3' In that case, only the N(9)H tautomer was
detected.
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N(9)H N(7)H

Figure VI.1 Two main tautomers of purine

Our interest in studying purine was fueled mainly by two factors. First, purine has a
high energy tautomer (N(7)H), not observed previously in the gas phase. Second, it has a
very complicated hyperfine structure due, similarly to adenine and guanine, to four
quadrupolar nuclei. Our goal is to unravel these two challenging tasks.

VI.2 Experimental section

Purine is a white powder with a high melting point (214-217 °C). In order to bring it
into the gas phase, we used laser vaporization techniques. About 0.8 g of the sample were
mixed with a commercial binder and mechanically pressed to form a solid rod. Later, we
performed the experiment using the set-up for laser vaporization described in Chapter III.
The experiment conditions used in this study are summarized in Table VI.1.

Table VI.1 Experimental conditions for the recording of the FTMW spectra of purine.

Experimental conditions FTMW
Number of nozzles 1
Nozzle temperature NA (Laser desorption)
Carrier gas Ne
Number of chirps/molecular pulse 2
Total number of cycles 9000-84000*

*The exact value depends on the required number of cycles to obtain a good signal-to-
noise ratio of a given rotational transition.
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VI.3 Results

VI.3.1 Theoretical calculations

Although several theoretical works (mentioned above) have been published on
purine, no theoretical predictions of the spectroscopic parameters (rotational and
quadrupole coupling constants, and electric dipole moment components) were available
in the literature. For this reason, we performed several new calculations. The structures of
the N(9)H and N(7)H species of purine have been optimized at the MP2/6-311++G(d,p) level
using the GAUSSIANO9 package.32 Tautomer N(9)H has been predicted to be more stable
thanthe N(7)H by 16.9 kJ-mol-', a value that is reduced to 15.9 kJ-mol-' when including zero
point energy corrections. These data, together with the calculated spectroscopic
parameters, are reported in Table VL.1.

Table VI.1 MP2/6-311++G(d,p) calculated spectroscopic parameters of the N(9)H and
N(7)H tautomers of purine

N(9)H N(7)H
A B, C/MHz 4099, 1750, 1227 4101,1745,1224

NT: Yaq Xob. Xec!/ MHZ -3.502,0.381,3.121 ~3.553,0.367,3.187
N3: Yaa Xob. Xec!/ MHZ 1,659, ~4.663, 2.630 1.427,-4.633,3.207
NT: Xaa Xob: Xee!/ MHZ 1.567,-3.171,1.605 1.680, 1.488, -3.168
NO: Xaar Xbb: Xee/ MHZ 1.432, 1.508, —2.940 1.373,-3.379,2.005

lital, /D 30,23 3.1,50

AE, AEo/K) mol’ 0.0,00 16.9,15.9

VI.3.2 Spectroscopic analysis

The rotational and centrifugal distortion constants of the N(9)H tautomer were
available from the mmw study mentioned above 3! Based on these data, we could easily
locate the 303€202 transition. It appeared as a ~ 3.5 MHz wide band, centered at about
8660.7 MHz. Several other pa-type R-branch and four pp-type R-branch transitions were
identified. Transitions with ) = 1 to 5and with K—-1 =0to 2 could be measured. All measured
rotational transitions of conformer N(7)H are collected in Table V.A.1 in the appendix. Once
the N(9)H tautomer was measured, we performed the search of the rotational spectrum
of the high energy N(7)H tautomer. First we empirically corrected the ab initio rotational
constants by the “observed minus calculated” values determined for the N(9)H species. We
could detect in this way the 404€303 transition. Later on, one additional ya and some
stronger ub-type R-branch transitions were measured, to a total of nine transitions. All
measured rotational transitions of conformer N(Q)H are collected in Table V.A.2 in the
appendix. For each transition we could measure many hyperfine component lines (from
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4to 41, depending on the transition and on the tautomer). An example of the complexity
of hyperfine structure is shown in Figure V1.2 for the 221 € 110 transition of the N(9)H
tautomer, for which up to 21 different components were individually identified. In that
figure, the experimental spectrum (positive values, black) is compared to the calculated
one (negative values, red).
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Figure V1.2 Recorded (positive values, black) 22 1 € 1 1 0 transition of the N(9)H tautomer
is compared to its simulated pattern (negative values, red) (frequency in MHz). Up to 21
different hyperfine components were identified for this transition.

All measured hyperfine component lines could be fit independently for each
tautomer according to the following Hamiltonian (Watson S-reduction, I representation):

H =Hr + Ha("*N1) + Ha("*N3) + Ha("“N7) + Ha('*N9)

Hr represents the rigid-rotor Hamiltonian (no centrifugal distortion parameters were
required) and Haq are the operators associated with the quadrupolar interactions of the
four N nuclei with end-over-end rotation. The hyperfine correction calculations follow
the coupling schemes F3 =) + 1(*“N1), F2 = F3 + I(1*N3), F1 = F2 + I(14N7), and F = Fy + I(1*N9).
The obtained spectroscopic constants are reported in Table V1.2, as well as the defects of
inertia (Ac=/2+ Ib— I), whose values are very close to zero, indicating the planarity of both
tautomers.
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VI.4 Discussion

Comparison of theoretical and experimental values of the rotational constants
already outline the tautomeric assighment reported in Table V1.2 (there is a perfect
agreement between the calculated and experimental differences of the rotational

constants of the two tautomers).

Table VI.2 Experimental spectroscopic parameters of the observed N(9)H and N(7)H

tautomers of purine

N(9)H N(7)H
A/ MHz 4125.8895(2) 4127.3813(3)
B/MHz 1755.1720(1) 1749.7594(3)
C/MHz 1231.55819(6) 1229.42760(7)

N1 Xaa !/ MHzZ -3.343(5) -3.560(15)
Xop / MHzZ 0.440(6) 0.566(17)
Xee ! MHz 2.904(6) 2.994(17)

N3 Xaa/MHz 1.673(7) 0.695(11)
b / MHzZ -4.229(9) -2.744(20)
Xee ! MHzZ 2.555(9) 2.049(20)

N7 Xaa/MHz 1.547(7) 1.254(11)

Xon ! MHz -3.379(9) 1.532(16)

Xee ! MHzZ 1.833(9) -2.786(16)

N9  Xaq/MHz 1.489(5) 1.541(11)

Xop ! MHz 1.495(7) -3.239(18)

Xee ! MHzZ -2.985(7) 1.699(18)

Ac / uA? -0.069(78) -0.20(15)
o/kHz 4.8 4.9
N 251 95

However, definitive proof of the assignment can be obtained from the values of the
quadrupole coupling constants of the four *N nuclei, which act as a fingerprint for the
correct assignment of the two spectra to the right tautomers. These parameters are very
sensitive to small structural changes around of the N nucleus. Hence, they serve as a
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powerful tool to discriminate between different conformers or tautomers.33 In particular,
the ygg (g = a, b, ¢) parameters of nuclei N9 and N7, which interchange their values in going
from N(9)H to N(7)H, are very significant in this sense. The quadrupole coupling constants
are related to the gradient of the electric field at the quadrupolar nucleus (see Chapter II)
within the inertia principal axes system, through the relation ygg = eQ (%)(g =a, b ¢and
are less adequate to distinguish between different bonding situations of N atoms. These
parameters only have a physical meaning if the quadrupole tensor is expressed within its
principal axes system of nuclear coupling, generally labeled as yx, xy and xz. Then, iminic and
pyrimidinic nitrogen atoms have quite different values from each other. In our case, purine
being planar, xcc = yy. For this reason, we can use these values to discriminate between the
different kinds of N nuclei. We list the eight experimental ycc values in Table VL.3. From the
xcc Values of Table VI.3 one can note that N1 and N3 are pyrimidine-like nuclei for both
tautomers. Instead, N7 is pyrimidine-like in tautomer N(9)H and pyrrole-like in N(7)H; the
contrary is true for N9, providing a doubtless identification of the two tautomers. The
pyrimidinic ycc values of N1 and N3 are on the average 30% smaller than ycc in isolated
pyrimidine. A similar decrease is observed in the pyrimidine-like imidazolic N (N7 or N9)
nucleus with respect to isolated imidazole, while an increase in the absolute value is
observed in ycc values (which are negative) in the pyrrole-like N7 or N9 nucleus. This effect
is probably related to the higher rr-electron delocalization in purine with respect to isolated
pyrimidine and imidazole rings.

Table VI.3 y.. values of the four “N nuclei of the N(9)H and N(7)H tautomers and
comparison to some prototype molecules

Purine Purine

N(9)H N(7)H Related molecules
Yee N1/ MHz 2.904(6) 2.994(17) Pyrimidine N: 3.5584(7)3
Yee[N3]/ MHz 2.555(9) 2.049(20) Pyrrole N: -2.704(9)35

Imidazole N1 (pyrrole-like): -
YeeINT]/ MHz 1.833(9) 2.786(16) 2.559(9)%
Imidazole N3 (pyrimidine-like):

Yec[N9]/ MHz 2.985(7) 1.699(18) 2.228(8)%

Relative intensity measurements of some pairs of nearby transitions allowed the
estimation of the relative population of the two tautomers. pa-type and yp-type rotational
transitions were used for this task. We obtained NnoH/NnmH = 40(15)/1. It is worth noting
that the observed relative abundances of tautomers in the jet plume is the consequence
of a series of processes that include the laser vaporization, a complex process that could
alter the thermodynamic equilibrium situation. In addition, the relative concentration of
the two species could also be related to their molecular fractions in the solid state
sample.’® Despite this, our study clearly demonstrates the high dominance of the N(9)H
tautomer, a fact that generated controversy in previous studies.2627 In the case of a
Boltzmann distribution in the pre-expansion (but this is not certain), this ratio would
correspond to AE = 9(1) kJ-mol-" in favor of N(9)H, against the 15.9 k)-mol-' predicted
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theoretically. However, the calculated value is also very dependent on the method
USGd.27'29'30

In summary, with the combination of Fourier transform microwave technique and
ultrafast laser vaporization, we unambiguously confirmed the N(9)H tautomer and
extended the previously reported measurements to the centimeter region. We also
assigned the rotational spectrum of the very high energy N(7)H tautomer and for both
species we unraveled the very complex hyperfine structure due to interaction of the
angular momenta generated by the end-over-end rotation with the spins of the four N
guadrupolar nuclei. The full sets of diagonal quadrupole coupling constants allow for a
definitive tautomeric assignment, which is difficult to achieve with other techniques.
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Interplay of theory and experiment in methyl jasmonate and zingerone

VII.1 Introduction

In this Chapter, we stress the importance of the interplay between theory and
experiment in rotational spectroscopy applied to structural determination. We use the
specific cases of two biomolecules, methyl jasmonate and zingerone. These molecules
represent two examples where a poor choice of the theoretical method can lead to a
misinterpretation of experimental results. Furthermore, this chapter serves as an
illustration of the power of rotational spectroscopy as a benchmark for evaluating the
performance of quantum chemistry theoretical calculations.

In the past decade, structural studies on large, flexible organic molecules of biological
interest moved increasingly into the focus of interest. The three-dimensional
conformation that a given biomolecule adopts is intimately related to its function in the
biological medium. Hence, a lot of effort is devoted to the structural determination of
biomolecules of increasing size. Structural studies carried out in condensed media provide
a good environment to compare with biological surroundings, but the solvent or crystal
packing forces may mask some key interactions. High-resolution structural studies in the
gas phase benefit from an interaction-free environment where biomolecules can be
probed without any kind of interference. The intrinsic properties of the molecule under
study can be analyzed and separated from the effects arising from solvent or crystal
packing.

Chapter 1II of this Thesis reviews the general methodology employed in structural
studies in the gas phase using microwave spectroscopy. However, regardless of the
high-resolution spectroscopic technigue (laser spectroscopy, microwave, etc.), the
general strategy in these studies includes an interplay between experimental results and
theoretical calculations (molecular mechanics, molecular dynamics, quantum chemistry).
This symbiosis between theory and experiment is nowadays a cornerstone in structural
studies. Because of the increasing size and degrees of freedom of the molecular systems
targeted, there is a need for good theoretical models that support the interpretation of
experimental results. On the other hand, theoretical methods still require a reliable
experimental counterpart to guarantee the accuracy of any implemented model. In this
sense, a combination of rotational spectroscopy with highly accurate quantum chemistry
is a powerful tool to study the molecular structures of large and flexible organic molecules.
The efficiency of this strategy was previously shown in biologically relevant cases such as
amino acids,? sugars, 2456 nucleobases,”8? odorants,'®12 and some drugs'3 1415

Recently, the unprecedented speed of rotational spectra acquisition obtained with
broadband chirped-pulse Fourier transform microwave (CP-FTMW) spectrometers has
opened new perspectives in structural chemistry.'¢17.18 Hence, it is possible to study larger
molecular systems (15-25 heavy atoms) such as biomolecules - or large organic
compounds,202' and their weakly bound intermolecular complexes.222324|n addition, the
implementation of laser vaporization sources allows one to study thermally unstable
systems, avoiding the undesirable thermal decomposition processes that occur when
using conventional heating techniques.’> The experimental progress brought by
CP-FTMW spectroscopy now requires the development of more accurate, faster and
efficient theoretical methods to analyze the experimental data.
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One of the crucial points in the predictive value of the key parameters (structure,
energy, dipole and quadrupole moments..) of larger biomolecular systems is the choice of
the theoretical method. There is a large array of quantum chemical methods for that
purpose. For instance, B3LYP25.26 was historically very important, its cost-effectiveness
making it very commonly used. However, the need to account for dispersive interactions
{for instance, in weakly bound systems) led to the appearance of empirical corrections
such as Grimme's27.282930 (D, D2, D3, D4 and its subvariants). Minnesota functionals3' are
more modern and highly parameterized, and Moller-Plesset perturbation theory3?is very
reasonable for small-medium size systems but not without limitations. In rotational
studies, MP2 is probably the most common among the Moller-Plesset theory; however, its
computational cost is quite high for medium sized systems. Hence, the choice of the
method is usually subject to a compromise between accuracy and computational cost.

Molecular systems with only covalent interactions or relatively strong hydrogen
bonds (e. g. O-H--O, O-H--N, N-H--O) can be described at almost any level of theory.
However, systems stabilized by O-H--halogen, C-H---O, C-H---N, C-H---xr, halogen-halogen,
n-w, lone-pair--w, Van der Waals or London dispersive interactions require specific
approaches to be modelled properly. In many cases, when performing a high-resolution
structural study, the choice of the theoretical method is done routinely without taking into
account the key interactions of the system. In addition, it is well-known that some
methods are able to describe very well some weak interactions but fail at characterizing
others.

In this Chapter, we prove that the choice of the appropriate quantum chemical
method can be vital in the structural determination of biomolecules. In order to do so, we
use the case studies of methyl jasmonate and zingerone, two of the main flavor
components of jasmine and ginger, respectively (see Scheme VIL1 for chemical
formulae).33The results reported in this work may serve as a gentle reminder to the
spectroscopy community that choosing a theoretical method that is not appropriate for
the molecular system under study could compromise the interpretation of the
experimental results.

0O

OH

Methyl jasmonate (1R, 2R) Zingerone

Scheme VII.1 Structures and atom numbering of methyl jasmonate and zingerone.

VIL4



Interplay of theory and experiment in methyl jasmonate and zingerone

Both substances are widely present in plants. Methyl jasmonate is a vital lipidic
phytohormone produced by many plants in response to biotic (pathogens, pests) and
abiotic stress (heat, cold, wind, precipitation). It is an important signaling molecule and it
plays an important role in the communication of plants.3* Zingerone is the main
component of ginger responsible for its pungency. It has been shown that it exhibits
diuretic and neuroprotective functions, which are still not fully understood at a molecular
scale.3> Besides their interesting biological effects, these molecules represent limiting
cases with respect to their size and molecular weights, for both the theoretical and the
experimental studies presented in this work.

VIL.2 Experimental section

Methyl jasmonate and zingerone are liquids with an oily consistency. Both of them
have a low vapor pressure and need to be heated to be brought into the gas phase. Table
VIL.T shows the relevant experimental parameters to record rotational spectra of these
substances in the pulsed jet.

Table VII.1 Experimental conditions for the CP-FTMW spectrum of methyl jasmonate.

Experimental conditions CP-FTMW
Number of nozzles 1
Nozzle temperature 200°C
Carrier gas He
Number of chirps/molecular pulse 10
Total number of cycles 3.9 millions

Table VIL.2 Experimental conditions for the CP-FTMW and FTMW spectra of zingerone.

Experimental

. CP-FTMW FTMW
conditions
Number of nozzles 1 1
Nozzle temperature 200°C 200°C
Carrier gas Ne/He (80/20) Ne
Number of
. 10 5
chirps/molecular pulse
Total number of cycles 1.5 millions 1000-20000*

*The exact value depends on the required number of cycles to obtain a good signal-to-
noise ratio of a given rotational transition.
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VIL.3 Case study 1: Methyl jasmonate

Methyl jasmonate consists of a cyclopentanone ring with two large flexible side
chains. Each of them may adopt different conformations arising from rotations along
single bonds. Apart from that, both chains could interact with each other. Moreover, the
double bond in one of the side chains may adopt Z or E configurations. Finally, there are
two chiral centers in the molecule, meaning that there are two diastereoisomers to
consider (RR and RS). The corresponding enantiomers, SS and SR, would give rise to the
same rotational spectra as RR and RS, respectively. Because of the flexibility of the
molecule and the possible diasterecisomers to consider, the conformational casuistry is
very broad and complex. Following the methodology explained in Chapter III, we used
molecular mechanics (MM) as a first step in the conformational search. About 100
plausible structures for each system were found in an energy window of 20 k)/mol. Hence,
= near 400 structures (4 x ~100) had to be re-optimized with more accurate theoretical
calculations to predict the relevant rotational parameters (structures, energies, dipole
moments..). We chose the B3LYP method, a fast and reasonably accurate method, to
guide the experiment and re-optimized all the geometries.

Once we performed the calculations, the rotational spectrum of methyl jasmonate in
the 6-18 GHz frequency region was collected in the CP-FTMW spectrometer available at
the University of the Basque Country (UPV/EHU) (see Figure VIL1 for an overview of the
spectrum). The sample was heated to 200°C in a customized heating nozzle in order to
build up enough concentration of methyl jasmonate in the gas phase. We spotted two
sets of rotational transitions in the spectrum, although they were very far from the
theoretical predictions and the process of fitting was a hard task. The two sets were fitted
separately to two semirigid asymmetric rotor Hamiltonians in the Watson S-reduction.
The rotational transitions in the spectrum displayed splittings due to tunneling effects
from internal rotation of a methyl top. These splittings were also accounted for in the fit,
allowing for the estimation of the barrier for internal rotation of the methyl top (Vs). Table
VIL.3 summarizes the results of the fits. All measured rotational transitions are collected in
Tables VILA.1T and VILA.2 in the appendix.
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Interplay of theory and experiment in methyl jasmonate and zingerone

Conformer MJ1
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Figure VIL.1 CP-FTMW experimental rotational spectrum of methyl jasmonate, with a
zoomed view around the 9716 MHz frequency region, where two rotational transitions
from conformer MJ1 can be observed, as well as the splitting arising from methyl internal

rotation. The A components overlap, while the E do not, and the lines take the shape of a
triplet.

Table VII.3 Microwave spectroscopic results of methyl jasmonate

Conf. MJ1 Conf. MJj2

Ao/MHz 634.08650(61) 562.012(25)
Bo/MHz 370.027243(69) 382.88673(91)
Co/MHz 264.431586(64) 260.374(23)
Dy/kHz -0.001843(75) 0.147(11)
Djk/kHz 0.4011(16) -0.739(68)
di/kHz 0.0676(55)
da/kHz -0.005797(39)
Vi/cm! 437.3(2.5) 427.32(82)
o/kHz 18.3 19.8

Ntot 679 215
Na/Ne 372/307 114/101
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As we have seen in previous chapters of this Thesis, the common strategy used in the
microwave spectroscopy community to assign a molecular conformation to a given set of
experimental rotational constants is to compare with the values arising from quantum
chemical calculations. However, all attempts to assign the spectrum based on the
calculated molecular structures of methyl jasmonate failed. This spectrum did not
correspond to any of the predicted conformations for methyl jasmonate with the B3LYP
method. We considered the possibility of sample fragmentation resulting in
decomposition products or internal reactions, but these solutions did not match the
spectrum either. By this point, we had carried out more than 1000 calculations but none
of them reproduced the experiment. Finally (and fortunately), we decided to re-do the
optimizations of methyl jasmonate with the MP2 ab initio method and to our surprise it
led to very different results. The new lowest lying energy conformers (Conf. MJ1 and
Conf.MJ2) had not been detected by the B3LYP method and these structures reproduced
the experimental data. The B3LYP method had led us to erroneous results, causing us to
waste considerable time.

Finally, we carried out numerous calculations with different methods to compare
their performance at reproducing experimental values. We always used the same basis set
(6-311++G(d,p)), which we have used with other molecular systems. Theoretical methods
yield the rotational constants at the nonphysical bottom of the potential well (commonly
known as Be equilibrium structure) while the experimental rotational constants refer to
the structure at the vibrational ground state v=0 (Bo). We estimated Buip=Bo-Be with
anharmonic calculations at the B97-D3/def2-SVP level of theory and subtracted it from
the experimental rotational constants in order to obtain the “experimental” values of Be.
The latter are directly comparable to the rotational constants obtained from quantum
chemical calculations.203¢ The results are summarized in Tables VIL.4 and VIL5 for the two
observed conformers of methyl jasmonate. It is noteworthy that the B3LYP method, which
does not account for dispersion effects, fails at reproducing the experimental structure
(relative errorsin A around 15%). This is also the case for other methods such as PBE, TPSS
or B2PLYP (although B2PLYP provides significantly better results, with ~6% error in the A
rotational constant). Only ab initio and DFT methods that considered dispersion effects
(either intrinsically or by adding a correction) were successful at reproducing experimental
values.
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Interplay of theory and experiment in methyl jasmonate and zingerone

Table VIL4 Values of Ae, Beand Ce based on experimental measurements are compared
to theoretical values calculated with different methods (basis set: 6-311++G(d,p)) for
Conf M)1 of methyl jasmonate. Note that the experimental values of Be are calculated
such that Be=Bo -Bviv, and the anharmonic correction Bui is estimated at the B97D3/def2-
SVP level of theory.

Exp. B3LYP  TPSS PBE B2PLYP
Ae/MHz 64137750 5498 5507 5726 600.9
%error Ae 14.3 141 10.7 6.3
Be/MHz 371.505243 3661 3665  368.2 369.2
%error Be 1.4 13 0.9 0.6
C/MHz 267.381586 2451 2451 2504 2574
%error Ce 8.3 8.3 6.3 3.7
Cf:p?gil(eh) a 32 23 15.8
S e e S
Ad/MHz 641.37750 6431 6443 6339 642.0 662.8  637.1 6233
%error Ac 03 0.5 12 -0.1 33 0.7 2.8
Be/MHz 371.505243 3681 3677 369.3 370.8 3739 3657 366.7
%error Be 0.9 1.0 0.6 0.2 0.7 16 13
CoMHz 267.381586 2651 2657 2643 266.7 2696 2631 2609
%error Ce 0.9 0.6 12 0.3 0.8 16 24
Cf’;’p??‘y‘zl(eh) < < 138 5.1 1.0 1.7 0.9
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Table VIL5 Values of Ae, Be and Ce based on experimental measurements are compared
to theoretical values calculated with different methods (basis set: 6-311++G(d,p)) for
Conf M)2 of methyl jasmonate. Note that the experimental values of Be are calculated
such that Be=Bo-Bvib, and the anharmonic correction Bvip is estimated at the B97D3/def2-
SVP level of theory.

EXp. B3LYP  TPSS PBE  B2PLYP
Aed/MHz 560.758 477.2 4880 5012 5322
%error Ae 14.9 13.0 10.6 5.1
Be/MHz 388.22373 382.5 3812 3820 3824
%error Be 1.5 1.8 1.6 1.5
Ce/MHz 261.010 2374 2405 2439 2538
%error Ce 9.1 7.9 6.6 2.8
C/Pouptiggéh) 1.0 26 2.0 16.0

o WP W W w wex % B
Acd/MHz 560.758 573.1 5686 5649 5729 588.2 5679 5566
%error Ae 22 14 -0.7 222 -4.9 413 0.7
Be/MHz 388.22373 380.0 3809 3816 3825 382.5 3780 3793
%error Be 2.1 1.9 1.7 15 15 26 23
Ce/MHz 261.010 261.5 2611 2622 266.7 2676 259.7 258.3
%error Ce 0.2 0.0 -0.5 222 25 0.5 1.0
C/Poupgggfeh) 1.0 13 148 5.8 2.2 <1 2.0

Figure VIL.2 displays the steps of the optimization of Conf. MJ2 with the B3LYP and
B3LYP-D3BJ methods starting from the same geometry. We can clearly see that with
B3LVYP, as the optimization progresses, the two arms get further from each other, the final
distance CH--O being 4.1 A (conformer Conf. MJ2’). Hence, the CH--O interaction is not
contemplated by this B3LYP method. On the contrary, in B3LYP-D3BJ, the two arms remain
close to each other, held together by the CH---O weak interaction (final distance 2.8 A,
Conf.MJ2). We infer that the dispersion correction D3B) has a dramatic effect on the
rotational constants. In particular, the rotational constant A is most influenced by
dispersion in the case of methyl jasmonate because the principal axis a lies along the two
side chains. Hence, the moment of inertia /a (to which A is inversely proportional) is very
sensitive to the coordinates of the atoms in the side chains (see Figure VIL3 for display of
the principal axes of inertia). The effect of dispersion is so great in this molecule that the
assignment to the molecular conformation could not be possible with the B3LYP
methodology.
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A=477.2 (14.9%) A.(exp)=560.758(25) A=568.6 (1.4%)
B,=382.5 (1.5%) B,(exp)=388.22373(91) B.=380.9 (1.9%)
C,=237.4 (9.1%) C.(exp)=261.010(23) C.=261.1 (0.0%) ]
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B3LYP

Conf. MJ2'
Figure VIL2 Steps of the optimization of Conf. MJ2" and Conf. MJ2 of methyl jasmonate
(RR, Z conformation of the double bond) using the B3LYP and B3LYP-D3B) DFT methods,

respectively, from the same starting geometry (basis set: 6-311++G(d,p)).
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Conf. MJ1 Conf. MJ2

Conf. MJ1' Conf. MJ2'

Figure VIL3 The two experimentally observed conformations of methyl jasmonate (RR, Z
conformation of the double bond) (Conf. MJ1 and Conf. MJ2) as optimized at the
B3LYP-D3BJ/6-311++G(d,p) level of theory, as well as the corresponding conformations
Conf. MJ1" and Conf. M)2' calculated at the B3LYP/6-311++G(d,p) level of theory. For
Conf. MJ1, we also show the principal axes of inertia a, b, and c.

To sum up, the two experimental conformations are assigned to Conf. MJ1 and
Conf. MJ2. Both of them are RR diastereaoisomers (or SS), the configuration of the double
bond in the side chain is Z and both conformations are stabilized by a C-H--O Weak
Hydrogen Bond (WHB). The corresponding 3D-structures are depicted in Figure VIL3,
along with the structures of Conf. MJ1"and Conf. M)2', that is, the resulting conformations
when no dispersion is included.
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VIL.4 Case study 2: Zingerone

Zingerone (4-(4-hydroxy-3-methoxyphenyl)-2-butanone), see Scheme VIL1) consists
of an o-methoxyphenol moiety with a flexible chain in para with respect to the hydroxy
group. In order to guide the spectral search, we predicted the most favorable structures
employing the strategy summarized in Chapter I11. We performed MM calculations to have
an initial screening of the conformational landscape (14 structures were found in
15kJmol-1) and then we re-optimized all of them with the MP2 method, a very common
level of theory in rotational studies.

Later, the rotational spectrum of zingerone in the 6-18 GHz frequency region was
collected in the Balle-Flygare's FTMW and in the CP-FTMW spectrometers at the
University of the Basque Country (UPV/EHU) (see Figure VIL4). The sample was heated to
200°C in a customized heating nozzle in order to bring it into the gas phase. A set of
rotational transitions corresponding to one rotor of the molecule was detected and fitted
to a semirigid asymmetric rotor Hamiltonian in the Watson S-reduction. Rotational
transitions displayed splittings due to tunneling effects from internal rotation of a methyl
top that were accounted for in the fit. The results of the fit are summarized in Table VIL6.
All measured rotational transitions are collected in Table VILA.3 in the appendix.
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CP-FTMW spectrum
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Figure VIL4 Experimental rotational spectra of zingerone. Top, CP-FTMW spectrum.
Down, section of the FTMW spectrum with the 11 3 9 € 10 3 8 rotational transition (the
A/E splitting due to internal rotation can be observed). In the FTMW spectrum, rotational
lines display Doppler splittings due to the coaxial disposition of the supersonic expansion
and the MW radiation.
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Table VIL6 Microwave spectroscopic results of zingerone

Conf.Z2
Ao/MHz 1025.0726(22)
Bo/MHz 436.1622(40)
Co/MHz 354.21908(24)
Dy/kHz 0.06605(65)
Dik/kHz 0.1049(65)
di/kHz -0.00489(37)
Vi/cm™! 336.748(88)
o/kHz 242
Ntotd 198
Na/Nge 114/84

Surprisingly, there was no correspondence between experiment and theory. The
discrepancy in the rotational constants was remarkable. Errors of ~17 % indicated that the
predicted structure was not the experimentally observed structure, despite having used a
method as trusted as MP2.

In this case, we decided to re-optimize all the structures using DFT theory, in particular
B3LYP-D3BJ. We were surprised to see that the results generated with this functional were
not comparable to those obtained with the MP2 method. With both methods, all the
lowest lying conformations were stabilized by an OH---O interaction between the hydroxy
and the methoxy group. However, the global minimum was different for the MP2 and
B3LYP-D3BJ calculations. Not only that, but the lowest lying structure predicted by
B3LYP-D3BJ was not even predicted by MP2. The two conformations predicted as global
minima in zingerone are shown in Figure VILS. The first one (Conf. Z1, MP2 structure)
corresponds to the situation where there is an attractive CH---11 interaction between the
terminal CHs in the flexible chain and the m cloud in the aromatic ring. This interaction
forces the side chain to tilt towards the ring. It is worth noting that this structure is not
predicted by B3LYP (or TPSS, PBE and B2PLYP, that is, methods that do not account for
dispersive interactions). In the second conformation (Conf. 72, B3LYP-D3BJ structure), no
such interaction occurs and the side chain is perpendicular to the ring. This conformer
exhibits a C=0--H-C attractive interaction. In this case, this conformation was not
predicted by MP2 method. To sum up, we have two possible global minima, one of which
was not predicted by the MP2 method.

v P

Conf. Z1 Conf. Z2

Figure VIL5 The conformations of zingerone predicted as global minima with the MP2
(Conf. Z1) and B3LYP-D3BJ) methods (Conf. Z2).
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In addition, we extended the predictions to other theoretical models. Tables VIL.6 and
VIL.7 summarize the results of those calculations. Clearly, not every theoretical method is
able to predict the two conformations. The balance between the CH--m1 interaction
(Conf. Z1) and the CH--O interaction (Conf. Z2) is very subtle. It is a challenging task for
theoretical models to weigh the strength of these interactions, since both are weak
hydrogen bonds (WHB) with very similar stabilization energies. Regarding the theoretical
methods, three different trends are observed. They are summarized in Figure VIL6 with the
three prototype methods MP2, B3LYP and M06-2X. We can observe that M06-2X is
capable of reproducing both conformations if the correct starting geometry is chosen.
B3LVYP always yields Conf. Z2 stabilized by CH---O interaction, that is, with the lateral chain
perpendicular to the plane of the aromatic ring. Finally, MP2 calculations result always in
Conf. Z1 with a CH---mminteraction, where the chain is bent towards the benzene ring. Tables
VIL6 and VIL.7 show the difference in the rotational constants. Therefore, the choice of the
theoretical method is crucial to success. The rotational constants are very sensitive to both
conformers and we will only be able to discern unambiguously the structure of the
zingerone through microwave spectroscopy.

Starting geometries Optimized structures

Q
e’*’d

MP2

M06-2X

Z1

Figure VIL.6 A schematic representation of the prototype behavior of theoretical methods
in the casuistry of zingerone.
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Table VIL6 Values of Ae, Be and Ce based on experimental measurements are compared
to theoretical values calculated with different methods (basis set: 6-311++G(d,p)) for
Conf Z2 of zingerone. Note that the experimental values of Be are calculated such that
Be=Bo-Buin, and the anharmonic correction Buip is estimated at the B97D3/def2-SVP level

of theory.

Exp. B3LYP TPSS PBE B2PLYP

Ae/MHz 1030.8436 1034.5 1021.8 1024.6 1021.2

%error Ae -0.4 0.9 0.6 0.9

Be/MHz 442.8122 421.4 423.0 422.7 433.2

%error Be 4.8 4.5 4.6 22

Ce/MHz 357.79349 340.6 3429 341.4 351.4

%error Ce 4.8 4.1 4.6 1.8

C/Poup?g‘zléh) < <0.01 < 4.1
oo Shy b W we wex B 5
Ae/MHz 1030.8436 1016.9 1017.8 1009.9 NA* 1028.5 1001.7 NA
%error Ae 1.4 13 2.0 NA 0.2 2.8 NA
Be/MHz 442.8122 437.5 439.4 444.7 NA 441.7 436.9 NA
%error Be 1.2 0.8 -0.4 NA 0.2 13 NA
Ce/MHz 357.79349 3523 354.2 360.6 NA 357.6 351.7 NA
%error Ce 1.5 1.0 -0.8 NA 0.1 1.7 NA
C/Poupggg(eh) < a a7 NA < <0.01 NA

*Not Applicable. The optimization leads to Conf. Z1.
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Table VIL.7 Theoretical values of Ae, Be and Ce calculated with different theoretical
methods (basis set: 6-311++G(d,p)) for Conf Z1 of zingerone.

B3LYP TPSS PBE B2PLYP
Ac/MHz NA* NA NA NA
Be/MHz NA NA NA NA
Ce/MHz NA NA NA NA
CPU time (h) NA NA NA NA
/opt cycle
B3LYP B3LYP  B2PLYP B97 B97
D3 -D3B) D38 R LATE 22 D3 D38}
Ac/MHz 991.7 994.6 994.2 994.7 999.8 985.5 987.7
Be/MHz 483.6 487.1 488.9 509.3 503.5 4824 486.5
Ce/MHz 390.4 395.5 398.2 4136 407.5 390.2 395.0
CPU time (h) 06 14 75 25 19 06 0.006
/opt cycle

*Not Applicable. The optimization leads to Conf. Z2.

By comparing the experimental values of the rotational constants with the
theoretical predictions, we can conclude that the experimental conformation of zingerone
is Conf. Z2, which is stabilized by a CH---O interaction. This means that MP2/6-311++G(d,p),
which is a very commonly used and most trusted method in the rotational spectroscopy
community, fails to predict the experimentally observed conformation of zingerone. The
observed conformer is not even predicted by this method. MP2 overestimates the CH---m
interaction3” and, as the balance between WHBs is so subtle, the real structure is not
predicted by MP2 method. In order to visualize the subtlety of the competition between
the two WHBs, we calculate the barrier between both structures by performing a relaxed
scan of the 1-2-3-4 dihedral angle (see Scheme VIL.1 for atom numbering). Moreover, we
perform this scan using two different methods (M06-2X and B3LYP-D3B)) to evaluate the
response of both of them in the WHBs competition. Figure VIL7 displays the results.

We can observe the local minima corresponding to Conf. Z1 and Conf. Z2 in both
scans. It is worth noting that these minima are almost isoenergetic. The energy difference
between both of them is less than 0.5 kJ/mol (this value is probably within the error of the
theoretical calculation). Moreover, M06-2X and B3LYP-D3BJ predict that the barrier
between the two structures is very low (~1 kJ/mol), meaning that it can be easily overcome
in the supersonic expansion and therefore, the system would relax to the most stable
conformation. This behavior has been previously observed (in rotational spectra of amino
acids) and it was referred to as the "missing conformer”.38 The most relevant difference
between these theoretical methods is precisely the energetic order of the conformers.
While M06-2X predicts that the most stable conformation is Conf. Z1 (CH---1m interaction),
B3LYP-GD3B) predicts Conf. Z2 as the most stable structure (CH---O interaction). The small
energy difference and the low barrier between both conformations proves the subtlety of
the competition between the two interactions, with different theoretical methods tipping
the balance in favor of one structure or the other.
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Figure VIL7 Potential energy scans of the 1-2-3-4 dihedral angle of zingerone to evaluate
the energy barrier between Conf. Z1 (a., stabilized by a C-H---m interaction) and Conf. Z2 (b.,
stabilized by a C-H---O interaction).

This study confirms that rotational spectroscopy combined with theoretical methods
is a powerful strategy, which can be broadly applied to flexible organic compounds.
However, one must be cautious in the use of different theoretical methods. Using several
distinct levels of theory allows one to get a good overview of the conformational scope.
This work confirms that microwave spectroscopy is a perfect benchmark to develop new
theoretical models so needed to support the experiments.
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VIII.1 Introduction

In this Chapter, we explore the potential of rotational spectroscopy as a tool to
determine the conformations of biomolecular building blocks under isolation conditions,
using the case of methyl 2-deoxy-D-ribofuranoside, the monosaccharide present in DNA.
This project illustrates how microwave spectroscopy combines nicely with other
techniques in order to extract structural information from a molecular system. We use
chemical synthesis to prepare the sample, rotational spectroscopy to analyze the
conformational space in the gas phase and a combination of NMR and Molecular
Dynamics to explore the conformations in aqueous solution.

Sugars are one of the four major classes of biomolecules, along with proteins, lipids
and nucleic acids. They are very versatile molecules that play many different roles in living
organisms. One of their most well-known functions is as energy fuels, but sugars are also
crucial as structural scaffolds, in cell signaling, molecular recognition and DNA/RNA, just
to name a few.

The building blocks of sugars are monosaccharides. They display a very rich
structural/conformational diversity, which we will briefly review in the next lines. The
common formula of monosaccharides is ChHanOn. The most relevant ones in biological
functions are pentoses (n=5) and hexoses (n=6). They can take on either linear or cyclic
forms. The most common cyclic forms are five- or six-membered rings (furanoses or
pyranoses, respectively). In the cyclic forms, monosaccharides appear as a or B anomers,
depending on whether the cyclisation proceeded from one side of the molecule or the
other. Moreover, each pyranose or furanose form may adopt different conformations.
Pyranoses tend to adopt a chair (C) form of the ring (normally “Ci or 'Cs), whereas
furanoses are more flexible and may take on envelope (E) or twist (T) shapes. Figure VIIL1
summarizes the conformational diversity of monosaccharides with the specific example
of 2-deoxy-D-ribose. This figure is not meant as an exhaustive report of all the
conformations of this molecule, but rather an exemplification of the conformational
casuistry of the monosaccharide.
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Figure VIIL1 Structural/conformational casuistry of 2-deoxy-D-ribose. Only a few of the
possible ring conformations are displayed ('Cs, 4Cy, 3E, 3T4, etc).

A lot of research is devoted to the structural determination of sugars, ranging from
monosaccharides to large polysaccharides (with several hundred monomeric units). In
general, those structural studies aim at a better understanding of the role that these
biomolecules play in biological activity. Furthermore, many studies focus on the
interactions of sugars with other molecules such as biological receptors or drugs, in order
to identify the key interacting sites. In general, a profound knowledge of their mechanism
of action at a molecular level is often sought in these structural studies. The field has been
particularly active in solution phase, both in the past decades and nowadays. 23 On the
contrary, high resolution structural studies in the gas phase are quite recent. It was not
until the early 2000s that the group of Professor John P. Simons at Oxford pioneered the
study of carbohydrates (and their hydrated clusters) in the gas phase*56 and introduced
laser vaporization techniques to the structural studies of sugars.” They studied a myriad of
monosaccharides and small oligosaccharides and their hydrated clusters using laser
vibrational spectroscopy techniques.8.9.10.17 |n order to perform those experiment, the
carbohydrates had to be tagged with a chromophore; normally, the OH group at position
1" was replaced by a OPh group. This served two purposes: on the one hand, the Ph group
acted as a chromophore tag and, on the other hand, the a and B anomers could be
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selectively isolated and probed with the spectroscopic techniques, because the presence
of the Ph groups inhibits mutarotation.

Rotational spectroscopy studies on monosaccharides started a decade later than the
pioneering work of Professor John P. Simons. The major issue with performing microwave
studies on monosaccharides was the process of vaporization of the molecules. In some
way, the chromophore tagging necessary to perform vibrational studies was also
“protecting” the monosaccharide from breaking apart, and, hence, carbohydrates could
be vaporized with conventional heating techniques in some cases. In pure (non-tagged)
monosaccharides, on the other hand, conventional heating or IR nanosecond-pulsed
lasers (similar to those used in vibrational spectroscopy) vaporization techniques resulted
in decomposition products only. It was not until 2012 that the first rotational study on a
monosaccharide (ribose) was published.’? The work was performed by our group at the
University of the Basque Country (UPV/EHU). In order to vaporize the sample, a picosecond
(~40 ps) laser working on the UV region (355 hm) was used. Six different conformations of
ribose were experimentally observed, all of them corresponding to pyranoside forms. This
work opened the door to a series of rotational studies on monosaccharides in the
following years, both by our group'314and by other groups.’™1617In all of those studies,
pentoses (n=5) and hexoses (n=6) took on the shape of six-membered rings (pyranoses).
Whereas pyranoses are the most common active forms in polysaccharides as energy
storage units (for example, starch is a branched polymer of glucopyranose units) or
structural scaffolds (cellulose is a B-1->4 linear polymer of glucopyranose units), in other
cases, the active biological forms are furanoses. For instance, the active form of
monosaccharides (in particular, 2-deoxyribose and ribose) in DNA/RNA are furanose
forms. In 2016, our group presented the first rotational study of a monosaccharide in
furanosic form, methyl B-D-ribofuranose, the active sugar in RNA.'8 That study was
possible thanks to the combination of chemical synthesis and microwave spectroscopy.
To be more specific, the OH group in position 1" was substituted with an OMe group. This
step was crucial to stabilize the furanose ring. We observed two different conformers in
the gas phase, both of them displaying a 3T2 conformation of the ring.

In this chapter, we focus on the active form of the monosaccharide in the DNA, by
performing the structural analysis of methyl 2-deoxy-D-ribofuranoside (see Figure VIII.2
for chemical structure). Although only the p anomer is present in DNA, we will perform the
study of both anomers, with the aim of comparing both forms. Moreover, we will contrast
the results obtained in the gas phase with NMR studies in solution performed by Dr.
Francisco Corzana at the Universidad de La Rioja. This will allow us to assess the effect of
the solvent on the structure of this important biomolecule. Finally, the comparison with
the results reported in reference 18 enables us to evaluate the effect of removing the OH
group in position 2" in 2-deoxy-ribofuranoside.
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Figure VIII.2 Chemical structure of e and p anomers of methyl 2-deoxy-D-ribofuranoside,
along with the main structural degrees of freedom (in gray, see text for further
explanation).

VIIL.2 Experimental section

The o and p anomers of methyl 2-deoxy-D-ribofuranoside were synthesized by the
group of Professor Benjamin G. Davis at the University of Oxford, using similar synthetic
strategies as used in previous studies.8 Both samples (a.and B) had a syrup-like consistency.
In order to take them into the gas phase, they were heated in a customized heating nozzle.
Table VIIL.1 summarizes the experimental conditions used for the rotational study of both
samples in the CP-FTMW spectrometer.

Table VIII.1 Experimental conditions for CP-FTMW spectra of the two anomers of
methyl 2-deoxy-D-ribofuranoside.

Experimental conditions a B
Number of nozzles 2 3
Nozzle temperature 145°C 145°C
Carrier gas He He
Number of chirps/molecular 30 30
pulse
Total number of cycles ~20 million ~40 million
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VIII.3 Results

VIIL.3.1 Theoretical calculations

a. Predicted conformations

Methyl 2-deoxy-D-ribofuranoside is a five-membered ring monosaccharide and,
as such, it shares the conformational degrees of freedom of other furanosides previously
studied.’® In particular, the most important points to consider when describing the
conformations of furanosides are (see Figure VIIL2):

e The hydroxymethyl group may adopt three different positions. In this chapter, we
identify each position with two indices ("X1X2"). X1 refers to the O5'C5'C4'04’
dihedral angle while Xz refers to O5'C5'C4'C3". X1 and Xz can adopt two values:
either G (Gauche, +60°) or A (Anti, 180°). The three different positions of the
hydroxymethyl group in this case are GG, GA and AG. See Figure VIIL3 for a
graphical explanation using Newman's projections.

e Rotation along the bond connecting the methoxy group to the ring. In most of
the conformations, the methyl group is pointing outwards from the molecule, in
accordance with the exo-anomeric effect.

e The furanose ring may adopt different Twist (T) or envelope (E) conformations,
preferably.

e Intramolecular interactions; in particular intramolecular hydrogen bonds arising
from the two OH groups in the molecules.

Conformer GA

Figure VIIL3 Visual representation of G and A nomenclature in
methyl 2-deoxy-D-ribofuranoside. a. Highlighted in blue, chemical bond along which we
will look at the molecule. b. Newman projection explaining Gauche (G) or Anti (A)
dispositions of the OH group with respect to the two other groups. For the sake of
simplicity, the rest of the molecule has been replaced by a dotted line.
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The conformational search (using different force fields: MMFFs, OPLS and AMBER
in a 20 kJ/mol energy window) followed by geometry optimizations at MP2 and
B3LYP-D3/6-311++G(d,p) yielded 19 structures for the a anomer and 37 for the B. The high
number of conformers predicted is proof of the flexibility of these systems, resulting from
the interplay of the different degrees of freedom mentioned above. The predictions of the
most relevant spectroscopic parameters of these conformations are summarized in
Tables VIIL.2 and VIIL3 for the ten lowest-lying structures. A full recollection of all
conformers can be found in Tables VIILLA.1 and VIILA.2 in the appendix.

Table VIII.2 Computed spectroscopic parameters for the lowest lying conformers of
methyl 2-deoxy-a-D-ribofuranoside (MP2/B3LYP-D3 level of theory, with the
6-311++G(d,p) basis set)

A B C e | ™ e AE+ZPE AG
al GG 2Ty 2059/2050 1031/1011  871/854 1.8/1.7 23/2.2 0.0/0.0 0.0/0.0 0.0/0.0
a2 GA 2Ty 1870/1873  1040/1014  817/799 2.0/19 1.1/1.0 1.9/20 3.3/26 2.8/2.0
a3 GG 2161/2149 1009/989 870/853 0.9/1.0 24/23 0.2/0.2 6.0/6.3 5.2/5.5
ab AG 2E 2335/2338 899/882 792/777  1.8/1.7  2.2/2.1  0.1/0.1 9.8/8.5 8.7/19
a5 AG 2E 2360/2348 903/887 794/780  0.3/0.2  2.9/2.7 1.9/20 10.6/10.3 8.4/9.2

a6 GG 2E 12147 */979 */845 */0.1 */0.3 */0.1 *11.4 */10.7
af  AG ?2Tv 2242/2268 909/886 800/780  2.2/20 0.6/0.5 1.8/1.9 12.7/10.7  11.2/9.2
a8 GG E 1937/* 1028/* 844/* 117 0.0/7* 1.07* 13.0/* 9.9/

a9 GG E. 1905/1899  984/964  753/739 13/13 0.4/05 12/13 13.9/124  9.7/83

al0 GG E. 1913/1911  977/956  7138/725 0.7/06 0.8/0.8 04/0.5 140/124 106/8.9

*These conformers are not found as local minima with the given theoretical method. The
optimization leads to another conformation
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Table VIII.3 Computed spectroscopic parameters for the lowest lying conformers of
methyl 2-deoxy-p-D-ribofuranoside (MP2/B3LYP-D3 level of theory, with the
6-311++G(d,p) basis set)

A B C b | b | bl  AE+ZPE AG
p1 GG “E 1898/1892 1156/1137  924/907 1.8/1.7 1.6/1.6 1.3/1.4  0.0/0.0 2.4/0.0
p2 GG “E 1897/1898 1156/1134 920/902 0.0/0.1  0.1/0.1  1.4/1.1  1.5/1.7 3.0/0.9
p3 GG ‘E 1906/1907 1150/1128 918/901 0.4/03 1.6/16 0.5/06  1.8/2.1 3.3/1.1
s GG 3Ty 1766/* 1166/* 854/* 1.2/* 1.7/* 0.1/* 2.4/ 0.0/
s AG E 1997/2019 1010/972  788/760 0.6/0.4 2.8/2.7 06/06  3.8/7.0 1.9/3.1
Be GA T 1481/1473 1274/1245 797/779 1.8/1.8 29/28 0.9/09  55/19 3.2/3.1

7 GA ‘Ts 1664/1644 1207/1191 832/815 1.0/1.0 22/22 00/0.1 63/90  6.0/64
g GA T 1474/1468 1283/1256 798/781 1.0/09 1.1/1.1 0.9/09  6.7/84  42/26
B9 GG B 1754/* 1169/* 855/* 1.4/* 1.8/* 2.1/ 6.7/* 5.2/

10 AG Ex 1979/2039 1003/952  781/748 0.4/03 1.5/1.5 1.1/1.1  6.9/88 3.6/4.7

*These conformers are not found as local minima with the given theoretical method. The
optimization leads to another conformation

b. Barriers to internal rotation of the methyl top

Methyl 2-deoxy-D-ribofuranoside possesses a methyl top that is subject to produce
splittings in its rotational spectrum due to coupling of the internal rotation with the overall
rotation of the molecule. We estimate the barriers for internal rotation of the methyl top
by performing a relaxed scan at MP2/6-311++G(d,p) in steps of 10° on the observed
conformers of the a and B anomers of this species (see later). The results are shown in
Tables VIIL.4 and VIILS5.

Table VIIL4 Calculated methyl internal rotation barriers of the observed conformers of
methyl 2-deoxy-o-D-ribofuranoside at MP2/6-311++G(d, p) level of theory.

al a2
V3/k) mol! 7.6 1.7

Table VIIL5 Calculated methyl internal rotation barriers of the observed conformers of
methyl 2-deoxy-p-D-ribofuranoside at MP2/6-311++G(d, p) level of theory.

B1 B5 B6
V3/Kk) mol! 76 8.1 7.4

C. Cremer Pople analysis

In order to assess what kind of Twist (T) or Envelope (E) form the different
conformations adopt, we performed a Cremer-Pople analysis on each one of them (see
section 1115 for an explanation of Cremer-Pople analysis). Each predicted conformer was
assigned to its corresponding T or E form (see Tables VIII.2 and VII.3). For a detailed
collection of the values of g and @, see Tables VIIL.A.3 and VIILA.4 in the appendix.
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VIIL.3.2 Spectroscopic analysis
a. CP-FTMW spectrum

First, the rotational spectrum of methyl 2-deoxy-a-D-ribofuranoside in the 6-18 GHz
region was collected by heating the sample at 145°C. Figure VIIL4 displays an overview of
the rotational spectrum. There was around 600 rotational lines with a signal-to-noise ratio
greater than 2/1. Two sets of independent rotational transitions were spotted and fitted to
two semi-rigid rotor Hamiltonian in the S-reduction. These fits allowed for the
determination of the A, B and C rotational constants as well as several centrifugal
distortion constants. Table VIIL6 collects the experimental data. Tables VIIL.A.5 and VIIL.A.6
in the appendix show all measured rotational transitions. Comparison with theoretical
calculations allow for the assignment of these two structures to conformers a1 and a2, the
lowest lying predicted conformations. Figure VIIL4 also displays a zoom of the 9000 MHz
region of the spectrum where lines from both conformations are observed. The rotational
transitions of the methyl 2-deoxy-a-D-ribofuranoside do not display internal rotation
splittings, which means that the barrier for internal rotation of the methyl top is too high
to induce observable splittings. This might be consistent with the estimated barriers of 7.6
and 7.7 kJ/mol for a1 and a2, respectively (see Tables VIIL4 and VIIL5). The signal-to-noise
ratio of the most intense transition in the spectrum (515 € 4 1 4 for the a1 conformer)
was 500/1. This encouraged us to look for rotational transitions arising from isotopologues
of methyl 2-deoxy-a-D-ribofuranoside in natural abundance. In fact, we could observe the
rotational spectra of isotopologues with 3C monosubstitution in natural abundance for
the most abundant conformer (a1). Six isotopologues were observed in the spectrum and
Table VIIL7 summarizes the corresponding fits. Tables VIIL.A.7 to VIILA.12 in the appendix
collect all experimental for transitions for the various isotopologue species.
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Figure VIIL4 Overview of the CP-FTMW  rotational spectrum  of
methyl 2-deoxy-a-D-ribofuranoside in the 6-18 GHz region, with a zoomed view around
the 9000 MHz region where lines arising from both observed conformers are visible.

Table VIII.6 Experimental spectroscopic parameters of
methyl 2-deoxy-a-D-ribofuranoside and comparison with theoretical predictions at
MP2/6-311++G(d,p) level.

al a2
EXP. MP2 EXP. MP2
A/MHz 2056.39188 (60) 2059 1882.30839 (76) 1870
B/MHz 1019.67311 21) 1031 1024.81006 (26) 1040
C/MHz 860.52781 (23) 871 804.74073 (31) 817
Dy/kHz 0.0797 (18) 0.0812 0.0728 (25) 0.1125
Dix/kHz 0.0989 (92) 0.0721
Dk/kHz 0.476 (17) 0.459 0.729 (43) 1.005
|p,|/D Observed 1.8 Observed 20
|p, |/D Observed 2.3 Observed 11
|n|/D Not Observed 0.0 Observed 19
N 95 99

o/kHz 8.2 9.3
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Table VIII.7 Experimental rotational constants of all observed isotopologues of
methyl 2-deoxy-a-D-ribofuranoside.

13C1' 13C2' 13C3’
A/MHz 2049.2702 (13) 2037.8316(15) 2043.8605 (19)
B/MHz 1016.90711 (86) 1015.84909 (51) 1019.06461 (99)
C/MHz 858.93148 (39) 859.89773 (24) 857.92522 (37)
N 16 15 13
o/kHz 9.4 6.2 10.7
13C[|_' 'I3C5' 13C'|"
A/MHz 2051.7887(11) 2049.3594(11) 2045.3385(17)
B/MHz 1017.27447 (89) 1008.34291 (44) 1002.97315(75)
C/MHz 859.65333 (40) 852.99240 (24) 847.49558 (35)
N 16 18 16
o/kHz 10.2 6.2 8.2

We followed a similar procedure for the rotational analysis of
methyl 2-deoxy-p-D-ribofuranoside. Figure VIIL5 displays the rotational spectrum of this
sample in the 6 to 18 GHz region, which has 1800 lines with a signal-to-noise ratio greater
than 2/1. In this case, there are rotational transitions arising from three different
conformations. Table VIIL8 collects the values of the experimental rotational and
centrifugal distortion constants (see Tables VIILA.13 to VIILA.15 in the appendix for a
complete list of the measured rotational lines). Comparison between theoretical and
experimental values of A, B, C allow for the assignment of these three species to
conformers B1, B5 and B6. In the Discussion section, we will give more details about the
assignment of these three conformations. Similarly to the o anomer, rotational transitions
do not possess hyperfine splittings, consistently with Vs barriers of 7.6, 8.1 and 7.4 kJ/mol
for B1, B5 and B6, respectively (see Table VIIL5). The signal-to-noise ratio of the most
intense transition (51 5 € 414 forthe B1 conformer) was 1200/1 and, in this case, we were
also able to observe 13C monoisotopologues in natural abundance of the most abundant
species (B1). Experimental rotational constants of all observed isotopologues are
summarized in Table VIIL9 and a full list of the observed rotational transitions of the
isotopologues can be found in Tables VIILA.16 to VIILA.21 in the appendix.
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Figure VIIL5 Overview of the CP-FTMW rotational spectrum  of

methyl 2-deoxy-B-D-ribofuranoside in the 6-18 GHz region, with a zoomed view around
the 11500 MHz region where lines arising from the three observed conformers are visible.
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Table VIII.8 Experimental spectroscopic parameters of
methyl 2-deoxy-B-D-ribofuranoside and comparison with theoretical predictions at
MP2/6-311++G(d,p) level.

Bl B5 B6
Exp. MP2 Exp. MP2 EXp. MP2
A/MHz 1890.65747(49) 1898 1999.87647(81) 1997 1481.77004(72) 1481
B/MHz 1145.05589(21) 1156 991.81629(38) 1010 1256.10078(60) 1274
C/MHz 910.72056(22) 924 771.18931(31) 788 784.89436(42) 797
Dy/kHz 0.0563(21) 0.0603 0.3791(26) 0.3116 0.3203(78) 0.6722
Dy/kHz 0.438(12) 0372 -1.956(17) -1.429 1.898(33) 0.5035
Dx/kHz 4121(39) 2,976 -2.130(29) -1.075
di/kHz -0.1087(16) -0.0892 0.0972(37) 0.03035
d:/MHz -1.207(19) 02122
|n,|/D Observed 1.8 Observed 0.6 Observed 1.8
|w,|/D Observed 16 Observed 28 Observed 29
|p |/D Observed 13 Observed 0.6 Observed 0.9
N 140 52 86
o/kHz 10.5 6.7 1.4

Table VIIL9 Experimental rotational constants of all observed isotopologues of

methyl 2-deoxy-p-D-ribofuranoside.

13C1° 13C2 13C3’
A/MHz 1882.83837(88) 1876.38801(88) 1889.4699(10)
B/MHz 1144.17523(27) 1141.43664(49) 1137.98292(63)
C/MHz 908.33842(31) 908.93586(32) 906.46917(36)
N 35 36 30
o/kHz 8.9 9.9 10.6
13C4’ 13C5’ 13C1”
A/MHz 1884.4565(10) 1863.4550(10) 1887.27572(78)
B/MHz 1141.54673(52) 1144.31271(45) 1123.50991(36)
C/MHz 908.96044(30) 904.50980(24) 896.66275(26)
N 36 30 43
o/kHz 10.4 7.5 9.7
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b. Molecular Dynamics (MD) simulations in water

In order to study the conformational preferences of
methyl 2-deoxy-a-D-ribofuranoside and methyl 2-deoxy-p-D-ribofuranoside in water,
these compounds were subjected to extensive 1 us MD simulations in explicit water.

The protocol employed in this type of simulations was as follows. The starting
structure (a- or B-anomer) wasimmersed in a water box with a 10 A buffer of TIP3P'® water
molecules using the AMBER 16 package. 20 The simulations were performed using
GLYCAMOG6 force field to properly reproduce the conformational behavior of these
carbohydrates.2! A two-stage geometry optimization approach was performed. The first
stage minimizes only the positions of solvent molecules and the second stage is an
unrestrained minimization of all the atoms in the simulation cell. The systems were then
gently heated by incrementing the temperature from 0 to 300 K under a constant pressure
of 1 atm and periodic boundary conditions. Harmonic restraints of 30 kcal-mol~' were
applied to the solute, and the Andersen temperature coupling scheme?? was used to
control and equalize the temperature. The time step was kept at 1 fs during the heating
stages, allowing potential inhomogeneities to self-adjust. Water molecules are treated
with the SHAKE algorithm such that the angle between the hydrogen atoms is kept fixed.
Long-range electrostatic effects are modelled using the particle-mesh-Ewald method.23 A
cutoff of 8 A was applied to Lennard-Jones and electrostatic interactions. Each system was
equilibrated for 2 ns with a 2 fs time step at a constant volume and temperature of 300 K.
Production trajectories were then run for additional 1 us under the same simulation
conditions.
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VIII.4 Discussion

In this work, we probed the conformational landscape under isolation conditions of
the monosaccharide present in the DNA: 2-deoxy-ribofuranoside. By performing a
methylation on the OH group at position 1', the group of Professor Benjamin G. Davis
achieved the chemical synthesis of both a and B anomers separately. This process of
methylation is crucial in separating the anomers because, when the monosaccharide is in
its “free” form (not methylated), mutarotation occurs, meaning that there is an
interconversion between both anomers. Furthermore, mutarotation could also lead to
pyranoside forms, which are not desirable in this case.

By means of rotational spectroscopy coupled with supersonic expansions, we have
determined that methyl 2-deoxy-a-D-ribofuranoside adopts preferably two
conformations in the gas phase, a1 and a2. According to the nomenclature summarized in
Figure VIIL3, a1 and a2 correspond to GG and GA configurations of the methoxy group,
respectively. The corresponding AG structure (a4) is not observed experimentally. It is
predicted higher in energy (A(E+ZPE)=9.8 kJ/mol) and the non-observation of this species
could probably be explained by the lack of population of this conformation. It is worth
noting that both observed conformers (a1 and a2) share the same configuration of the
five-membered ring (2T1) and an intramolecular hydrogen bond O3'H3"--O1'. Figure VIIL6
summarizes interconversion paths between conformers that are directly related (through
a rotation of the OH group at the methoxy moiety) to the observed species and to a4. We
chose B3LYP-D3/6-311++G(d,p) level of theory for the estimation of interconversion
barriers because it provides acceptable results at low computational cost. It is noteworthy
that the next lowest-lying species after the two observed conformers is a3 and it is
predicted at 6.3 kJ/mol (A(E+ZPE)) above the global minimum. According to this energetic
criterion, one could think that this species may be observed in the rotational spectrum.
However, the interconversion barrier to the global minimum (a1) is estimated at 0.9 k)/mol,
and therefore, a3 canrelax to a1 and it is not observed experimentally.
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0.7 kJ/mol

11.4 kJ/mol

-

observed

Figure VIIL.6 Summary of interconversion paths between the lowest lying conformers of
methyl 2-deoxy-a-D-ribofuranoside

Regarding methyl 2-deoxy-B-D-ribofuranoside, we have identified three different
conformations in our rotational spectrum: B1, 5 and B6, which correspond to GG, AG and
GA conformations, respectively. Inthe AG and GA conformations, the five-membered ring
adopts similar configurations (distorted E2 and T, forms, respectively). However, it is very
interesting to note that in the GG conformations (B1), the furanose ring adopts a distorted
4E form. This is probably due to the fact that in the GG form, there seems to be a strong
O5'H5--01" interaction, that is not present in the other observed conformations. This
hydrogen bond seems to pull atom C4' upwards and therefore, it stands above the plane
formed by the other four atoms inthe ring. In analogy to the a anomer, we have calculated
some interconversion barriers that relate conformations related to the observed
structures in a direct way. In the GG and GA configurations, the hydroxy group in the
hydroxymethyl moiety is involved in an intramolecular interactions and its positionis quite
fixed. Therefore, the only degree of freedom available is the disposition of the hydroxyl
group in position 3'. Figure VIILT displays all conformers arising from the rotation of the
OH group at position 3" and the barriers to interconversion between them for conformers
B1and p6. Thisis particularly relevant in the case of the GG conformer (B1) because the two
structures arising from OH3' rotation are quite low in energy (1.5 and 2.0 kJ/mol
respectively) and their non-observation can only be explained by a relaxation to the global
minimum. In conformer B5 (the one that is AG), on the other hand, the OH group in the
hydroxymethyl moiety is not tightly involved in a hydrogen bond and, hence, there are
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more possibilities available by varying the orientation of both OH groups in the molecule
{see Figure VIILT).

8.7 kJ/mol

13 3 kJ/mol

&;ﬁ
8 4 kJ/mol

8.8 lemoI .
X

w{ : .
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@
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Figure VIIL.7 Summary of interconversion paths between the lowest lying conformers of
methyl 2-deoxy-B-D-ribofuranoside

Finally, there is one last point to consider about the observed conformers of the B
anomer and the comparison with ab initio results. In MP2 calculations, there is one
conformation (B4) that is predicted very low in energy (A(E+ZPE)=2.4 k)/mol) but it is not
observed experimentally. In fact, it is predicted to be the global minimum when
considering AG estimations. p4 is a GG conformation but it does not possess a O5'H5" 01
interaction like B1. Instead, the OH group in position 5' is pointing towards 04’ (the oxygen
in the ring). Therefore, the ring adopts a distorted 3T2 form, instead of the “E form in B1
(where the intramolecular interaction pulls atom C4' up). Moreover, it is worth noting that
B3LYP-D3 optimizations do not lead to this structure. When starting from this geometry,
the optimization leads to the B1 conformer. This could mean that MP2 overestimates the
strength of the O5'H5"---O4' interaction, and predicts p4 conformation more stable than it
really is.

By analyzing relative intensities of rotational lines (taking into account the dipole
moments), we could estimate the population ratio between the different observed
conformers. Tables VIII.10 and VIIL.11T compare experimental results for both o and B
anomers with the theoretical values calculated with B3LYP-D3 method (based on AG at
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418K). We do not choose MP2 as the reference method because the issue with the p4
structure that we have just mentioned may jeopardize the calculation of population ratios.
Regarding the e anomer, we can observe that the experimentalratio a1/a2 is 4(2)/1. Theory
predicts that this value is 1.8/1. This value increases to 2.1/1 if we consider conformer
relaxation. In the case of the p anomer, our experimental estimations show that B1 is the
global minimum. 5 and p6 are much less populated, the population ratios with respect to
B1 being 26(13)/1 and 27(18)/1 respectively. This is in contrast with the calculated values
with B3LYP-D3, which estimate population ratios for both conformers to be 2.4/1; this
value being 3.2/1 and 2.0/1 for B5 and B6, respectively, when we consider conformer
relaxation. While there is an agreement between theory and experiment in population
ratios for the o anomer, it is clear that this is not the case for the B anomer. The
conformational landscape of the B anomer is probably more complicated than the o,
especially if we consider that there might be a competition in H-bonding between
O5'H5"--04" and O5'H5--01'. This might result in a struggle of the theoretical methods to
predict relative energies of the different conformations and explain the difference
between theory and experiment.

Table VIII.10 Experimental and predicted population ratios of the observed conformers
of methyl 2-deoxy-a-D-ribofuranoside

Experimental Predicted Predicted
Na1 Na1 Ng1+Ng3+Nge
Ng2 Na2 Na2+Ng11+Ng14
4(2) 1.8 2.1

Table VIII.11 Experimental and predicted population ratios of the observed conformers
of methyl 2-deoxy-B-D-ribofuranoside

Experimental Predicted Predicted
Npt Npt Ng1+Ngz+Ngs3
N_BS N_[)’s Ngs+Ng10+Ngz0+Ng21
26(13) 2.4 3.2
Experimental Predicted Predicted
Np1 Np1 Ng1+Ngz+Ng3
Nge Nge Nge+Npgg+Ng11
27(18) 2.4 2.0
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The results presented in this Chapter about methyl 2-deoxy-B-D-ribofuranoside are
directly comparable to those obtained by our group about methyl B-D-ribofuranoside
(active form in RNA) in 2016.'8 By comparing the conformations obtained in that study
with those presented here about the  anomer, we can assess the effects of removal of the
OH group in position 2. In reference 18, the authors report the observation of two
conformations of methyl B-D-ribofuranoside in the gas phase. The most stable one
corresponds to a GG conformation, while the other one (lying 0.8 kJ/mol higher in energy)
corresponds to an AG form (no GA structure was observed). Both of them display a 3T
configuration of the five-membered ring. Figure VIIL.8 shows the two conformations,
along with the observed conformations of methyl 2-deoxy-B-D-ribofuranoside (81, B5 and
B6) and B4. It is interesting to see that the AG conformations (both in the ribofuranoside
and in the deoxyribofuranoside) are analogous; in both of them, the OH group in position
3'is pointing towards OH5'". However, the GG conformations observed in both cases (in this
work and in reference 18) are not equivalent. As it has been mentioned earlier, in the case
of methyl 2-deoxy-B-D-ribofuranoside (this work), the GG conformation is “"dominated” by
an O5'H5--01" that forces the ring to adopt a “E conformation. However, this is not the
case in the ribofuranose form, where the GG conformation displays an O5'H5"--04'
hydrogen bond (that s, the OH group in position 5'is pointing towards the atom in the ring)
and the ring adopt a distorted 3T2 shape. In fact, this conformation is quite analogous to
conformer B4 in this work, the one that was mentioned before. To sum up, there is a
competition between two intramolecular hydrogen bonds (O5'H5"--01" and O5'H5"--04")
and the removal of the OH group in position 2" tips the balance in favor of O5'H5"---01'.

ribofuranose deoxyribofuranose  deoxyribofuranose
(observed) (observed) (predicted)

w R
% &

Yo

>

P
B

¢ ~

GG, °T,(p4)

AG, °T,

GA, 'T,(B6)

Figure VIIL.8 Observed conformations of the p anomer of ribofuranose (reference 18) and
2-deoxy-ribofuranose (this work), along with the predicted p4 conformation
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Furthermore, the work presented here offers the opportunity for comparing the
conformations and intramolecular hydrogen bond patterns of the a and B anomers of
methyl 2-deoxy-D-ribofuranoside. It is worth reminding that it is the § anomer the one
that is present in the DNA. The most relevant difference between the observed
conformations of the a and the B forms is that, in all the o conformations, there is a
03'H3"--O1" intramolecular hydrogen bond that is “locking” the OH3' group. This is not the
case for the B conformations, where the OH3' group is “free”, meaning that it is not taking
part in any intramolecular hydrogen bond. The OH3' group in deoxyribose is very relevant
in the DNA, since it is in that position that the next nucleotide is attached. The fact that, in
the B anomer, the OH3' group is “free” (while it is “locked” in the a) could help explain why
it is the B anomer the one present in DNA. Nevertheless, it is beyond doubt that this is a
tentative hypothesis that needs further investigation.

Concerning the conformational preferences of these molecules in solution, the MD
simulations indicate that they present a high degree of flexibility in water. Figure VIIL.9
shows the theoretical ensembles derived from the MD simulations, together with the root-
mean-square deviation (rmsd) values for the heavy atoms. 500000 structures were derived
from these simulations for each anomer. As can be seen, the glycosidic linkage is rather
rigid in both compounds, with values for the ¢ torsional angle (04'-C1'-01'-C1") close to
60° or —60 for the a-or B-anomer, respectively, which is in accordance with the
exoanomeric effect. 2 With regard to the conformational preferences of the
hydroxymethyl group, the calculations indicate that this group is quite flexible in solution,
adopting the three lowest energy staggered rotamers (GG, GA and AG, with GG and GA
being more populated) in both anomers. Of note, no significant intramolecular hydrogen
bonds are detected in solution, with a population <10% in all cases.
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Figure VIIL9 Theoretical molecular ensembles from MD calculations. In the lower part,
frequency counts as a function of the dihedral angles 04'-C1-01'-C1" (conformations
corresponding to exo- and endo-anomeric effect are labeled) and O5'-C5'-C4’-04' (with
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conformations GG, GA and AG).

We then investigated the first hydration shell of both monosaccharides. Notably, the
a-anomer can accommodate a higher number of water molecules around it (19 water
molecules in comparison to 15 waters for the p-anomer). This different behavior can be
visualized in the first hydration shell for both molecules derived from the MD simulations
(see Figure VIIL.10). As expected, the most hydrophobic parts of the molecules involve the

120 180

120 180
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no intramolecular hydrogen bonds
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0 . :

-180 -120 -60 0 60 120 180
05'-C5'-C4'-04'

C2'and the methyl group at the anomeric position.
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alpha

#waters =19.1+£2.7 #waters = 15.3+2.9

Figure VIIL.10 Results of the first hydration shell calculations for both anomers of methyl
2-deoxy-D-ribofuranoside

Figure VIIL11 shows the Cremer-Pople distribution of all the structures calculated
with MD simulations for both anomers. The puckering analysis indicates that while the 2T,
and 2E conformers are the most populated in water for the a-anomer, the E2 and 3T are
the main conformer for the -anomer. Figures VIIL.12 and VIIL13 display the Cremer-Pople
wheels for both anomers in the gas phase (observed and calculated structures). It is
interesting to note the “E conformations of the p anomer (which was the global in our gas
phase experiment) is irrelevant in solution. As it has been pointed out earlier, the “E
conformation is driven by an intramolecular bond, which is inexistent in aqueous solution.
Hence, this puckering conformation is not much populated in solution.

2-deoxy-B-D-ribofuranoside 2-deoxy-a-D-ribofuranoside

600 -
500 -
400
300
200
100 -

100
200
300
400 -
500 -
600

Figure VIIL11 Cremer-Pople wheels for both anomers of
methyl 2-deoxy-D-ribofuranoside in aqueous solution.
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Figure VIIL.12 Cremer-Pople wheel for methyl 2-deoxy-a-D-ribofuranoside in the gas
phase. Dark blue crosses represent predicted conformations (MP2) while light blue points
are the observed conformers
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Figure VIIL.13 Cremer-Pople wheel for methyl 2-deoxy-B-D-ribofuranoside in the gas
phase. Dark blue crosses represent predicted conformations (MP2) while light blue points
are the observed conformers. Green points represent the two observed conformations of
methyl B-D-ribofuranoside in reference 18.
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This study in solution is somehow in good agreement with that previously reported
by Dowd and co-workers,2> which experimentally found by NMR a 71% of 2E conformer in
solution for the a-anomer and a 59% of 3Ta puckering for the B derivative. The next step in
our research, and out of the scope of this work, will involve the use of experiment-guided
MD simulations, using as restraints the experimental coupling constant, previously
determined by NMR.
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Degradation mechanism of the CHsNHsPbls perovskite in solar cell technology

IX.1 Introduction

In this Chapter, we explore the potential of rotational spectroscopy as an analytical
tool. In particular, this technigue might be used for the unequivocal identification of
gaseous products due to its ability to unambiguously identify chemical species. In fact,
several research groups are working nowadays towards its implementation in the
pharmaceutical industry and combustion-related processes, among others.’2 In this
Thesis, we present the specific case of the identification of the degradation products of
the perovskite CH3NHsPbls. This substance is being investigated for its use in solar cells
and it is showing promising results in terms of power conversion efficiency. However, it
has been shown that this material degrades at high temperatures and a deeper
knowledge of the process of degradation is needed. The identification of the released
gaseous products may provide insight into the mechanism of degradation.

With the rise of renewable energies in the last decades, a lot of research is devoted
to the optimization of solar cells.34>6 From the very beginning of the investigations, a
major focus of interest has been the maximization of the rate of power conversion.”8 A
lot of effort has been devoted in that respect, both in the past and nowadays. Solar cells
based on perovskite compounds, and in particular, organic-inorganic hybrid perovskites,
show promising results in that sense. There are reports in the literature of power
conversion efficiencies slightly greater than 20% using this kind of materials.® Although
perovskite solar cell technology has shown great results in terms of efficiency, one of the
major issues for the future implementation of this kind of technology is long term
operational stability.’917 Therefore, researchers are now turning their attention towards
the understanding and prevention of the degradation process of this kind of materials.
While initial signs of success on the long-term stability of perovskite solar cells are
appealing lately,'2 operational device stability tests longer than 1000 hours at maximum
power point are still scarce.’> One of the most investigated light harvesting materials in
organic-inorganic hybrid perovskites-based solar cells is CHsNH3Pbls. However, one of
the main issues with this substance is its low stability.’#1516 A profound understanding of
the degradation paths of this material may help in the design of longer-lasting solar cells
based on CH3NHsPbls. However, the details of the mechanism of degradation are not
fully understood nowadays. It is known that CH3NHsPbls degrades into a solid Pbla
phase.'” Nevertheless, the nature of the gas products released in the degradation process
is @ matter of debate. Two degradation mechanisms are considered the best candidates
to explain the process:'8

e Mechanism 1:
CH3NH3Pbls(s) —— Pbla(s) + CH3NHa(g) + Hli(g)
e Mechanism 2:
CH3NH3Pbls(s) ——— Pbly(s) + CHsl{g) + NH3(g)

The nature of the gases released with the two mechanisms is different. There are
several attempts reported in the literature to identify which gases are released, in order
to assess which one of the two mechanisms is responsible for the degradation of
CH3NH3Pbls. These studies consider different conditions (temperature, pressure,

IX.3



Chapter IX.

presence of O2 and/or H,0) and provide confronting results as to the nature of the gases
released. In order to study the intrinsic thermal instability of CH3NHsPbls, there are
several reports in the literature that analyze the degradation of this sample under inert
atmosphere conditions (noble gases, Ny, etc) at high temperature. In 2014, a
thermogravimetric analysis combined with FTIR spectroscopy (TGA-FTIR) suggested that
NHs might be released upon thermal degradation of CH3sNHsPbls (Mechanism 2),
although the results were not conclusive.’® In 2016, two studies showed confronting
results. First, a TGA analysis combined with Mass Spectrometry (TGA-MS) pointed to the
detection of CHsl and NHs (Mechanism 2) with no traces of CH3NH2 and HI.2° Second, a
Knudsen Effusion experiment coupled with MS (KEMS) suggested that the mechanism
responsible for CHsNHsPbls degradation is the one leading to CH3NH2 and HI as gas
products (Mechanism 1).2' Finally, in 2017, new KEMS experiments suggested that both
mechanisms are possible: Mechanism 2 is found to be the thermodynamically favored
process while Mechanism 1 would be predominant under kinetic control conditions.

It is obvious that there are confronting results in the literature regarding the nature
of the gaseous products of degradation of CHsNHsPbls. In order for this material to
develop in the solar cell technology, an unambiguous identification of the released gas
products during degradation of this hybrid perovskite is absolutely needed. It would
assist to alleviate the degradation problem of this well gifted light harvesting material
and it could determine the best strategy for device encapsulation favoring long-term
device stability.

In this work, we suggest the use of rotational spectroscopy in supersonic expansions
to identify unambiguously the nature of the gases released in the thermal degradation of
CHsNHsPbls. The main feature of microwave spectroscopy that makes it an ideal tool to
fulfill this task is its inherent high spectral resolution, hardly achievable by other
spectroscopic techniques. Lines separated by only a few KkHz are resolvable and
therefore, transitions arising from the different gas products are unambiguously
identified. Although rotational spectroscopy has been traditionally devoted to the
conformational analysis of molecules or intermolecular systems in the gas phase, some
research groups are focusing nowadays on the use of rotational spectroscopy as an
analytical tool.’2 For example, the ability of rotational spectroscopy to differentiate
diastereaoisomers and even enantiomers may be a great advantage with respect to
other techniques in the field of pharmaceutics.

IX.2 Experimental section

The CHs3NHsPbls sample was synthetized by the group of Dr. Juarez-Pérez at the
Okinawa Institute of Science and Technology (OIST, Japan). It is a black powder. In order
to perform the rotational spectroscopy experiment, we placed the sample in a
customized heating nozzle (see Chapter III) and heated to the desired temperature
thanks to a resistance heating wire. Table IX.1 summarizes the working conditions for this
experiment.
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Table IX.1 Experimental conditions for the recording of the CP-FTMW spectrum of the
gases released by thermal decomposition of CHsNHsPbls.

Experimental conditions CP-FTMW
Number of nozzles 1
Nozzle temperature room temperature to 230°C
Carrier gas He
Number of chirps/molecular pulse 30
Total number of cycles 15 million

IX.3 Results and discussion

In this work, we use rotational spectroscopy to provide an unambiguous
identification of the gas products released upon heating the CHsNHsPbls sample.

In particular, we use rotational spectroscopy for the unambiguous determination of
CH3NH2 (Mechanism 1) and CHsl (Mechanism 2). Both species have been previously
studied using rotational spectroscopy and the position (frequency) of their rotational
transitions is well reported in the literature.2223 In our current set-up, it is not possible to
detect the other plausible gaseous products (HI and NH3) because they do not possess
rotational transitions in the working frequency range of our spectrometer (6-18 GHz). In
fact, the lowest transitions for these two species are located at 385 GHz for HI2* and 572
GHz for NH3,25 well beyond the upper-frequency limit of our apparatus.

The proceeding in this work is to heat the CH3NH3Pbls progressively (in steps of
20°C) and evaluate the appearance of transitions corresponding to CHsl and CHsNH>. The
results of this experiment can be found in Figure IX.1.
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Figure IX.1 In black, two sections of the same experimental rotational spectrum
obtained after heating CHsNHsPbls as a function of temperature and time. Red stars
mark the first appearance of lines corresponding to CHsl or CHsNHa. In red, position of
the rotational transitions of CHsl and CH3NH: reported in the literature. a) Frequency
region corresponding to the transitions of CHsNH2 as reported in reference 23 b)
Frequency region corresponding to the transitions of CHsl as reported in reference 22
(the two peaks at 40°C probably correspond to a volatile impurity that evaporates at
higher temperatures).
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We can see that the first traces of both CHsl and CHsNHz appear when the sample is
heated at 200°C. A further averaging of 70 hours at 230°C improves the signal-to-noise
ratio of these rotational transitions. Ten transitions of CHsNH2 and three transitions of
CHsl were unambiguously identified in the rotational spectrum, their frequencies
matching within a few kHz the values reported in the literature. Tables IX.2 and IX.3
collect the full list of rotational transitions measured for both species, along with the
experimental frequencies measured in this work and the values reported in the literature.
Both molecules (CHsl and CH3NH2) are quite small, their rotational constants are very
large and therefore, the number of rotational transitions in our frequency range is much
reduced. Most rotational transitions for these two species appear at higher frequencies.
This is particularly so in the case of CHsl. In fact, only the J K-1=1 0€0 0 rotational
transition is visible in the 6-18 GHz region, which is split into 3 components due to nuclear
quadrupole coupling splittings of the | atom. In the case of CHsNHz, only the
J Ka=2 0€1 1 is intense enough to be observed in our frequency range. However, in this
case, we can observe two components due to complicated tunneling splittings (internal
rotation of the methyl top and inversion motion of the NH> group), each of them further
split into several hyperfine components. By the end of the experiment, the sample had
turned vyellow because of the Pbl, solid that is produced in the decomposition of
CH3NHsPbls. Furthermore, there were no lines in the spectrum belonging to other species
such as dimethylamine (CH3)2NH or trimethylamine (CH3)sN. These two compounds
could theoretically be products of degradation of CHsNHsPbls, but we did not find any
trace of them in the microwave spectrum.

Table IX.2 Frequencies of the observed rotational transitions of CHsl compared to the
values reported in the literature.

Experimental frequency Experimental frequency

) i £ J Ka i {this work) (ref 22)

1 0 5/2 0 0 5/2 14694.927 14694.93
1 0 1/2 0 0 5/2 15100.742 15100.74
1 0 3/2 0 0 5/2 15275.898 15275.89

Table IX.3 Frequencies of the observed rotational transitions of CHsNH2 compared to
the values reported in the literature.

; 5 Experimental Experimental
IRl r F ) K r F frequency (this work) frequency (ref 23)
2 0 B1 1 1 1 B2 0 8775.094 8775.096
2 0 B1 3 1 1 B2 2 8177.434 8777.440
2 0 B1 2 1 1 B2 2 8778.219 8778.226
2 0 B1 1 1 1 B2 1 8778.276 8778275
2 0 B1 2 1 1 B2 1 8779.493 8779.498
2 0 ET+1 1 1 1 ET-1 0 9458.269 9458.292
2 0 E1+1 1 1 1 E1-1 1 9458.800 9458.805
2 0 ET+1 3 1 1 ET-1 2 9459.020 9459.037
2 0 E1+1 2 1 1 E1-1 2 9459.804 9459.823
2 0 ET+1 2 1 1 E1-1 1 9460.026 9460.028
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The results presented in this Chapter unambiguously confirm the release of both
CHsNHz2 and CHsl upon heating CHsNHsPbls in the conditions of the experiment. This is
definite proof that Mechanism 1 and Mechanism 2 can take place and that they may
happen simultaneously. Further research seems necessary in order to investigate the
conditions under which one or the other mechanism takes place. However, the feasibility
of both routes is demonstrated without any doubt in this work thanks to rotational
spectroscopy. Finally, we prove the potential of microwave spectroscopy for the
unambiguous identification of gaseous products, as well as the possibilities of this
spectroscopic technique as an analytical tool.
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Conclusions

The field of rotational spectroscopy is undergoing a reawakening in the last

decades, fueled by the advances in instrumentation, as well as the developments in
theoretical methods and the availability of powerful computing resources. A large part of
the work in this Thesis was devoted to building and implementing a CP-FTMW
spectrometer at the Spectroscopy group at the University of the Basque Country
(UPV/EHU) and, therefore, we have mostly focused on the possibilities of this device.
Nevertheless, we have also analyzed the potential of the FTMW spectrometer and the
ultrafast laser vaporization method. We have performed several rotational spectroscopy
studies from which we can draw the following conclusions.

Microwave studies are now opening up to larger and more flexible biomolecular
systems, such as the cases of cotinine, a- and B-ionone and B-damascone that we
have presented in this Thesis. The study of complex conformational landscapes is
now possible, partly due to the speed of data acquisition enabled by CP-FTMW
techniques.

Rotational spectroscopy is a powerful tool in the analysis of tautomeric equilibria. It
is possible to unambiguously identify the different tautomers and quantify the
population ratio between them, as we have demonstrated with the analysis of two
tautomers of purine. The very high spectral resolution allowed by microwave
spectroscopy is the differentiating factor that makes this technique ideal for the
analysis of tautomeric equilibria in the gas phase.

Theoretical calculations are nowadays crucial in rotational spectroscopy studies. As
the size and degrees of freedom of the molecular systems increase, so does the role
played by theoretical calculations. The interplay between theory and experiment is
two-fold: on the one hand, experimental studies are supported by reliable
theoretical predictions and, on the other hand, the development of new theoretical
models necessitates the benchmark of experimentally obtained molecular
structures. We have seen this interaction between theory and experiment along this
Thesis. Moreover, we have seen that one has to choose carefully the theoretical
method to use, with the examples of methyl jasmonate and zingerone.

Rotational spectroscopy offers the chance to perform structural studies of
biomolecules in the gas phase. The results obtained with this technique can be
combined with those resulting from other techniques and/or in other media in order
to acquire a more general overview of the conformational possibilities of a given
biomolecular system. We have experienced this by combining rotational
spectroscopy with chemical synthesis, NMR in solution and Molecular Dynamics in
the case of the monosaccharide methyl 2-deoxy-D-ribofuranoside.

Finally, some research groups around the world are exploiting the possibility of using
rotational spectroscopy as an analytical tool. The unambiguous discrimination of
chemical species is one of the characteristics that makes this technique a potential
candidate for analytical studies. In this Thesis, we have presented a specific example
where rotational spectroscopy helps in the elucidation of the degradation
mechanism of a hybrid perovskite that could be used in solar cells.
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In general, we have seen that modern rotational spectroscopy is a powerful and
versatile tool that can be used for a variety of applications (structural elucidation,
investigation of tautomeric equilibria, as an analytical tool, etc). The next years will
probably witness a full exploitation of the potential of this technique.
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Other studies

Recollection of published material that is beyond the scope of this Thesis.
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(Abstract: Several convergent techniques were used to char-
acterize 1,1-bi-2-naphthol (BINOL) and some of its proper-
ties. Its acidity in the gas-phase, from neutral species to
monoanion, was measured by mass spectrometry. The con-
formation and structure of BINOL in the gas phase was de-
termined by microwave rotational spectroscopy. NMR experi-
ments in fluorosulfonic acid established that BINOL was mo-

~

noprotonated on one of the hydroxyl oxygen atoms. The
enantiomerization barriers reported in the literature for
BINOL under neutral, basic, and acid conditions were ana-
lyzed with regard to the species involved. Finally, DFT calcu-
lations allowed all of these results to be gathered in a coher-
ent picture of the BINOL structure.

/

1. Introduction

1,1-Bi-2-naphthol (BINOL) and its derivatives are one of the
most widely used classes of ligands in asymmetric synthesis;
they are utilized in a broad array of reactions, including Diels-
Alder, carbonyl additions and reduction, Michael additions, ep-
oxidations, and Henry reactions. BINOL has axial chirality and
the two enantiomers can be separated because they are stable
toward racemization. Their specific rotations are +35.5°. Be-
sides the great success obtained with the BINOL platform,
other C,-symmetric diol ligands have attracted considerable at-
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tention, for instance, BINAP, VAPOL, VANOL, and related com-
pounds.™

The optical rotatory properties of (R or S) BINOL in various
solvents have been reported.”’ The changes in the specific ro-
tation and sign of optically active BINOL have been studied in
polar/nonpolar solvents at different pH values. It is considered
that these changes are determined by the equilibrium be-
tween cisoid and transoid conformations of BINOL with the
same configuration (R or S), which is related to the change in
dihedral angle between the two naphthalene ring planes of
BINOL (Figure 1). This involves the orthogonal transition state,
which is not relevant to the present work.

I,

OH

0 B
S-transoid S-cisoid
HO—% HO-
OH HO™ o< g<o90°

90° < g < 180°

Figure 1. Cisoid and transoid conformations of BINOL.

The racemic and both pure enantiomers of BINOL are com-
mercially available. The MS and microwave (MW) experiments
were carried out with (£)-BINOL, and the dynamic experiments
to determine the enantiomerization barriers with (R)-BINOL.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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sets for the optimized geome-
tries and energetics revealed
only small differences, that is,
the geometrical structures and
energies are not strongly basis
set dependent. Therefore, the 6-
31G(d) basis set was used to de-
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curve.

A more complete study was
published in 2008.”! The authors
wrote “Recently, density func-
tional theory (DFT) calculations
of 2,2’-BINOL have been carried
out to study its structural and
spectroscopic  properties.” %
The computational results were
used to explain the measured vi-
brational circular dichroism and
resonance Raman spectra.*™®
The DFT calculations were also
been utilized to investigate the
isomerization/racemization
mechanisms of 2,2-BINOL, and
various pathways for its racemi-
zation were proposed.''”!

BINOL3H*/CH(4)

H™ H

RGeS

BINOL3H*/CH(8)

2.1.1. Comparison of theoretical
methods

We carried out calculations of
the minima of neutral BINOL at

Figure 2. Deprotonated BINOL (anions) and protonated BINOL (cations).

2. Results and Discussion

Figure 2 shows all of the structures (minima) studied in this
work and their code names.

2.1. Theoretical calculations

The torsional barriers of substituted biphenyl are difficult to
calculate.®” The B3LYP-D, B97-D, and TPSS-D3 functionals were
identified as the most promising methods, and were used to
determine the torsional barriers of 33 other substituted bi-
phenyls with known Gibbs energies of activation (25—
190 kJmol™").®!

The mechanism of isomerization of BINOL has been investi-
gated by means of DFT. Three conformers exists for BINOL,
each of which has two enantiomers. Geometry optimizations
were carried out at the B3LYP level of theory, which consists of
the hybrid Becke + Hartree-Fock exchange and the Lee-Yang-
Parr correlation functional with nonlocal corrections, and two
kind of basis sets were used for all atoms: 6-31G(d) and 6-31+
G(d,p), as implemented in the Gaussian program package.
Comparison between the results obtained with the two basis

Chem. Eur. J. 2014, 20, 14816 — 14825 www.chemeurj.org
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four levels of theory (Table 1 and
Figure 3). The relative energies

Table 1. E,, [kJmol~'] of the three conformations of BINOL (all of them
minima).

B3LYP/6-  B3LYP/6- M06-2x/6- MP2/6-
31G(d) 31+ +G(dp) 311+ +Gdp) 311+ +G(d,p)
EE 322 293 34.1 313
EZ 175 16.0 19.2 17.2
7z 0.0 0.0 0.0 0.0

are rather insensitive to the method used to calculate them.
The ZZ isomer is always the most stable. Since the calculations
of frequencies is essential for determining the nature of the
transition state (TSs) (one imaginary frequency) and they
depend on the size of the basis set and computational
method, in the remainder of this work, the B3LYP/6-31G(d)
level of theory is used with some exceptions.

2.1.2. Geometries

We will discuss only the angle 6 between the naphthalene
rings (C2-C1-C1'-C2', about the C1—C1" bond; C2 and C2" are

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Top: The three minimum-energy conformations of BINOL. Bottom:
the three kinds of X-ray structures reported with CSD codes (all of them Z2).

the atoms bearing OH substituents). The CSD contains three
kinds of BINOL molecules:™ racemic, R,S(+), BIRKOC, 6, =
88.4°; S(—) enantiomer UKILAC and R(+4) enantiomer WANNII,
0,,=76.8° (Figure 3). The difference is due to the different
packing modes of enantiomers and racemate; thus, an average
value of about 83° could be considered representative for the
biaryl conformation of BINOL in the solid state. Since the value
of (83+5)° is less than 90°, the structure is of the cisoid type
(Figure 1) but not far from orthogonal. The conformation of
the hydroxyl groups in the solid state depends on the intermo-
lecular hydrogen bonds and therefore cannot be used for com-
parison with the isolated molecule.

According to our calculations (Table 2) the 6 values are very
similar between B3LYP with two different basis sets on the one

Table 2. Calculated torsion angles 6 of the three BINOL conformers calcu-
lated at four levels of theory.

B3LYP/ B3LYP/ M06-2x/ MP2/

6-31G(d)  6-311+ +G(d,p) 6-311+ +G(d,p) 6-311+ +G(d,p)
EE 884 89.7 71.6 74.7
EZ 936 88.8 106.1 103.6
7z 972 93.6 105.6 104.8

hand, and M06-2x and MP2 with the same basis set on the
other. The 6 value in the crystal (/~83°) is closer to the B3LYP
result for the ZZ isomer (94-97°) than to the MO06-2x/MP2
value (& 105°). Since we are comparing gas- and solid-state
geometries, it was considered necessary to determine the ex-
perimental gas-phase geometry.

Chem. Eur. J. 2014, 20, 14816 — 14825 www.chemeurj.org

14818

CHEMISTRY

A European Journal

Full Paper
Table 3. B3LYP/6-31G(d) calculations; in bold: minima for the three differ-
ent families (same molecular formula). E in hartree; E. and AH in
kJmol ™.
E E. Acid-base AH
neutral zz —921.02799 0.0 -
ZE —921.02131 17.5 -
EE —921.01573 322 -
monoanion  BINOL1H™ Z —920.48460 0.0 1388.3
BINOLTH™ E —920.45270 83.8
dianion BINOL?~ —919.77830 - 1815.2
monocation BINOL3H*/OH —921.35397 729
BINOL3H*/CH(1) —921.38173 0.0 894.4
BINOL3H*/CH(2) —921.34907 85.8
BINOL3H*/CH(3) —921.36870 34.2
BINOL3H */CH(4) —921.36979 314
BINOL3H */CH(5) —921.36488 44.2
BINOL3H */CH(6) —921.37503 17.6
BINOL3H " /CH(7) —921.36196 51.9
BINOL3H */CH(8) —921.37868 8.0
dication BINOL4H?*/20H —921.54942 1734
BINOL4H?"/2CH(1,1) —921.61548 0.0 582.6
BINOL4H?"/2CH(1,8) —921.61339 5.5
BINOL4H*"/2CH(8,8) —921.61078 12.3

2.1.3. Energies

The calculated energies of the minima of the compounds of
Figure 2 are reported in Table 3. As reported in Table 1, neutral
BINOL should exist as the ZZ isomer; the energy of the EZ
isomer is intermediate between those of the EE and ZZ iso-
mers. For the monocations, the most stable is that protonated
in the 1-position [quaternary C, BINOL3H*/CH(1)]; that proton-
ated in the 8-position is slightly less stable (BINOL3H*/CH(8),
8 kimol™); note that the cation resulting from protonation on
an O atom is very unstable (BINOL3H/OH, ~73 kimol™"). The
stability of dications is consistent with the results just dis-
cussed: 1,1 [BINOL4H>*/2CH(1,1)1> 1,8 [BINOL4H**/2CH(1,8)] >
8,8 [BINOL4H?*/2CH(8,8)] > > 0,0 (BINOL4H*"/20H).

2.1.4. Acid-base equilibria

Although the acidity of BINOL is simple, since only two
BINOL1H™ monoanions and one BINOL?~ dianion are possi-
ble,"? its basicity is a very complex problem because the possi-
bility of protonation on the carbon atoms results in many cat-
ions (see Figure 2). Table 3 lists the values corresponding to
the most stable conformations. The values for the dianion and
the dication correspond to the mono-to-di transformations.

2.1.5. Chemical shifts

We calculated at the GIAO/B3LYP/6-311+ +G(d,p) level of
theory the chemical shifts ('H, *C, 70) of most molecules dis-
cussed in this paper with different conformations of the hy-
droxyl groups (neutral BINOL of most molecules, anions, and
cations). They are reported in the Supporting Information (Ta-
bles S1-S3).
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2.1.6. Enantiomerization barriers

The energy hypersurfaces are very complex, since they include
both rotation about the central C—C bond and the rotation of
the OH groups (save in the case of the dianion). Consequently,
Table 4 lists only the lower-energy barriers. All energies and ge-

Table 4. Enantiomerization transition barriers (corrected for zero-point
energy) [kJmol~"]. All structures correspond to the relative minima in
each class (Table 3).

Name Structure Isomer Barrier
BINOL neutral 7z 1584
BINOL1H™ anion Z 167.0
BINOL?~ dianion - 1134
BINOL3H */CH(1) monocation  protonated on C1 147.5
BINOL4H?*/2CH(1,1)  dication diprotonated on C1, C1’ 50.5

ometries of the stationary points located for these systems (23
minima and 30 TSs) are gathered in the Supporting Informa-
tion (Tables S4-S9 and Figure S2). The geometries of the most
stable minima (another view of ZZ BINOL is shown in Figure 3)
and those of the lowest enantiomerization TSs are shown in
Figure 4.

2.2, BINOL acidity: mass spectrometric measurements

The natural logarithms of the branching ratios In([A71/[A, 1)
were plotted against the values of AaddH?ef(,) — A, aaHof (first
thermokinetic plot depicted in Figure 5), where A,4Haf =
(1384.74+8.4) kJmol™" is the average deprotonation enthalpy
of reference acids. The data were fitted by a set of five regres-
sion lines, each of which corresponds to experiments

done with different collision energies E,.. The second
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Figure 4. Minimum-energy geometries of the five minima and the corre-
sponding enantiomerization TSs.

thermokinetic plot (Figure 5), obtained from the re-
sults of the first plot, was generated by plotting the 1]
negative y-intercept values —[(AacidH?ef(i) — AiaHid)/
RT.«—A(AS%)/R] versus the slopes 1/RT., where R is
the universal gas constant and Ty is the effective 11
temperature of the activated system."® The thermo-

chemical values for the deprotonation of BINOL

2]

were derived from the slope and negative -3
y-intercept values of the linear fit of the second
plot: A,;qH°=(1389.8+£8.4) kJmol™', A,;,S°=(107.1+
8.4) Jmol™'K™" and gas-phase acidity (GA)=(1357.9+
8.4) kJmol™'. The calculated value of A, H® of
Table 3 is 1388.3 kJmol™".

Unfortunately, the gas-phase basicity of BINOL
could not be measured by mass spectrometry because, under
the conditions of the experiment, protonation of BINOL result-
ed in loss of a water molecule and fragmentation.

2.3. Rotational spectroscopy

The rotational spectrum of BINOL was investigated on the
basis of initial theoretical models in Table 1, which predicted

Chem. Eur. J. 2014, 20, 14816 — 14825 www.chemeurj.org
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Figure 5. First (left) and second (right) sets of thermokinetic plots of CID data of hetero-
dimers [A«H-A ,]", where AH=BINOL and A ;H are the reference acids.

three skewed conformations as most stable. The labels ZZ, EZ,
and EE in Table 1 correspond to conformations differing in the
orientation of the hydrogen atoms in the hydroxyl groups. In
the transoid global minimum ZZ (C,), both hydroxyl groups
point toward the second ring in the assembly, while they both
point outwards in conformer EE (G,). Finally, only one of the
hydroxyl groups points to the second ring in conformer EZ
(G,). However, analysis of the spectrum yielded a single confor-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Structure and atom labeling for the BINOL molecule showing the
locations of the principal axes of inertia (a, b, c).

mation, which behaved as a semirigid asymmetric top with no
hyperfine effects (Figure 6).

The frequency measurements (Table S10 in the Supporting
Information) spanned angular momentum quantum numbers
J=3-9 were all identified as u. transitions. Other se-
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2.4. NMR studies: neutral BINOL and protonation experi-
ments

Preliminary studies using different quantities of H,SO, yield
only sulfonated derivatives according to MS and NMR spectros-
copy. This is related to the well-known sulfonation reaction of
phenols with sulfuric acid.">'® In view of this, we carried out
experiments using the stronger and nonfluorosulfonating acid
HFSO,.

To test the quality of our calculations we started from BINOL
itself. NMR data on this compound have been reported several
times,l'”"¥ even in a chiral nematic solvent (differentiation of
the R and S enantiomers)."” We measured its 'H and *C spec-
tra in [Dg]DMSO and carried out 2D experiments to assign the
signals. Particularly useful to assign the 'H NMR signals were
the 'H-'"H SSCC experiments. The results are reported in
Table 7.

Using linear regressions, we compared the experimental and
the three calculated values. For both 'H and "*C the best corre-
lations correspond to the ZZ conformation, which was calculat-
ed to be the most stable. The correlations for the literature
data in CDCl; are given by Equations (1) and (2)

lection rules are zero by symmetry (since BINOL is Table 5. Rotational parameters of BINOL: experiment versus theory.
very close to the limit of a prolate symmetric top, k=
—0.95, the B3LYP predictions invert the b and ¢ axes). Experiment  Theory® 2Z Theory £2 Theory EE
Similarly to other biaryl compounds, conformer ZZ | A[MHz] 465.7212(10)° 471.9/494.4/467.1 468.4/493.2/458.3 441.5/444.9/461.2
displays axial chirality (atropisomerism), but no evi- | B[MHz] 219.026(64)  220.7/220.0/216.2 221.0/220.8/222.6 242.6/245.8/221.0
: . . C [MHz] 214.380(67)  211.3/203.0/212.7 213.3/203.5/211.5 207.5/204.7/212.3
dence was found of inversion tunneling between the D, [kHz] 0391(37)
. . . . . J .
two chiral species, as in 2,2-biphenol.™ The rotation- | p, [kHz —0376(79)
al parameters are compared with the theoretical pre- | Dy [kHz] 0.684(47)
dictions in Table 5. 31 {:Z} 5'3‘0(512 )
- - , [Hz —0.074(14
Despite the fact that no isotopologues could be |62 ID] 0.0/0.0/0.00 2.0/2.0/20 0.0/0.0/0.0
detected, the most relevant structural parameters of |15 | D] 0.0/0.0/1.2 2.1/0.5/2.1 1.4/1.6/1.4
BINOL were derived from the rotational spectrum. || [D] 1.3/1.12/0.0 —0.1/2.1/0.1 0.0/0.0/0.0
For this purpose the dihedral angle between the two | |#ror|[D] 1.3/1.12/1.2 2.9/3.0/2.9 1.4/1.6/1.4
. AE [kJmol ] 0.0/0.0/0.0 17.2/19.2/16.0  31.3/34.1/29.3
naphthyl groups or the dihedral angle and the angle N 3
defining the orientation between the subunits of the | ;kHz 47
assembly were fitted to the three experimental rota-
R Y .p . [a] MP2, M06-2X, and B3LYP, respectively [basis set: 6-311+ -+G(d,p)]. [b] Standard
tional constants of the parent species. The two fits errors in parentheses in units of the last digit.

were similar and satisfactorily reproduced the ob-
served rotational constants (B, €<0.2 MHz; A<

2 MHz) with a small adjustment of about 3° in the
predicted dihedral angle [6(C2-C1-C1'-C10'): —81.1(4)°
(ro) versus —78.7 (MP2)]. The rest of the molecule

Table 6. Effective and ab initio structure of BINOL: distances [A] and angles [*].%!

was constrained to the ab initio (MP2) geometry. The
ab initio and fitted values of the structure are listed
in Table 6. r

The agreement between experiment and theory
(MP2) is excellent. In Table 2, it is now apparent that ,

and the M06-2x/6-311+ + G(d,p) (#=105.6°) calcula-
tions give much better results than B3LYP with the
same basis set (0 =93.6°). In conclusion, BINOL in the
gas phase has a transoid conformation while in the
solid state (0=283°) it adopts a cisoid conformation
due to crystal-field effects.

(
(
(
(
(
(
the MP2/6-311+ +G(d,p) (6(C2-C1-C1'-C2')=104.8") r(C7-C8
(
(
(
(
(
(
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Distances r, Angles ry re Dihedral angles  r, re
r(C1—-C2) 1394 x(C1-C2-C3) 120.9 6(C1-C2-C3-C4) —2.0
r(C2—C3) 1.416 <X (C2-C3-C4) 120.0 O(C2-C3-C4-C5) 1.8
C3-C4) 1.381 ¥(C3-C4-C5) 121.1 6(C3-C4-C5-C6) -178.7
r(C4—C5) 1.423 X (C4-C5-C6) 122.0 6(C4-C5-C6-C7) 1783
r(C5-C6) 1.421 X (C5-C6-C7) 120.7 6(C5-C6-C7-C8) -2.0
C6-C7) 1.385 X(C6-C7-C8) 120.2 H(C6-C7-C8-C9) 1.5
) 1416 X(C7-C8-C9) 120.5 6H(C7-C8-C9-C10) -1.5
r(C8—C9) 1.386 < (C8-C9-C10) 120.5 6H(C8-C9-C10-C10) 179.4
r(C9-C10) 1.422 ¥ (C9-C10-C1) 121.5 6(C1-C2-O-H) 3.2
r(C10-C1) 1.430 ¥(C10-C1-C2) 119.6 6(C2-C1-C1’-C10) —81.1(4) —78.7
r(C1-C1’) 1.480 <%(C1-C2-0) 122.3 H(C2-C1-C1-C2")  102.4(4) 1048
r(C2-0)  1.362 ¥X(C2-O-H) 107.5
r(O—H) 0.969 ¥X(C10-C1-C1) 121.0

¥ (C1-C1-C10) 120.7(5) 121.0
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) - i for the dication. For BINOL3H*/OH we obtained the
Table 7. Experimental and calculated chemical shifts of BINOL [ppm]. followi . [Eqs. (5)-(7)]
3J34=7.9HZ(\ /\%4:88 Ha ollowing regressions [Egs. (5)-(7)].
HS 4
3 = 6.85 H I:HG OO K = 1am All signals : Oy = —(0.1 % 0.8) + (1.02 % 0.01) Oy
34 = 0. iz 4, _
H7 on “ke=lahz n =32, R =0.998
H8 wnrans
33, =83 sz/ ()
Only "H: ey = —(0.6 £0.4) + (1.10 + 0.04) dyieq
Atom  Exptl Exptl (CDCI,)""  Exptl (CDCI,)™®  Calcd EE Calcd  Calcd n =12, R* = 0.983
"H and "*C 'H assigned (IDg]DMSO)  zZ EZ (6)
assigned 3C unassigned®  this work average
OH 5.05 4,96 9.21 3.63 4.57 4.06 onl 13C ) =(5+10 0.99+0.08) O
H3 7.2 7.28 7.32 6.76 731 7.04 Y 7C e = ) + @ -08) Ocaicar
H4 7.89% 7.88 7.84 7.75 789 784 n =20, R* = 0.894
H5 7.83% 7.80 7.83 7.24 780 774 (7)
H6 7.19-738 728 7.22 7.25 733 730
H7 7.19-7.38  7.21 7.15 7.18 732 7.3
H8  7.19-7.38 7.06 6.94 719 709 7.1 For individual nuclei, the equations are not very
1 1109 1108 1159 1182 M2 1150 .
o 1527 1528 1535 1521 1546 1536 g.ood, prt?bably because the qyallty of the spectra of
c3 17.7 117.8 119.0 144 1164 1153 Figure 6 is not excellent, partially due to some de-
c4 129.4 129.5 1286 129.3 131.8 1304 composition of the sample.
Cda 131.3 131.5 129.1 130.0 130.0 1299 In the case of phenol[ZO,ZH and —I_naphthol[ZZI differ-
cs 1283 1284 1283 127.4 1281 1278 . ¢ . b d th id
. 124.0 1241 1227 1224 1231 1229 ent s!tes o protonatlo'n are observed that are acid-
7 1274 1275 1263 1259 1271 1266 and time-dependent (Figure 8).
cs 1242 124.2 124.9 125.8 1242 1249 We were unable to C-protonate BINOL using
C8a 1334 1334 134.6 135.9 1349 1359 FSO,H. Olah and Mo used superacid systems such
[a] Unassigned. [b] Assigned by analogy with the previous column. as HSO,F/SbFs and HSO,F/SbFs/SO,CIF at low temper-

"H: Oepu!™ = (0.97 £0.19) + (0.87 £ 0.03) 051 (22)
n=7,R*=0.995

BC: Ogpu!"” = (8.0 £4.3) + (0.94 £ 0.03) Oyiea (22)

! 2
n =10, R* = 0.990

and those for the data from this work in [Dg]DMSO by Equa-
tions (3) and (4)

"H: Oepu = —(1.340.8) + (1.16 £ 0.10) 8cyiea (22) 3
n=7R=0.968
BC: S = (16.2 £ 6.2) + (0.88 £ 0.05) O yeq (22) @

n=10, R = 0.976

The agreement is worse in [Dg]DMSO than in CDCl; because
of larger solvent effects.

We obtained the spectra depicted in Figure 7 from a solution
of BINOL in FSO;H (0.56 m) after waiting for stabilization (sever-
al days). Since there are neither 'H nor C signals correspond-
ing to an sp® carbon atom, either CH, or CH (see Supporting
Information, Figure S1), the problem is limited to mono- and
diprotonation of the O atoms. To choose between BINOL3H™
/OH and BINOL4H?*/20H we compared the data of Figure 6
with the calculated chemical shifts (Section 2.1.5). The correla-
tion coefficients R* are much better for the monocation than

Chem. Eur. J. 2014, 20, 14816 — 14825 www.chemeurj.org
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ature and pointed out that O-protonation is favored
in more weakly acidic media. Cerfontain et al.?"
showed that in concentrated aqueous sulfuric acid phenol is
protonated predominantly on the O atom. In the case of naph-

H5 H5'8 40
EMBA 8.29 He,He'

DKV

H8 Hg’
Ha,H4' 7.32

8['80 7.86
/ 0

N
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Figure 7. Top: "H NMR spectrum (calculated values at the bottom). Bottom:
3C NMR spectrum (calculated values in the formula).
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thol two C-protonated species were detected (HSO;F/SbFs/
SO,CIF at —80°C).?? The 'H and "C chemical shifts of the C-
protonated cations reported in these papers are consistent
with our calculated values (Supporting Information, Figure S1).

2.5. Enantiomerization barriers in solution

A careful distinction should be made between the kinetic con-
stant of racemization and that of enantiomerization:
Kracemization = 2 Kenantiomerization- 1N S€veral of the papers cited below,
reported enantiomerization barriers are actually racemization
barriers.

In his book “Dynamic Stereochemistry of Chiral Compounds”,
Christian Wolf discussed in several places the case of BINOL.*
(see also ee ref. [24]). In particular, on page 91 he wrote, “Atro-
pisomerization is an intramolecular process that is controlled
by steric and electronic substituent effects. In some cases, the
barrier to rotation can be altered by external factors. An impor-
tant example is the acid-catalyzed racemization of BINOL. This
biaryl does not show any sign of racemization on heating at
100° for 24 hours under neutral conditions but it racemizes at
100°C in 1.2 N hydrochloric acid within this period of time.”
The most important of the external factors are acid and basic
conditions,” to the point that BINOL does not racemizes
when heated during 24 h at 100°C while the same period of
time and the same temperature lead to racemization in 1.2
HCI®'? (see, for related compounds; see references [26-28]).
The same happens under basic conditions.>?® The explanation
in the first case has been attributed to protonation leading to
a C(sp)—C(sp® bond (Figure 9) and in the second case to de-
protonation with formation of a naphthoxide.”** On this case

O,
5

Figure 9. Acid-catalyzed atropisomerization of BINOL.

T
[e)
I

Wolf?®! comments “By analogy with the rationalization of elec-
tronic effects of electron-donating substituents on the energy
barrier of biphenyls, it is believed that the increase in electron
density at the central carbon atoms of the naphthoxide moiet-
ies facilitates rotation via out-of-plane bending in the transition
state.”?! The experimental barrier of BINOL itself has been de-
termined twice under rather different conditions with very con-
sistent values (see Table 8).1'%2

Before reporting our results, we have summarized those we
obtained from the literature, either directly (BINOL itself) or

Chem. Eur. J. 2014, 20, 14816 — 14825 www.chemeurj.org
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Figure 8. Structure of the cations obtained by protonation of phenol and naphthol.

14822

CHEMISTRY

A European Journal

Full Paper

& from the reported experiments.
Taking into account that enan-
tiomerization follows a first-
order kinetics and using only the
two points available (initial and

final) we calculated the rates of

Table 8. Experimental enantiomerization barriers [kJ mol~'lfrom the litera-
ture, directly reported or estimated.

Conditions Species Solvent T[K] Ref. Barrier
- neutral naphthalene 468 -9 15550
- neutral diphenyl ether 493 -9 161
segmented flow neutral diglyme/o-xylene 97/3 553 - 174
0.7 M KOH anion  butan-1-ol 391 -® 1353
5% NaOHy,,) 1.25M anion  water 373 -9 1223
1.2m HCl cation  dioxane/water 373 -® 1291
13% HClyq, 36M  cation  THF 339 09 1154

[a] Since this value was determined with a polarimeter where the authors
had to heat the cell to 195°C (naphthalene, m.p. 80°C) it should be con-
sidered less accurate than the other two (probably underestimated).

the four examples of Table 8, two for basic and two for acid
conditions. We transformed the rates k into barriers using the
Eyring equation [Eq. (8)].5”

AGr/kJmol™ = 19.12T[10.32 + Ig(T /k)] (8)

Due to the importance of the subject and inherent impreci-
sion of some of the barriers in Table 8, we determined all of
them anew. The progress of the racemization was monitored
by enantioselective chromatography.*" The barriers reported
in Table 9 are enantiomerization barriers in the solvent at the
given temperature. Indeed, rotational barriers are solvent-de-
pendent, and differences enantiomerization barriers of
45 kKmol™" for 3-m-tolyl-4-tert-butylthiazoline-2-thione be-
tween isooctane and ethanol at 65.5°C? and 12.5 kJmol~" for
N-(1-naphthyl)-2(1H)-pyrimidinone  between  xylene and
propan-1-ol at 90°C have been reported in the literature.*® Ro-
tational barriers also vary with temperature depending on the
value of the rotational activation entropy AS™. Experimental
data and treatments of the first-order plots are reported in the
Supporting Information.

Table 9 deserves the following comments:

1) The barrier of BINOL itself has been measured three times
with values ranging from 155.5 to 174 kJmol™', the first of
which is probably underestimated. Our results lie in the
range of 165.1-169.8 k) mol™". Our calculated values (172.9-
175.2 kimol™) are about 6.6 kJmol™ higher (AAG column).
As the entity involved in the enantiomerization is the diol,
this difference of about 6.5 kJmol™ is due to the calcula-
tions having been carried out in the gas phase. Neverthe-
less, for the remaining discussion, this deviation is accepta-
ble.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 9. Experimental barriers determined in this work and calculated ones (all in kJmol™").
Species Solvent Barrier Solvent T[K] Barrier Calcd AG; AAG % pop.

(Table 8) (Table 4) at T

neutral naphthalene 155.5 at 468 K= decan-1-ol 504.25 165.1+0.5 175.2 neutral -7.8 100
neutral diphenyl ether 161 at 493 K 1,2-dichlorobenzene 453.15 169.8+£0.5 172.9 neutral —54 100
neutral diglyme/o-xylene (97/3) 174 at 553 K 100
anion butan-1-ol 135.3 at 391K butan-1-ol 385.15 136.24+0.5 120.3 dianion® +15.9 0.7
anion water 1223 at 373K water 372.25 130-134 119.9 dianion” +12.1 2.0
cation dioxane/water 129.1 at 373 K dioxane/water 362.15 127.14£0.5 55.6 dication” +71.5 49%x107°
cation THF 115.4 at 339 K THF 339.15 125.240.5 55.2 dication' +70.0 1.7%107°
[a] Probably underestimated (see Table 8, footnote [a]). [b] Calculated barrier for the monoanion at 385.15 K: 167.2 kJ mol~". [c] Calculated barrier for the
monoanion at 372.25 K: 167.1 kJmol~". [d] Calculated barrier for the monocation at 362.15 K: 149.1 kJmol~". [e] Calculated barrier for the monocation at
339.15 K: 148.7 kimol™". [f] The largest population (2.0) corresponds to the most basic experimental conditions (1.25m), and the lowest (0.7) to the least
basic (0.7 m).

2) The new experimental barriers are consistent with those es-
timated from literature data (the maximum differences of
9.7 and 9.8 ki mol ™' correspond to experiments 5 and 7).

3) The barrier under basic conditions involves the dianion.

4) The barrier under acidic conditions involves the diprotonat-
ed C1,C1’ cation. The mechanism of Figure 9 is correct con-
cerning the protonation site (C1), but the rotation involves
two sp® carbon atoms instead of only one. Experiments
under more acidic conditions resulted only in decomposi-
tion of BINOL

On the basis of the Winstein-Holness equation,*” we hy-
pothesized that the difference between the experimental and
calculated barriers is due to the presence of a very small
amount of the doubly charged species in the solutions. The
differences AAG reported in Table 9 were transformed into
populations through the equilibrium constants (AG=—RTInK,
where T is the experimental temperature and R=
8.3145 JK 'mol™"). They are reasonable for the experiments
under basic conditions (2-5% of the dianion) but too low for
those under acidic conditions (ca. 107°% of the dication). The
calculations of Table 9 are approximate, but they at least repro-
duce the fact that more strongly basic conditions (0.7—1.25 m)
correspond an increase in the population of the dianion from
07 to 20%. The error found for BINOL itself
(~6.5 kJmol™") cannot be used to correct the values under
basic or acidic conditions, and this prevents a more elaborate
estimation of the populations.

Conclusion

Intrinsic properties of BINOL such as its acidity (A,qqH°
~1390 kyJmol™") and conformation (0=102.4°) were deter-
mined in the gas phase by MS and MW spectroscopy, respec-
tively. Solution NMR experiments ("H and "*C) in FSO;H were
rationalized as involving the cation monoprotonated on one of
the hydroxyl groups. The enantiomerization barriers, which
were known from the literature only for neutral BINOL, were
determined here for neutral, basic, and acidic conditions. DFT
and MP2 calculations were used to rationalize all of the dis-
cussed properties (acidity, conformation, protonation position),
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especially the enantiomerization barriers, for which the species
involved were ascertained (neutral species, dianion, and
C21,C1'-diprotonated cation).

In summary: 1) BINOL is one of the largest molecules that
has ever successfully been observed at high resolution in the
gas phase; 2) The calculations showed that a contribution of
the bis-protonated or bis-enolate (phenoxide) form is needed
to account for the experimental barriers during acidic or basic
catalysis. These forms are not highly populated, but they yield-
ed very low barriers and their contribution, which was not ex-
pected, is an adjustable parameter to reproduce the experi-
mental barriers. We hope that the present work will be useful
to better understand the behavior not only of BINOL, but also
that of the very large family of BINOL derivatives.

Experimental Section
Materials

(£)-BINOL (m.p. 214-217°C, 99%) and (R)-BINOL (mp. 208-211°C,
99%) are commercial products (Sigma-Aldrich 104655 and Strem
Chemicals 08-1000) that were used without further purification.

Computational details

The geometry of neutral BINOL was optimized at the B3LYP/6-
31G(d),?** B3LYP/6-311+ +G(d,p),*” MO06-2X/6-311+ + G(d,p,*®
and MP2/6-311 + + G(d,p)®” levels of theory. In all cases, frequen-
cies were computed to confirm that the structures obtained corre-
spond to energetic minima, save in the case of the EZ conformer
at the MP2/6-311 4+ 4+ G(d,p) level due to computational limitations.
The exploration of the stationary points of the potential-energy
surface of the five species considered here was carried out at the
B3LYP/6-31G(d) level of theory and is detailed in the Supporting In-
formation (a total of 23 minima and 30 TSs were located).

The absolute chemical shielding was obtained by using the GIAO
method“” at the B3LYP/6-311+ +G(d,p)//B3LYP/6-311 + 4 G(d,p)
level of theory. Previously developed equations were used to
obtain the corresponding chemical shifts."" All calculations were
carried out with the Gaussian 09 package."”

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Determination of intrinsic (gas-phase) acidities by the Cooks
extended kinetic method (EKM)

The gas-phase acidity of a protic acid AH, GA(AH), is defined as the
Gibbs free-energy change for reaction (9). The corresponding en-
thalpy and entropy changes are referred to as gas-phase deproto-
nation enthalpy A,.4H° and deprotonation entropy A,.S’, respec-
tively.

AH(Q) - H+(9) + Ai(g) AacidGo(g) =GA, AaciclH0 (9)1 Aaciclso(g)

9)

AigH’ GA, and A,4S° of BINOL were experimentally determined
by means of the EKM“**#*%%) by ysing a triple-quadrupole mass
spectrometer (Agilent/Varian MS-320) with an electrospray ioniza-
tion source (ESI).

EKM takes into account entropic effects on the competitive dissoci-
ations of a mass-selected proton-bound heterodimer anions
[A-HA ]~ (in the gas phase) generated in the ESI source from
a solution of a mixture of BINOL (AH) and a reference acid (A,;H)
of well-known intrinsic GA and A,4H’. values. The heterodimers
[As:H-A ]~ are fragmented by collision-induced dissociation
(CID) in a collision cell of the spectrometer to yield the correspond-
ing monomeric anions of BINOL (A”) and the reference acid (A ")
via the two competitive dissociation channels with rate constants k
and k; respectively (Figure 10). If secondary fragmentation is negli-

k A™+ AreryH

ki Acerjy + AH

Figure 10. Fragmentation of the heterodimers.

gible, it is assumed that the abundance ratio of these fragment
ions is equal to the ratio of the two dissociation rate constants k
and k;. Assuming no reverse activation energy, the acidities of AH
and AH are related by a linear equation for which a statistical
procedure has been developed by Armentrout®’ (see Supporting
Information).

Stock solutions (=10 *m in methanol/water 1/1 v/v) of BINOL AH
and reference acid A¢,H were mixed in appropriate volume ratios
(~1/1), and further diluted with methanol/water to achieve a final
concentration of about 5x 10> m for both BINOL and the reference
acid (sample solution). All sample solutions were directly infused
into the ESI ionization source in the negative mode at flow rates of
10 uLmin~". ESI conditions, such as needle and capillary voltages,
and compressed-air (nebulizing gas) and nitrogen (desolvation and
drying gas) temperatures, were optimized to promote the forma-
tion of more intense signals of proton-bound heterodimeric anions
[A=H-A ] . These anions were isolated in the first quadrupole,
underwent CID in the second quadrupole, and the resulting frag-
ments analyzed in the third quadrupole. CID MS-MS experiments
were performed with argon as collision gas (0.2 mTorr) at various
ion kinetic energies in the collision cell. The center of mass energy
E.., was calculated as E.,,=E,,[m/(M+m)], where E,, is the ion ki-
netic energy in the laboratory frame, m the mass of the collision
gas, and M the mass of the heterodimeric anion.

Five compounds with known GA ranging from 13435 to
1364.4 kJmol ™' were chosen as reference acids Aq;H: 4-nitroben-
zoic acid, 3-methyl-4-nitrophenol, perfluoro-tert-butanol, m-trifluor-
omethylbenzoic acid, and 4-hydroxybenzaldehyde The CID branch-
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ing ratios of the product ions were recorded at five collision ener-
gies E, from 2.25 to 3.5 eV. More details of the experimental data
obtained using the EKM method for BINOL are described in the
Supporting Information.

Rotational spectroscopy (MW)

Rotational spectroscopy was conducted with an FT microwave
spectrometer”” working in the 4-18 GHz frequency range. A
BINOL sample was prepared as a solid rod with small addition of
a commercial binder and vaporized with a UV picosecond Nd:YAG
laser working at 355 nm.”® The vapor was diluted in neon carrier
gas at stagnation pressures of about 2 bar and expanded near-
adiabatically in the vacuum chamber of the spectrometer to form
a supersonic jet. The rotational transitions were detected in the
time domain after short pulsed excitation, and later Fourier-trans-
formed to the frequency domain. The accuracy of the frequency
measurements is better than 3 kHz. Transitions separated by less
than 6 kHz are resolvable.

NMR experiments

'H and "C NMR spectra were recorded on a Varian System 500
NMR spectrometer equipped with a 5 mm HCN cold probe, operat-
ing at 499.81 and 125.69 MHz, respectively. Chemical shifts are ex-
pressed in parts per million (0 scale) downfield from TMS and are
referenced to residual peaks of the deuterated NMR solvent or in-
ternal TMS. "H and "*C assignments are based on g-COSY, gHSQC,
and gHMBC correlation experiments. A sealed capillary tube
(1.4 mm OD, Symta) containing [DgDMSO (50 mm height) was
used as internal standard for experiments in FSO;H. Both in
[DgIDMSO and in FSO;H the concentration of (4)-2,2'-dihydroxy-
1,1"-binaphthyl (BINOL) was 0.56 M.

Calculation of the barriers of Table 9

All the reported rotational barriers are the barriers to enantiomeri-
zation and not barriers to racemization."” An optically enriched
sample was heated in the solvent at the chosen temperature. The
ee variation as a function of time was monitored by chiral HPLC,
and the rate constant for enantiomerization Kenantiomerisation Was de-
termined by plotting the first-order kinetic line according to the
equation In(ee,/ee,_ o) = —2 Kenantiomerisationt> IN all cases, R* was greater
than 0.99. AG] . iomerization Was calculated from the k,, and the
Eyring equation.
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Structural Distortion of the Epoxy Groups in Norbornanes:
A Rotational Study of exo-2,3-Epoxynorbornane

Patricia Ecija,”® Iciar Uriarte,”) Francisco J. Basterretxea,® Judith Millan,” Alberto Lesarri,“

José A. Fernandez,® and Emilio J. Cocinero*™

Exo-2,3-epoxynorbornane is studied in the gas phase by
pulsed jet Fourier transform microwave spectroscopy in the 4-
18 GHz region. Six isotopologues were observed and character-
ized in their natural abundance. The experimental substitution
and effective structures were obtained. Comparison with the

1. Introduction

Norbornane (bicyclo[2.2.1] heptane, see Figure 1) is a bridged
bicyclic ring system with C,, symmetry belonging to the cate-
gory of strained organic molecules, and is a key compound in

Norbornane exo-2,3-epoxynorbornane

Figure 1. Molecular formula and atom numbering for norbornane and exo-
2,3-epoxynorbornane.

structural and synthetic chemistry.""? In this compound, the cy-
clohexane ring is locked in an envelope configuration by the
7-methylene bridge, producing a strained geometry in which
the carbon bond angles depart markedly from the standard
sp/sp*/sp? values. This distinctive structure is responsible for its
high reactivity and unusually high thermochemical bond ener-
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structure of norbornane shows significant differences in several
bond lengths and valence angles upon introduction of the
epoxy group. All the work is supported by quantum chemical
calculations.

gies.”) For these reasons strained molecules have been the
subject of studies to explore the relationships between struc-
ture, strain, stability, and reactivity.” Moreover, norbornane
compounds have been used in pharmaceutical research as syn-
thetic intermediates, receptor agonists and antagonists, and
analogues and inhibitors of enzymes.” From a structural point
of view, this pivotal compound has been the subject of many
studies. The crystalline structure® and some geometrical data
of substituted derivatives have been obtained by X-ray®? dif-
fraction, but these data are affected by crystal-packing forces.
Investigations of the free molecule have been carried out by
gas-phase electron diffraction (GED),”"'?, although large corre-
lations were found in its structural parameters. Microwave
spectroscopy improved the scope of structure analysis meth-
ods;" finally, a consistent structure of the isolated molecule
was evaluated by joint analysis of electron diffraction, micro-
wave, Raman, and infrared spectroscopy in 1983,"? which
avoided interference from the solvent or crystal matrix.

There are many substituted norbornane derivatives that
have key biological roles. However, in some cases their struc-
tures remain unknown. The effect of substituents on strained
molecules has been investigated, as (de)stabilization of the
molecule upon substitution by various types of common elec-
tron-withdrawing or -donating substituents can occur,"*'" and
the substituents can affect the strain energy, heat of forma-
tion,""*™ or dissociation energies."® Since 2010, our group has
been engaged in the accurate determination of the structure
of systems with bridged bicyclic rings, and so far 2-aminonor-
bornane,"”" tropinone,"® scopoline,"™ and even the hydrated
complex tropinone-H,0® have been studied. Some of these
compounds are known for their neurostimulant and anticholi-
nergic activity (i.e. cocaine, atropine). The goal of this work
was to evaluate the influence of substituents on the geometry
of bridged bicyclic rings. For example, in exo-2-aminonorbor-
nane, we concluded that the carbon skeleton provides a rigid
framework and the only conformational flexibility arises by ro-
tation of the amino group around the C—N bond. These stud-
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ies were performed under the isolated conditions of a cold su-
personic jet, which allowed us to elucidate the intrinsic confor-
mations of the free molecules, avoiding solvent and packing
effects. The structures of the most stable conformers were
characterized and determined by Fourier transform microwave
Spectroscopy (FTMW), which provides the most accurate view
of the molecular structure through the measurement of the
moments of inertia. Conformers,?" tautomers,”? isotopo-
logues,””® and enantiomers®” can be distinguished unambigu-
ously as independent species by using this spectroscopic tech-
nique. In the present paper, we increase the knowledge on the
structure and spectroscopy of molecules with bridged bicyclic
rings by studying exo-2,3-epoxynorbornane (Figure 1), which is
the simplest molecule in which the influence of the epoxy
group on the norbornane ring can be discerned. Norbornane
derivatives are known to adapt to induced strain by mecha-
nisms in which the entire skeleton takes part. However, exist-
ing studies have been carried out in the solid state,”” or by
quantum mechanics calculations.>%”

2. Results and Discussion
2.1. Theoretical Calculations

Rotational spectroscopy in combination with quantum chemi-
cal theory provides a powerful strategy to investigate molecu-
lar structure and many examples can be found in the litera-
ture.”"" 23" A single conformer has been predicted for exo-2,3-
epoxynorbornane, as expected from the steric constraints pres-
ent in the bridged bicycle motif. This conformer was optimized
with the Mgller-Plesset perturbation (MP2) and density func-
tional theory (B3LYP and MO06-2X functionals). The most rele-
vant spectroscopic parameters are shown in Table 1.

2.2. Rotational Spectrum

The theoretical calculations of Table 1 guided the experimental
study. According to these predictions, the analysis of the rota-
tional spectrum was started in the region 8-10 GHz. Inspection
of the rotational spectrum shown in Figure 2 suggests that the
predicted species was present in our supersonic expansion of
Ne. A frequency offset of approximately 60 MHz was observed
between the experimental and theoretical spectra for the first
observed transitions. The most intense lines were ascribed to
a series of u, and u, R-branch asymmetric rotor rotational tran-
sitions of the parent species. The absence of u, transitions is
due to the zero electric dipole component along this axis, im-
posed by the C; symmetry of the molecule. A total of 25 rota-
tional transitions were measured, with 11 °R-type, 8 ‘R-type,
and 6 ‘Q-type components. The lower state rotational quan-
tum numbers (J) span the range 0<J<3 (R branch) and 7 <
J<11 (Q branch), with 0<_,<2 (R and Q branches), 0<_ ;<
2 (R branch) and 6 <., <9 (Q branch). The experimental tran-
sitions of the parent species were analyzed with a Watson
semirigid rotor Hamiltonian in the S reduction.??

The rotational constants (A, B, C) and four quartic centrifugal
distortion constants (D, Dy, Dy d;) were determined. A com-
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Table 1. Rotational parameters and electric dipole moment components'?

of exo-2,3-epoxynorbornane.

Theory®

Experiment™ MP2 M06-2X B3LYP
A [MHZ] 3759.74628(28) 37729 3779.7 3760.6
B [MHZ] 2324.90335(16) 2329.1 23419 2311.9
C [MHz] 2125.75513(18) 21274 2139.8 21133
D, [kHz] 0.1258(78) 0.12 0.12 0.12
D [kHz] 0.1042(66) 0.10 0.09 0.09
Dy [kHz] 0.135(53) 0.1 0.12 0.12
d, [Hz] —5.27(45) —4.14 —4.15 —4.65
d, [Hz] [0.01¢ -0.23 —0.18 —0.13
|ta]/D intense spectrum 2.06 2.06 2.1
|| /D nonobserved 0.00 0.00 0.00
|uec|/D weak spectrum 0.73 0.74 0.74
|ur| /D 2.19 2.19 2.24
N[e] 25
o [kHz)" 122

[a] Rotational constants (A, B, C), Watson’s quartic centrifugal distortion
constants in the S reduction (D, Dy Dy d, d,), and electric dipole
moment components (4, a=d, b, ¢; 1D~3.336x107°C m) refer to the
principal inertial axes. [b] In all the methods standard Pople’s triple-C 6-
311+ +G(d,p) basis functions were employed. [c] Standard error in pa-
rentheses in units of the last digit. [d] Value set to zero in the fit.
[e] Number of transitions (N) and root-mean-square deviation (o) of the
fit.

=1
=
Q{L e
= T e
T (8] o q,}
gy N - a8
8 o o : o
(] " (_‘)": (5
gu —llni—ﬂN o1 go o
Sig R
- :'_.' - - 0 U
l: | ‘ mo e :
) o Experimental
Ll | ] | )| l|
=60 MHz Ab initio
el ! s Ll .
8700 BB00 8900 9000 9100 9200

MHz

Figure 2. A section of the experimental microwave spectrum (upper trace)
and the ab initio (MP2/6-311 + + G(d,p)) simulation (lower trace) of exo-2,3-
epoxynorbornane around the 2«1 (J'J") rotational transition for the
parent and its monosubstituted isotopologues. A shift of ~60 MHz is ob-
served between both spectra. Spectral assignment is shown in the experi-
mental spectrum. In the upper spectrum the signal is saturated, so the in-
tensity of isotopologues was enhanced 10 times in the ab intio simulation
to aid comparison.

parison of experimental data (rotational and centrifugal distor-
tion constants) with the theoretical values is shown in Table 1.
These data unambiguously confirm that the assigned asym-
metric rotor corresponds to the predicted structure of exo-2,3-
epoxynorbornane, with discrepancies in the ranges 0.0-0.5%
(MP2), 0.2-0.7% (MO06-2X), and 0.1-0.7% (B3LYP), depending
on the theoretical method used to determine A, B, and C. The
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full list of rotational transitions observed for the parent species
is given in the Supporting Information, Table S1. The rotational
temperature of the molecules in the supersonic jet was esti-
mated to be ~0.5-1 K from the observed relative intensities in
the rotational spectrum.

2.3. Isotopic Species and Structure

Once the rotational transitions of the parent species were re-
moved, a set of weaker lines remained in the rotational spec-
trum. Later, these were assigned to u, and u,. transitions of the
BC (=~ 1.1%) and '®0 (~0.2%) monosubstituted isotopologue
species. As evidence of the C; symmetry of the molecule, the
3C species has three equivalent positions (1/4, 2/3 and 5/6),
which gave rise to a degenerate spectrum of double intensity.
Detection of the "0 species in natural abundance (~0.2%)
demonstrates the good sensitivity of the instrument at the
Universidad del Pais Vasco (UPV/EHU). A typical rotational tran-
sition is illustrated in Figure 3 for each of the isotopologues

lf.}cs:. Ci; . _||'Ec1::30'.
| UCII
N | Parent Il [
; E . [ AU\ s 1 T
) 13117 13118 13224 13225
o+ Il ;Jcr.:'-aca |'ao
3[}3‘_ 2:!2 | |
SPETTIUIRRDY | | ¢ RV G vprury L O M'\M..,_..
13275 13276 13204 13205 12857 12858
MHz MHz MHz

Figure 3. The 3,;<2,, rotational transition for the parent species and all
possible monosubstituted isotopologues of exo-2,3-epoxynorbornane. The
double intensity of *C'="3C* versus "*C’, due to the C; symmetry of the
molecule can be noticed. All the transitions show the instrumental Doppler
doublet.

observed. These minor species were analyzed with the same
procedure used for the parent species. All the measured transi-
tions are collected in the Supporting Information (Table S2),
and the corresponding rotational constants are shown in
Table 2. Some lines in the spectrum remain unassigned, but
they were not identified as belonging to exo-2,3-epoxynorbor-
nane.

The spectroscopic data of the isotopologues are consistent
with the single structure observed of exo-2,3-epoxynorbornane
and unambiguously confirm its assignment. A substitution
structure (rs) using Kraitchman’s equations and ground-state
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Figure 4. a) A comparison of the substitution and ab initio structures

(Tables 3 and 4) of exo-2,3-epoxynorbornane. The full molecular structure is
the MP2 structure. The smaller dark blue spheres are the experimental posi-
tions for the heavy atoms. b) A comparison of the substitution structure of
exo-2,3-epoxynorbornane and ab initio structure of norbornane (Tables 3
and S6). ¢) Schematic drawing in which the changes in the heavy framework
are shown from norbonane to exo-2,3-epoxynorbonane.

effective (r,) coordinates through 27 rotational constants were
determined, assuming Cs symmetry. The full heavy structure of
exo-2,3-epoxynorbornane was resolved and is presented in
Table 3. Both experimental structures are compared with the
near-equilibrium (r.) ab initio predictions of exo-2,3-epoxynor-
bornane in Table 3.

The experimental substitution and effective structures of
exo-2,3-epoxynorbornane are consistent with MP2-predicted
equilibrium structure, the largest discrepancy being lower than
1%. All the bond lengths, valence angles, and dihedral angles
are shown in Table 3 and the corresponding Cartesian coordi-
nates are given in Table 4. Cartesian coordinates of the MP2-
and DFT-calculated structures appear in the Supporting Infor-
mation (Tables S3-S5). A graphical comparison of r¢ and MP2 r,
structures is presented in Figure 4a, where it can be observed

that atom positions obtained by

Table 2. Rotational constants of the monosubstituted isotopologues of exo-2,3-epoxynorbornane.

" both methods are close.

cies.

[a] Parameter definition as in Table 1. Centrifugal distortion parameters fixed to the values of the parent spe-
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131 134 132 133 135 136 137 18

c=c c-c c-c < © 2.4. Discussion
A [MHz] 3737.28998(34) 3721.17223(10) 3735.982720(56) 3707.56531(26) 3759.643(46)
B [MHz] 2297.75833(31) 2323.10102(10) 2313.164280(52) 2304.13527(24) 2246.86791(31) Rotational spectroscopy is the
C [MHz] 2099.68175(27) 2113.750760(86) 2113.997490(45) 2125.22183(95) 2060.34521(30) perfect benchmark to validate
N 8 8 8 8 6 the theoretical electronic struc-
o [kHz] 1.1 0.36 0.19 0.87 0.96

ture methods and to evaluate
their predictive abilities. For exo-
2,3-epoxynorbornane, all the
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) ) ) group. The experimental and
Table 3. Structure of exo-2,3-epoxynorbornane in the gas phase. The experimental and theoretical structures h ical |
of norbornane are given for comparison. Bond lengths are in A and angles in degrees. theoretical structural parameters
of norbornane are shown in
exo-2,3-Epoxynorbornane Norbornane Table 3 and Figure 4b and also
[a, b,c] PR : [d] P
rg ro Ab initio r,  Experimental Ab initio r, in Figure 4c to aid the compari-
r(CLC6):r(CL 5) 1.558(11) 1.556(5) 1.550 1.536(15) 1.541 son. Cartesian Coordinates of
r(Cc—C® 1.562(3) 1.568(4) 1.565 1.573(15) 1.561
HC—CY) =r(C'—C?) 1.509(11) 1.523(6) 1522 1.536(15) 1,541 norbornane atoms calculated at
HC'—C) =H(C*—C) 1543(5) 1541(3) 1538 1.546(24) 1539 | MP2 level appear in Table 56 of
1(C*~0) =r(C*~0) 1.438(20) 1.445(5) 1.444 the Supporting Information.
1(C-C’) 1.465(4) 1.470(4) 1.471 1.573(15) 1.561 It is clear that the carbon
X(C-C*-C) = x(C*-C'-C)) 100.6(7) 100.8(3) 101.2 102.04(6) 101.5 .
X(C'-C*-C) = x(C*-C—C°) 103.1(5) 103.13) 103.2 102.71 103.1 framework is af‘zfected by tt‘e
x(C-C—c 94.8(4) 95.1(2) 952 93.41(9) 946 epoxy group; r(C°-C) and r(C
X(C-C-C) = ¥ (C-C-C) 102.3(6) 102.3(4) 101.9 102.04(6) 1015 ) =rC-CY dlstances are short-
X(C-C-C) = ¥ (C-C-Ch 105.5(5) 105.3(4) 105.3 102.71 103.1 er in exo-2,3-epoxynorbornane
X (C-0-C) 61.3(11) 61.2(3) 61.2 o o .
F(0-C-C)= X(0-C—CY 116.0(18) 115.4(4) 1160 (7% and 42 /‘; resf’ecz'vely)'
F(C-CHY) = X (C—C—H?) 121.9 .7 whereas r(C*—C°)=r(C'—C° are
7(C'-C"—C*—C°) = —7(C*~C’—-C'-C°) 123.0(10) 123.4(5) 123.9 124.2 larger (2%) and r(C-—C°) and
(C—C—C-0)= —7(C*—C'-C-0)  —452(14) —45.0(4) —452 HC*—C")=rHC'—C") are practically
7(C-C—C*-C) =1(C-C-C'—C9) —108.2(7) —108.0(4) —108.2 -108.8 . .
HC—Co—C'—C7) = —¢(C—C—C*—C7) 144.3(8) 144.6(4) 144.9 1248 nOE ai;fected. TheA r('eductlon |‘n
HC-C-CC)=r(C-CCC) —10990) 10966 —1097 ~1088 rC=C) by ~0.1A is a drastic
7((—C*—C-0)= —1(C—C'-C>-0)  —149.6(18) —149.6(5) —149.9 change, as this distance is closer
"0-C C3 C)=—7(0-C-CC)  —686(23) —69.2(5) —684 to the value of a C-O bond
7(C'—C'—C—H) = —1(C—C*—C-H) 179.9 156.4
rather than a C— nd. h re-
TC'-C c3 <) [0.0] [0.0] 00 00 ather than a C-C bond. Such re
T(C—Co—C°—CY) [0.0] [0.0] 0.0 0.0 adjustment is required to create
oF 104.1 103.8 104.0 113.1 1083 the new three-membered ring in
[a] Substitution (rs), effective (ry), and ab initio [MP2/6-311 + + G(d,p)] equilibrium (r.) structures. The rest of the exo-2,3-epoxynorbornane and
parameters were fitted to ab initio values. Bond lengths, valence angle and dihedrals are denoted r, ¥, and 7. may be caused by the need to
[b] Errors in parentheses in units of the last digit. [c] In brackets, value set to zero by Cs symmetry. [d] Experi- decrease the bond angle of the
mental structure from Ref. [12]. [e] Angle between the C'-C>~C*—C* and C'-C*~C°—C* planes. highly strained epoxy group. In

addition, the presence of an
oxygen atom removes electron

Table 4. Cartesian coordinates (A) of the exo-2,3-epoxynorbornane atoms for the different structural determi-

density from C? and C3. The dis-
tances r(C>—~C® and r(C>-0)=
r(C—0) are similar with values of
1.465(4) and 1.438(20) A, respec-
tively. The valence angles XC>—

nations.”
Atom rs ro re

a/b/c a/b/c a/b/c
< 0.249(6)/—1.135(1)/0.337(4) 0.259(2)/—1.137(1)/0.342(3) 0.263/—1.136/0.341
c —0.884(1)/—0.733(2)/—0.575(2) —0.887(1)/—0.735(1)/—0.578(1) —0.886/—0.735/—0.574
c —0.884(1)/0.733(2)/—0.575(2) -0.887(1)/0.735(2)/—0.578(3) -0.886/0.735/—0.573
c 0.249(6)/1.135(1)/0.337(4) 0.259(2)/1.137(1)/0.342(2) 0.262/1.136/0.342
c 1.532(1)/0.781(2)/—0.473(3) 1.534(1)/0.784(2)/—0.476(2) 1.533/0.782/—0.474
ce 1.532(1)/—0.781(2)/—0.473(3) 1.534(1)/—0.784(1)/—0.477(2) 1.533/—0.782/—0.474
(<4 0.251(6)/[0.0001/1.381(1) 0.260(2)/[0.0001/1.382(1) 0.253/0.000/1.378
(0] —1.958(1)/[0.000]/0.040(6) —1.959(1)/[0.000]/0.053(3) —1.964/0.000/0.047

0-C* and XC>-C-0O are ap-
proximately two degrees apart
(61.3° and 59.4°, respectively).
These parameters indicate that
the shape adopted by the epoxy
group is close to an equilateral
triangle. The angle between the

[a] Parameter definitions as in Table 3.

-c-Cc-C* and C-C-C-C*

employed methods give satisfactory results with errors lower
than 1% for the three rotational constants. MP2 provides the
best rotational constants with discrepancies in the range 0.2—-
0.4%, whereas errors in B3LYP vary between 0.0 and 0.6 % for
A, B, and C. The M06-2X functional provides the worst results,
with differences ranging between 0.5 and 0.7 %. Method per-
formance in predicting conformer relative energies cannot be
assessed for exo-2,3-epoxynorbornane, because of the absence
of observed higher energy structures.

In addition, the structure of exo-2,3-epoxynorbornane was
compared with norbonane to evaluate the effect of the epoxy

ChemPhysChem 2015, 16, 2609 - 2614 www.chemphyschem.org

X1.20

2612

planes changed as well from
113.1° (norbonane) to 104.1°
(exo0-2,3-epoxynorbornane). Additionally, H* and H* atom posi-
tions drastically differ from one molecule to the other; valence
angles X (C'-C*-H%)= X (C*-C—H% vary from 111.7° (norbo-
nane) to 121.9° (exo-2,3-epoxynorbornane) and dihedral angles
7(C—C'—C*—H?) = —7(C’—C*—C>—H?) differ from 156.4° (norbo-
nane) to 179.9° (exo-2,3-epoxynorbornane). The dihedral
angles are MP2 theoretical values, owing to the lack of p-sub-
stitution experimental data. The change in the H? and H® atom
positions can also be observed in Figure 5.

One question that arises is, whether any of the structural
changes that result from the introduction of an epoxy group

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Top view of exo-2,3-epoxynorbornane (left) and norbonane (right).
The shift in the positions of the H? and H* atoms can be noticed in exo-2,3-
epoxynorbornane.

in norbornane will affect the reactivity of the molecule. Al-
though some of the changes in bond lengths and angles
could modify the reactivity of the molecule slightly, the reactiv-
ity in both molecules is largely determined by the nature of
their functional groups; norbornane is an alkane with low reac-
tivity, whereas the presence of an epoxy group in exo-2,3-ep-
oxynorbornane makes it a highly strained and reactive mole-
cule.

Our research group has investigated several bridged bicyclic
rings, including 2-aminonorbornane,"” tropinone,"® scopo-
line,"” but, due to their lack of an epoxy group, a direct struc-
tural comparison with exo-2,3-epoxynorbornane cannot be car-
ried out. However, there is a reported study of a molecule with
an epoxy group for which the structural parameters were ob-
tained, that is 6-oxabiciclo[3.1.0lhexane (OBH);®¥ this allows
a direct comparison with the present investigation. All the
bond lengths are practically equal [ie. (C*~C’)=1.465(4) A
versus  1.463(3) A,  r(C>~0)=r(CC—0)=1.438(20)  versus
1.439(3) A, H(C'—C)=r(C—C*"=1.509(11) A versus 1.508(3) A,
and r(C'—C% =r(C*—C%)=1.558(11) A versus 1.545(4) A] for exo-
2,3-epoxynorbornane and OBH respectively. A similar result is
observed for the valence angle involving the epoxy group,
with C2-0-C*=61.3(11)° versus 61.10(17)°. We can conclude
that these are the typical structural parameters of an epoxy
group, where the bridged bicyclo rings adapt to the epoxide
and not vice versa.

3. Conclusions

To conclude, the use of rotational spectroscopy as a powerful
tool to determine molecular structures in isolation conditions
was demonstrated for exo-2,3-epoxynorbornane. By combining
data for the parent species and six minor isotopologues, the
experimental structure of the molecule has been obtained.
Comparison with the norbonane structure evidences that the
introduction of the epoxy group produces significant changes
in bond lengths and valence angles. We have also tested the
predictive performance of MP2, M06-2X, and B3LYP methods.

Experimental Section
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pulses of 1 us duration and powers below 150 mW were created
by fast (ns) PIN-diode switches acting on a 2-20 GHz centimeter-
wave (CW) microwave source. In this way, optimum /2 polariza-
tion conditions were created on the sample, which expanded in
a supersonic jet coaxially within a Fabry-Pérot microwave resona-
tor.?® The resulting transient spontaneous emission (free induction
decay) originating from the expanding molecular ensemble was
amplified at microwave frequencies and down-converted to the ra-
diofrequency region, where it was digitized and Fourier trans-
formed to yield the frequency-domain spectrum. All the transitions
are split, owing to the Doppler effect resulting from the coaxial ex-
pansion of the jet. The accuracy of the frequency measurements
was estimated to be below 3 kHz. Transitions separated by 7 kHz
are resolvable.

A commercial sample of solid exo-2,3-epoxynorbornane (97 %) was
used without further purification. The sample was placed in a met-
allic reservoir built in a customized injection nozzle and transferred
to the gas phase by heating the reservoir with a resistive wire
(~185°C). The vaporized sample was carried to the spectrometer
chamber by flowing Ne (99.997 %) through the reservoir with stag-
nation pressures of ~ 3 bar.

The experimental work was guided and supported by theoretical
calculations. We performed ab initio (MP2) and density functional
theory (DFT: B3LYP and M06-2X)®-*' quantum chemical calcula-
tions. The most spectroscopically relevant features of the potential
energy surface were predicted: equilibrium energies, rotational
constants, and dipole moments. Standard Pople’s triple-C 6-311+
+G(d,p) basis functions were employed in all the methods, as im-
plemented in the Gaussian 09 software package.”” The electronic
energies were corrected for zero-point vibrational effects calculat-
ed within the harmonic approximation. From the experimental ro-
tational constants and the obtained structure of the system we
could test the predictive performance of the ab initio and DFT
methods.
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The potential energy surface (PES) of the general anesthetic fluoroxene (2,2,2-trifluoroethyl vinyl ether)
was probed in a supersonic jet expansion using broadband chirped-pulse Fourier transform microwave
(CP-FTMW) spectroscopy and theoretical calculations. The PES is dominated by a single conformation,
as other stable minima are shown to kinetically relax in the expansion to the global minimum. Consistently,
the rotational spectrum reveals a single conformation. Fluoroxene adopts a Cs heavy-atom planar skeleton
structure in the gas phase, with a cis—trans conformation (cis for the CH,—CH-O-CH,— and trans for
the =—CH-O-CH,—-CF3 part). The sensitivity of a recently-built CP-FTMW spectrometer at the UPV/EHU
is demonstrated by the detection of five isotopologues of fluoroxene in natural abundance, corres-
ponding to the **C and 80O monosubstituted species. The rs and rq structures were determined and are
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Introduction

General anesthetics play a key role in modern medicine and are
widely used inhalationally and intravenously in surgical opera-
tions nowadays. Despite the common use of these drugs, the
details of their mechanism of action are still subject to debate.
This controversy is fueled by the large variety of substances that
can work as anesthetics, having different shapes, sizes and a
large diversity of functional groups in their structures (i.e. di- or
triatomic gases, ethers, alcohols, haloalkanes, etc.). Some of
these general anesthetics (such as propofol) seem to work
through an interaction with ligand-gated ion channels which
would inhibit neuronal synapses."” However, this cannot be
extended to all general anesthetics and further studies about
their mechanism of action are needed. Understanding the
structure and conformation of anesthetics as well as their
preferences for specific intermolecular interactions may provide
insight into the modeling of binding sites and docking mechanisms
at the protein active sites.

“ Departamento de Quimica Fisica, Facultad de Ciencia y Tecnologia, Universidad
del Pais Vasco (UPV/EHU), Campus de Leioa, Ap. 644, E-48080, Bilbao, Spain.
E-mail: emiliojose.cocinero@ehu.es; Web: http://www.grupodeespectroscopia.es/
MW; Tel: +34 94 601 2529

b Department of Chemistry, University of Bologna, Via Selmi 2, I-40126, Bologna,
Italy

¢ Departamento de Quimica Fisica y Quimica Inorganica, Facultad de Ciencias,
Universidad de Valladolid, E-47011, Valladolid, Spain

i Electronic supplementary information (ESI) available. See DOI: 10.1039/

c5¢cp06522d

3966 | Phys. Chem. Chem. Phys., 2016, 18, 3966-3974

in good agreement with theoretical predictions using the MP2, B3LYP and M06-2X methods.

In this sense, the gas phase provides a unique scenario to
allow the investigation of the intrinsic molecular properties of
anesthetics and their intermolecular binding forces. The lack of
interferences from solvent interactions or crystal packing
effects makes it possible to study the molecule under isolated
conditions and gives access to its conformation and structure
in the absence of ‘“external” interactions. Moreover, the use
of supersonic expansions allows one to isolate weakly-bound
intermolecular complexes and, thus, study intermolecular inter-
actions that govern the binding preferences of anesthetics.

Several spectroscopic techniques have been applied in the
gas phase to the structural study of general anesthetics. Mass-
resolved laser electronic spectroscopy has been used for the
study of species such as propofol®> and benzocaine,* for which
several intermolecular complexes and clusters have been analyzed
in supersonic expansions.™® This kind of electronic spectroscopy
technique allows one to study moderate-large size molecular
systems in the gas phase (peptides,”*° carbohydrates,"*** nucleo-
base pairs,””™"” etc.) but they require in most cases a chromophore
and the conformational assignment is not always unambiguous.

On the other hand, microwave spectroscopy provides the
most accurate structural description of molecular systems of
small-medium size in the gas phase. Their inherent resolution
(sub-Doppler) allows one to unambiguously identify conformers,'®
tautomers," isotopologues® and enantiomers®' as independent
species. In addition, the validity of theoretical quantum chemistry
methods can be evaluated. The conformational landscape of
these molecules and their related intermolecular complexes can
be extensively investigated, since the different conformations
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can be clearly distinguished in the rotational spectrum. In the
last few decades, most microwave spectrometers have been
based on the original design by Balle and Flygare (Fourier
transform microwave, FTMW).>* For example, the structural prop-
erties of the anesthetics sevoflurane® and isoflurane®* were inves-
tigated in such spectrometers. The isoflurane-water complex> was
also studied using FTMW spectroscopy in order to assess the effect
of microsolvation on the conformational landscape of the anes-
thetic. In 2005, Pate introduced a new design for a microwave
spectrometer based on chirped pulse (CP) microwave excitation
(CP-FTMW).?® This design overcomes the problem of the narrow
bandwidth of conventional FTMW spectrometers and reduces
significantly the spectral acquisition time. Thanks to this new
instrument, the anesthetic propofol,*” the sevoflurane dimer®® and
the sevoflurane-benzene complex* could be studied in a super-
sonic expansion; the latter study provides some insights into the
molecular recognition properties of this anesthetic.
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Scheme 1 Structure and atom numbering for the fluoroxene molecule.

cis-trans
(0.0)

trans-gauche
(7.5)

PCCP

Fluoroxene (2,2,2-trifluoroethyl vinyl ether, Scheme 1) exhi-
bits general anesthetic properties and was used as an inhala-
tional anesthetic. In the 1970s, it was removed from the market
because of its flammability and toxicity. No further studies were
performed to elucidate its mechanism of action, which remains
unclear. In 1974, an infrared spectroscopic analysis in the vapor
state®® indicated that the skeleton of the molecule adopts a
planar conformation although it was not possible to determine
the specific configuration of the vinyl (CH,~—CH-O-CH,-) and
the trifluoroethoxy (—CH-O-CH,-CF;) groups (Fig. 1). A low
resolution microwave (LRMW) rotational study in 1975
suggested a vinyl cis-trifluoroethoxy trans (cis-trans) planar
conformation for fluoroxene in the gas phase, discarding any
vinyl trans structure. An analysis of the Q branch band head
of several u, transitions in the LRMW spectrum®” was later
found to be consistent with vinyl cis conformations but was
unable to provide information about the trans or gauche
conformations for the trifluoroethoxy group. None of these
studies were conclusive so the conformation of fluoroxene has
remained unclear so far.

The aim of the present work is to carry out an exhaustive
exploration of the potential energy surface (PES) of fluoroxene
and to unambiguously determine its conformation and struc-
ture in the gas phase by means of high resolution rotational
spectroscopy in a supersonic expansion. The combination of
both techniques allows the study of the isolated molecule and
the assessment of its intrinsic conformational and structural
preferences.
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Fig. 1 Lowest-lying conformers of fluoroxene within an energy window in the 0-20 kJ mol™* range (with relative energies (MP2/6-311++G(d,p)/ZPE
corrected) in kJ mol™! shown in brackets), front and side views are displayed. The conformers are named as follows: conformation vinyl-conformation

trifluoroethoxy.
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Experimental and
computational methods

The rotational spectrum of fluoroxene was measured in a
recently built CP-FTMW spectrometer at the University of the
Basque Country (UPV/EHU). This instrument is based on Pate’s
original design®® and allows the acquisition of the rotational
spectra in the 6.0-18 GHz frequency range in a single molecular
pulse. Briefly, a 1 ps chirped pulse was generated in an arbitrary
waveform generator, covering 11 GHz. This broadband pulse
was frequency-upconverted with a broadband mixer and ampli-
fied in a travelling wave tube amplifier (250 W). It was later
broadcast inside a high vacuum chamber (evacuable down to
10~° mbar) by using a horn antenna. The excitation induces
polarization, resulting in a spontaneous molecular emission
signal. This emission was collected with the aid of a second
horn antenna and sent to a digital oscilloscope with a 20 GHz
bandwidth. For each chirped pulse, a 20 ps time domain signal
was recorded in the scope. In the current set-up, 10 chirped
pulses were used in each molecular pulse.

A commercial sample of fluoroxene (97%) was used without
any further purification. The anesthetic is a very volatile liquid
(vapour pressure of 381 mbar at 20 °C) with a low boiling point
(43 °C). The sample was prepared as a gas mixture of about 0.5% of
fluoroxene in Ne: He (80:20) and was expanded into the spectro-
meter vacuum chamber at a stagnation pressure of ~2 bar.

Theoretical calculations supplemented the experimental
work. First, a conformational search was accomplished using
a fast molecular mechanics method (Merck Molecular Force
Field: MMFFs**). Advanced Monte Carlo and large-scale low-
mode conformational search algorithms were used to scan the
conformational landscape of fluoroxene. Then, all structures
within the 0-20 kJ mol " energy window were fully reoptimized
using quantum chemical calculations. We compared the pre-
dictive capabilities of several molecular orbital methods, in
particular ab initio (MP2) and density functional theory (B3LYP
and M06-2X) models. In all cases a Pople’s triple-{ 6-311++G(d,p)

Paper

basis set was used, as implemented in the Gaussian 09 software
package.* Relative energies, rotational and centrifugal distortion
constants and dipole moments of the lowest lying conformers
were predicted. In addition, the PES was evaluated with a grid of
169 calculations at MP2/6-311++G(d,p), varying the torsion angles
C,-C,-03-C, and C,-03;-C,-Cs with a 15° step. Finally, we also
estimated the isomerization barriers between different confor-
mers at intervals of 10° at MP2/6-311++G(d,p).

Results

Theoretical calculations

The MP2, M06-2X and B3LYP methods predict that the con-
formational landscape of fluoroxene in the 0-20 k] mol " range
exhibits the four minima of Fig. 1. A bidimensional PES was
created using the torsion angles C,-C,-03;-C, and C,-03;-C,4—Cs,
which were scanned every 15 degrees. All calculations agree that
the Cg-symmetry cis-trans conformer is by far the most stable
one and it is presumed to dominate the experimental rotational
spectrum. The cis-gauche conformation suggested in previous
works is predicted at an electronic energy of 7.3 k] mol™" (MP2).
The trans-gauche and trans—trans structures are predicted at
electronic energies of 7.5-9.6 k] mol~' (MP2). The dihedral
angles of the three higher energy conformers show some distortion
from the tetrahedral structure due to the fluorine atoms. The
most relevant predicted spectroscopic parameters of the four
conformers are shown in Table 1.

Rotational spectrum

An overview of the experimental spectrum of fluoroxene in the
6.0-18 GHz region is presented in Fig. 2 alongside the MP2
predicted spectra of the lowest-lying conformers. The experi-
mental spectrum is the average of 1675600 accumulated
spectra after an acquisition time of nearly 48 hours. The
spectrum is very congested, consisting of nearly 2200 lines with
a signal-to-noise ratio (SNR) > 3/1. Visual inspection suggests

Table 1 Predicted rotational constants, dipole moment components and relative energies of the four lowest-lying conformers of fluoroxene at MP2,
MO06-2X and B3LYP respectively. In all cases the standard Pople’s triple-{ 6-311++Gl(d,p) basis set was used

Conformer cis-trans

Conformer cis-gauche

Conformer trans-gauche Conformer trans-trans

A°/MHz 4393.5/4455.3/4403.1 3756.0/3781.0/3762.1
B/MHz 1121.3/1122.7/1098.9 1398.7/1414.6/1356.1
C/MHz 1067.5/1070.7/1048.9 1278.6/1292.6/1246.8
Dy/kHz 0.067/0.069/0.068 0.27/0.23/0.35
Dy/kHz 1.1/1.3/1.3 0.49/0.60/0.64
Dy/kHz —0.25/—0.37/-0.33 0.44/0.27/0.56

d,/Hz —3.8/—3.4/-3.8 —37.1/-27.5/-55.1
d,/Hz 3.7/4.9/3.6 3.9/3.2/5.7

P./amu A? 46.2/45.8/46.4 50.3/50.0/50.8

| ta] /D 2.2/2.3/2.2 1.4/1.5/1.5

|| /D 1.4/1.4/1.4 0.0/0.1/0.1

| e|/D 0.0/0.0/0.0 1.5/1.6/1.6

| ot | /D 2.6/2.7/2.6 2.1/2.2/2.2

AE + ZPE/k] mol ! 0.0/0.0/0.0 7.3/6.9/7.0

AGY/K] mol ™ 0.0/0.0/0.0 8.0/9.0/7.0

4178.4/4275.1/4301.9
1226.0/1220.6/1159.0
1189.4/1186.3/1133.9
0.55/0.55/0.45
—1.4/-1.6/-1.1
6.5/7.3/6.6
—74.3/—66.2/—49.8
—0.20/—0.66/0.27
54.1/53.1/53.9
0.7/0.7/0.8
1.0/1.0/0.9
1.7/1.7/1.8
2.1/2.1/2.9
7.5/8.1/4.6
5.9/7.6/2.9

4919.7/4961.1/4891.8
1011.0/1016.4/1000.0
994.0/997.8/982.5
0.052/0.066/0.060
2.0/2.0/2.6
—0.80/—0.96/—1.5
—0.50/0.65/0.54
0.96/5.7/1.5
47.1/46.3/47.2
1.8/1.8/1.7
2.1/2.3/2.2
0.9/0,7/0.7
2.9/3.0/2.9
9.6/11.3/6.4
7.2/7.6/3.4

“ Rotational constants (4, B and C). ? Electric dipole moment components (|u,|, @ = a, b and c) referred to the principal inertial axis and total
electric dipole moment; 1 D ~ 3.336 x 10~>° C m. ¢ Electronic energy with the inclusion of zero-point correction. ¢ Gibbs free-energy at 298 K.
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Fig. 2 Experimental rotational spectrum of fluoroxene and predicted MP2 spectra for the four lowest-lying conformers.

that it is dominated by the most stable cis-trans species. A total
of 190 rotational transitions were fitted to a semirigid asym-
metric rotor Hamiltonian in the Watson S-reduction.®® The
most intense transition (Jx  x,, = 41,3 < 31,2) had a SNR ~
13 000/1. A preliminary assignment with a set of 26 *R transi-
tions yielded precise values of the B and C rotational con-
stants. A subsequent assignment of 43 u;, transitions allowed
the A rotational constant to be fitted. This permitted the
assignment of further transitions, including °R, ?Q, PR, bQ
and PP branch lines. The determined rotational and centri-
fugal distortion constants are summarized in Table 2 along-
side the LRMW constants.®> A comparison between theory
(Table 1) and experiment (Table 2) seems to indicate that the
observed species is the cis-trans conformation of fluoro-
xene. Table 2 also displays the values of the rotational con-
stants estimated in the LRMW study by Dennison et al.**> with
discrepancies >10 MHz for the three rotational constants. The
present study clearly improves the accuracy of the previous

Table 2 Experimental rotational parameters of the most abundant con-
formation of fluoroxene and a comparison with previous studies

This work Dennison et al.**
A“/MHz 4431.82253(27)? 4421.2(43)
B/MHz 1116.736849(75) 1128.3(196)
C/MHz 1065.058889(76) 1053.7(196)
Dy%/kHz 0.06793(21)
Dy/kHz 1.0772(13)
Dy/kHz —0.1356(40)
d,/Hz —3.612(46)
d,/Hz 3.028(14)
P./amu A? 46.037925(36)
N¢ 190
o/kHz 5.8

“ Rotational constants (4, B and C). ” Watson’s S-reduction quartic
(Dy, Dy, Dx, di and d,) centrifugal distortion constants and planar
moment (P.). “ Number of transitions (N) and rms deviation of the fit
(o). ¢ standard errors in parentheses in units of the last digit.
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results. Relative errors are in the 0.5-0.9%, 0.4-1.6% and
0.2-1.5% ranges for A, B and C respectively depending on
the theoretical method. The predicted rotational constants
correspond to the equilibrium structure. The largest errors
concern the B3LYP calculations, while M06-2X provides the
most accurate data. The full list of rotational transitions
observed for the parent species is given in the ESIf in
Table S1. A comparison between the original spectrum and
the result of removing the lines assigned to the parent species
of fluoroxene is depicted in Fig. 3, showing that the spectrum
is clearly dominated by the cis-trans conformer. However, the
magnified spectrum presented in Fig. 3 shows that a large
number of weaker lines (ca. 15 times weaker than the most
intense transition of the cis-trans conformer) still remain
unassigned.

Isotopic species and structure

Once the transitions assigned to the parent species were
discarded, a set of approximately 2000 weaker lines (with a
SNR > 3/1) remained in the spectrum. Among these, a total of
354 transitions were assigned to the "*C (natural abundance ~
1.1%) and '®0 (~0.2%) monosubstituted isotopologues of
fluoroxene. Several p, and p, transitions of the four singly
substituted '*C species and the 'O species could be fitted
following the same procedure as in the parent species. Fig. 4
displays the region of the spectrum with the assignment of the
40,4 < 30, transition for the five monosubstituted species. All
the transitions assigned to the isotopologues of fluoroxene are
shown in the ESIT in Tables S2-S6, and their rotational con-
stants are summarized in Table 3. The isotopic data unambigu-
ously confirm the Cs conformation of the molecule, with all
carbons and the oxygen skeleton being contained in the Cs
plane as observed in the constant value of the planar moment
P, in Table 3, giving mass extension out of the ¢ axis. It may be
noted that the A rotational constant of one of the isotopologues

Phys. Chem. Chem. Phys., 2016, 18, 3966-3974 | 3969
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(**Cs) is slightly larger than that of the parent species due to the
proximity of this atom to the a principal axis and vibrational
effects. A substitution structure (rs) (arising from Kraitchman’s
equations)®® and ground-state effective (r,) coordinates were

3970 | Phys. Chem. Chem. Phys., 2016, 18, 3966-3974

calculated from the rotational constants in Tables 2 and 3,
assuming Cs symmetry. Both structures are compared to
the near-equilibrium (r.) ab initio predictions of fluoroxene
in Table 4 (atomic coordinates in Table S7, ESIf). A
visual comparison between the predicted (r., MP2) and the
different meanings of the rs (closer to the equilibrium values)
and r, (vibrational ground state) experimental structures is
depicted in Fig. 6. Fig. S1-S6 (ESI{, which provide a 3D
interactive view) display the correspondence between the rg
and r, structures and the MP2, M06-2X and B3LYP predic-
tions, although we are aware that these quantities must be
compared with caution.

After removal of the lines assigned to the isotopologues of
fluoroxene, a total of 1650 peaks with a SNR > 3/1 remain
unassigned in the spectrum. Attempts to assign these lines to
the higher-energy conformers of fluoroxene proved unsuccess-
ful. Several molecular species may be the cause of this spec-
trum, among them are the fluoroxene dimer, fluoroxene-water
complexes,’” van der Waals complexes with the carrier gas®® or
decomposition products. Another aspect that should not be
overlooked is that the commercial sample contains 3% of
impurities. As we were able to detect transitions due to the
80 species (~0.2%), many observed lines will presumably
arise from sample impurities.
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Table 3 Experimental rotational parameters of five isotopologues of fluoroxene detected in natural abundance

PCCP

13C1 13C2 13(:4 13(:5 1803
A“/MHz 4412.97690(32)° 4423.94792(28) 4421.63911(18) 4432.01619(30) 4399.56060(57)
B/MHz 1092.87428(10) 1101.629349(73) 1116.491526(68) 1113.907802(83) 1110.37107(12)
C/MHz 1042.28334(10) 1050.865804(59) 1064.253774(64) 1062.474364(90) 1057.42050(12)
P./amu A 46.037680(49) 46.038125(32) 46.039474(30) 46.032982(41) 46.039439(59)
83 81 67 72 51
o/kHz 5.8 5.1 3.3 4.8 5.4

¢ Rotational constants (4, B and C) and planar moment (P.). Centrifugal distortion constants of the minor isotopologues are fixed to the values of
the parent species. ” Number of transitions (N) and rms deviation of the fit (). © Standard errors in parentheses in the units of the last digit.

Table 4 Substitution (rs), effective (rg) and calculated (ro) structures of
fluoroxene in the gas phase

Is To re (MP2)

1(C—Cy)/A 1.335(5)*  1.343(5) 1.343
1(C,-03)/A 1.365(3) 1.364(4) 1.362
105-Cy)/A 1.432(8) 1.419(5) 1.407
1(C4=Cs)/A 1.482(7) 1.508(7) 1.512
{(Cs-Fe)/A 1.343(12)  1.347
1(Cs-F5) = r{C5-Fg)/A 1.334(3) 1.339
£ (C1-C,-03)/deg 127.6(4) 127.2(3) 127.5
£ (Cy-03-C,)/deg 117.1(5) 116.0(3) 115.0
£ (03-C,4-C;)/deg 105.1(4) 106.8(4) 107.4
£ (C4~C5-Fe)/deg 108.8(5) 109.0
/ (Fe-C5-F;) = £ (Fs-C5-Fg)/deg 107.4(4) 107.8
71 = 1(C,-C,-03-C,)/deg [180.0]7 [180.0] 180.0
75 = 1(C,-03-C4~Cs)/deg [0.0] [0.0] 0.0

“ Errors in parentheses in units of the last digit. ” Values in brackets
were fixed in the fitting.

Discussion

The combination of rotational data and theoretical calculations
fully specified the molecular properties of the general anesthetic
fluoroxene. A single dominant conformation was observed in the
rotational spectrum, with no evidence of higher-energy confor-
mers. We observed that under isolated conditions fluoroxene
adopts a cis-trans planar conformation of Cg symmetry. This result
is consistent with the conclusions of the infrared study by Charles
et al*® which predicted a planar conformation and the low
resolution microwave study by True and Bohn,** who proposed a
cis-trans conformation. The present rotational study discards the
observation of any cis-gauche conformation suggested previously.*>

The structural observations can be rationalized based on the
PES of Fig. 5. Molecular populations in a jet expansion are
determined by the global topology of the PES, with the potential
barriers between conformations determining whether collisional
relaxation is effective in the expansion or individual minima are
trapped within their potential wells. In the fluoroxene PES four
minima are apparent. However, the most stable cis-trans
nd cis-gauche conformations are connected by tiny potential
barriers (3.9 k] mol ', panel A in Fig. 5), thus transferring the
population to the global minimum. Similarly, the two trans-
gauche and trans-trans species again plausibly converge in a
single conformation because of the low interconversion barrier
(2.5 kJ] mol ', panel D in Fig. 5). However, conformational
relaxation by a torsion of the vinyl group like trans-trans to
cis—trans or trans-gauche to cis-gauche exhibits larger barriers
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(11.1-11.5 in panels B and C of Fig. 5). Previous information on
collisional relaxation in jet expansions suggested that barriers
between 5 to 12 k] mol ' may prevent conformational isomer-
ization, depending on the complexity and degrees of freedom of
the PES. In consequence, and from the potential energy barriers
to conformational interconversion, we can state that cis-gauche
relaxes to cis-trans and trans-trans relaxes to trans-gauche upon
supersonic expansion. A second fluoroxene conformation could
be expected, a trans-gauche conformer, but would be very
depopulated. However, its small abundance and its small p,
value make it difficult to detect its spectrum.®®

The planarity of the cis-trans molecular skeleton can be
explained in terms of a possible conjugation between the
oxygen lone pairs and the vinyl group. This resonance effect
is strongly favored in a planar conformation, like the one
observed in our experiment. Such planarity was observed in
other vinyl ethers such as methyl vinyl ether and was attributed
to the same conjugation phenomenon.’®*" Although the cis
conformation of the vinyl group in fluoroxene may show larger
steric hindrance than the t¢rans, it is also the preferred form in
several vinyl ethers such as methyl vinyl ether**™** or ethyl vinyl
ether.”>*! This effect was attributed to the smaller electrostatic
repulsion between the lone pair electrons of the oxygen and the
7 electrons of the double bond in the cis configuration.*®

Besides fluoroxene, other halogenated ethers that also dis-
play general anesthetic properties were investigated in the gas
phase by rotational spectroscopy. Only one conformer was
detected for sevoflurane, whereas two conformers were observed
for isoflurane in the gas phase.

The absence of internal rotation hyperfine effects in the
spectrum of fluoroxene can be explained due to the large moment
of inertia of the CF; internal rotor, for which the predicted internal
rotation barrier is 19 k] mol " at the MP2/6-311++G(d,p) level.

Furthermore, accurate values of the rotational and centri-
fugal distortion constants, together with the molecular struc-
ture, were determined in the present study for the first time, by
analyzing the data of the parent species and five isotopologues
in natural abundance. Assignments and measurements of the
rotational spectra of the 5 isotopologues of fluoroxene arising
from "*C and "®0 substitution in natural abundance with good
SNR proves the sensitivity of the CP-FTMW spectrometer. The
determined substitution (rg) and effective (r,) structures of the
molecular skeleton of fluoroxene, despite not being directly
comparable with the equilibrium theoretical predictions, are
in excellent agreement with the MP2 calculation, with the

Phys. Chem. Chem. Phys., 2016, 18, 3966-3974 | 3971
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Fig. 5 The ab initio (MP2/6-311++Gl(d,p)) PES of fluoroxene shows two wells and four distinct local minima. The independent variables correspond to
the torsion angles C;—C,—03—-C,4 and C,—03—C4—Cs defined in Scheme 1 (energies in kJ mol™, angles in degrees).

(@] discrepancies ranging between 0.0 and 2.2%. There are only
two parameters with relative errors greater than 2%: the C,—Cs
distance (2.0%) and the 0O3;-C,-Cs angle (2.2%) (MP2 predic-

o tions compared to rs). These two parameters involve atoms
(@) (in particular, C, and Cs) lying close to one of the principal axes,
which explains the larger uncertainties for these values.

) ) Finally, the present structural study serves as a basis for
Flg.'G' 4 Experimental structures (rs and ro) of fluoroxene compared to the future microsolvation and molecular recognition investigations
ab initio structure (MP2/6-311++G(d,p) level). The larger spheres (trans-
parent and/or solid) are the theoretical positions, while the smaller solid about intermolecular complexes with the aim of shedding light
spheres represent the experimental structures. on the structure-activity relationship of these kinds of drugs.

r
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3972 | Phys. Chem. Chem. Phys., 2016, 18, 3966-3974 This journal is © the Owner Societies 2016

X1.31



Paper

Acknowledgements

The authors wish to thank the MICINN and MINECO (CTQ-2014-
54464-R, CTQ-2012-39132), the Basque Government (IT520-10)
and the UPV/EHU (UFI11/23) for funds. E. ]J. C. and 1. U.
acknowledges a “Ramon y Cajal” contract and FPU grant from
the MICINN. Computational resources of SGIker and laser
facilities at the UPV/EHU were used in this work (SGIker). L. S.
thanks the University of Bologna for a scholarship to visit the
UPV/EHU.

References

1 N. P. Franks and W. R. Lieb, Nature, 1994, 367, 607-614.

2 P.-L. Chau, Br. J. Pharmacol., 2010, 161, 288-307.

3 1. Leon, E. J. Cocinero, J. Millan, A. M. Rijs, S. Jaeqx,
A. Lesarri, F. Castafio and ]J. A. Fernandez, Phys. Chem.
Chem. Phys., 2012, 14, 4398-44009.

4 E. Aguado, A. Longarte, E. Alejandro, J. A. Fernandez and
F. Castaflo, J. Phys. Chem. A, 2006, 110, 6010-6015.

5 1. Lebon, J. Millan, E. ]J. Cocinero, A. Lesarri and
J. A. Fernandez, Angew. Chem., Int. Ed., 2013, 52, 7772-7775.

6 E. Aguado, 1. Leon, J. Millan, E. J. Cocinero, S. Jaeqx,
A. M. Rijs, A. Lesarri and J. A. Fernandez, J. Phys. Chem. B,
2013, 117, 13472-13480.

7 E. Gloaguen, B. de Courcy, J.-P. Piquemal, ]. Pilmé,
O. Parisel, R. Pollet, H. S. Biswal, F. Piuzzi, B. Tardivel,
M. Broquier and M. Mons, J. Am. Chem. Soc., 2010, 132,
11860-11863.

8 J. A. Stearns, O. V. Boyarkin and T. H. Rizzo, J. Am. Chem.
Soc., 2007, 129, 13820-13821.

9 E.]. Cocinero, E. Stanca-Kaposta, D. P. Gamblin, B. G. Davis
and J. P. Simons, J. Am. Chem. Soc., 2009, 131, 1282-1287.

10 I. Compagnon, J. Oomens, G. Meijer and G. von Helden,
J. Am. Chem. Soc., 2006, 128, 3592-3597.

11 E. J. Cocinero, E. C. Stanca-Kaposta, E. M. Scanlan, D. P.
Gamblin, B. G. Davis and J. P. Simons, Chem. — Eur. J., 2008,
14, 8947-8955.

12 E. J. Cocinero, P. Carcabal, T. D. Vaden, J. P. Simons and
B. G. Davis, Nature, 2011, 469, 76-79.

13 E.]J. Cocinero, D. P. Gamblin, B. G. Davis and J. P. Simons,
J. Am. Chem. Soc., 2009, 131, 11117-11123.

14 E. ]J. Cocinero, E. C. Stanca-Kaposta, M. Dethlefsen, B. Liu,
D. Gamblin, B. Davis and J. Simons, Chem. — Eur. J., 2009,
15, 13427-13434.

15 D. Sivanesan, I. Sumathi and W. J. Welsh, Chem. Phys. Lett.,
2003, 367, 351-360.

16 E. Nir, C. Janzen, P. Imhof, K. Kleinermanns and M. S. de
Vries, Phys. Chem. Chem. Phys., 2002, 4, 732-739.

17 E. Nir, K. Kleinermanns and M. S. de Vries, Nature, 2000,
408, 949-951.

18 E. J. Cocinero, A. Lesarri, P. Ecija, F. ]J. Basterretxea, J.-U.
Grabow, J. A. Fernandez and F. Castaiio, Angew. Chem.,
Int. Ed., 2012, 51, 3119-3124.

19 J. L. Alonso, V. Vaquero, L. Pefia, J. C. Lopez, S. Mata and
W. Caminati, Angew. Chem., Int. Ed., 2013, 52, 2331-2334.

This journal is © the Owner Societies 2016

X1.32

20

21

22

23

24

25

26

27

28

29

30

31

32

33
34

35

36

PCCP

D. Banser, M. Schnell, ]J.-U. Grabow, E. ]J. Cocinero,
A. Lesarri and J. L. Alonso, Angew. Chem., Int. Ed., 2005,
44, 6311-6315.

D. Patterson, M. Schell and J. M. Doyle, Nature, 2013, 497,
475-477.

T. J. Balle and W. H. Flygare, Rev. Sci. Instrum., 1981, 52,
33-45.

A. Lesarri, A. Vega-Toribio, R. D. Suenram, D. J. Brugh and
J.-U. Grabow, Phys. Chem. Chem. Phys., 2010, 12, 9624-9631.
A. Lesarri, A. Vega-Toribio, R. D. Suenram, D. J. Brugh,
D. Nori-Shargh, J. E. Boggs and ].-U. Grabow, Phys. Chem.
Chem. Phys., 2011, 13, 6610-6618.

Q. Gou, G. Feng, L. Evangelisti, M. Vallejo-Lopez, L. Spada,
A. Lesarri, E. J. Cocinero and W. Caminati, Chem. - Eur. J.,
2014, 20, 1980-1984.

G. G. Brown, B. C. Dian, K. O. Douglass, S. M. Geyer, S. T.
Shipman and B. H. Pate, Rev. Sci. Instrum., 2008, 79, 053103.
A. Lesarri, S. T. Shipman, J. L. Neill, G. G. Brown, R. D.
Suenram, L. Kang, W. Caminati and B. H. Pate, J. Am. Chem.
Soc., 2010, 132, 13417-13424.

N. A. Seifert, C. Pérez, J. L. Neill, B. H. Pate, M. Vallejo-
Lopez, A. Lesarri, E. J. Cocinero and F. Castano, Phys. Chem.
Chem. Phys., 2015, 17, 18282-18287.

N. A. Seifert, D. P. Zaleski, C. Pérez, ]J. L. Neill, B. H. Pate,
M. Vallejo-Lopez, A. Lesarri, E. J. Cocinero, F. Castaio and
I. Kleiner, Angew. Chem., Int. Ed., 2014, 53, 3210-3213.

S. W. Charles, F. C. Cullen and N. L. Owen, J. Chem. Soc.,
Faraday Trans. 2, 1974, 70, 483-491.

N. S. True and R. K. Bohn, J. Chem. Phys., 1975, 62,
3951-3954.

F. T. Dennison, C. W. Gillies and S. J. Borchert, J. Chem.
Phys., 1981, 75, 3238-3251.

T. A. Halgren, J. Comput. Chem., 1999, 20, 730-748.

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

J. K. Watson, in Vibrational Spectra and Structure, ed.
J. R. Durig, Elsevier, Amsterdam, 1977, vol. 6, pp. 1-89.

H. D. Rudolph, in Advances in Molecular Structure Research,
ed. M. Hargittai and I. Hargittai, JAI Press, Greenwich-
Connecticut, 1995, vol. 1, pp. 63-114.

Phys. Chem. Chem. Phys., 2016, 18, 3966-3974 | 3973



PCCP

37 C. Pérez, M. T. Muckle, D. P. Zaleski, N. A. Seifert,
B. Temelso, G. C. Shields, Z. Kisiel and B. H. Pate, Science,
2012, 336, 897-901.

38 A. Dell’Erba, S. Melandri, A. Millemaggi, W. Caminati and
P. G. Favero, J. Chem. Phys., 2000, 112, 2204-2209.

39 T. Emilsson, T. C. Germann and H. S. Gutowsky, J. Chem.
Phys., 1992, 96, 8830-88309.

40 N. L. Owen and N. Sheppard, Trans. Faraday Soc., 1964, 60,
634-645.

3974 | Phys. Chem. Chem. Phys., 2016, 18, 3966-3974

Paper

41 J. R. Durig and D. A. C. Compton, J. Chem. Phys., 1978, 69,
2028-2035.

42 A. C. Fantoni, W. Caminati and R. Meyer, J. Chem. Phys.,
1987, 86, 1848-1857.

43 M. Hayashi and N. Inada, J. Mol. Spectrosc., 1994, 165, 195-204.

44 N. L. Owen and G. O. Sorensen, J. Phys. Chem., 1979, 83,
1483-1488.

45 ]. Liu, S. Niwayama, Y. You and K. N. Houk, J. Org. Chem.,
1998, 63, 1064-1073.

This journal is © the Owner Societies 2016

XI1.33





bgpurhei
Rectángulo


Methyl B-D-ribofuranoside

X135





bgpurhei
Rectángulo


ChemComm

COMMUNICATION

ROYAL SOCIETY

OF CHEMISTRY

CrossMark

€ click for updates

Cite this: Chem. Commun., 2016,
52, 6241

Received 5th February 2016,

Accepted 1st April 2016 Emilio J. Cocinero*?

DOI: 10.1039/c6cc01180b

www.rsc.org/chemcomm

The investigation of an isolated ribofuranose unit in the gas phase
reveals the intrinsic conformational landscape of the biologically
active sugar form. We report the rotational spectra of two conformers
of methyl p-p-ribofuranoside in a supersonic jet expansion. Both
conformers adopt a near twisted T, ring conformation with the
methoxy and hydroxymethyl substituents involved in various intra-
molecular hydrogen bonds.

Sugars are flexible polymorphic species, exhibiting complex con-
stitutional, configurational and conformational isomerism. The
intramolecular reaction between carbonyl (typically reducing
terminus) and hydroxyl groups gives rise to cyclic hemiacetal/
ketals, particularly stable for five- or six-membered ring forms
(furanose or pyranose, respectively, Scheme 1). Large amplitude
motions, like ring puckering, inversion or pseudorotation, com-
bine with the internal rotation of the hydroxyl groups to produce a
rich conformational landscape, even in the most elementary mono-
saccharide units. A recent microwave spectroscopy study on ribose
proved that this aldopentose is a pyranose (1) in the gas-phase, with
six coexisting low-energy (AE < 6 k] mol™ ") conformers differing in
ring conformation ('C; or *C;) and epimerization (a/B)." Other
rotational”® and vibrational® studies of five- or six-carbon monosac-
charides also confirmed the pyranose preference of free molecules,
which had also been previously observed in the crystal*® and liquid
phases.® However, the preferred ribopyranose form starkly contrasts
with the biological use of five-membered B-ribofuranose rings (2).
Ribofuranoside rings play different biochemical functions. In
most species they appear as informational molecules and catalysts
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Furanosic forms of sugars: conformational
equilibrium of methyl pB-p-ribofuranosider

Patricia Ecija,® Iciar Uriarte,? Lorenzo Spada,®® Benjamin G. Davis,”
Walther Caminati,® Francisco J. Basterretxea,® Alberto Lesarri*® and
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Scheme 1 The pyranose (1) and furanose (2) constitutional isomers of
ribose, together with methyl-B-p-ribofuranoside (3), in Haworth projection.

(RNA), as substrates (ATP or sugar-diphospho-nucleosides), or as
cofactors (NAD(P) or NAD(P)H).” Remarkably, their roles are often
critical: DNA analogues in which the furanose rings are exchanged
by pyranoses produce double helices with much stronger base
pairing, but are unsuitable to replace DNA.® The biochemical
functionality in ribose-based biomolecules probably relies on
multiple related factors and functional optimization does not
necessarily correlate with simple properties in the ground state.
Changes in the furanose conformation can also critically modulate
the ability of nucleosides to act as substrates with enzymes
associated with disease processes, e.g. HIV-1 reverse transcriptase.’
Furanosides also appear as part of oligosaccharides in plants and
microbial organisms like bacteria, fungi and parasites, although
not in humans or in mammals."

Ultimately, the evolutionary preference for furanoses in RNA and
other biomolecules may have a chemical origin, associated perhaps
with the greater or differing flexibility of the five-membered ring.
Saturated five-membered rings are structurally unique, as the small
differences in energy between twisted and envelope forms give
rise to pseudorotation, a quasi-monodimensional large-amplitude-
motion in which the puckering rotates around the ring."" The
furanose ring-puckered species thus may interconvert without
passing through the planar species, making it difficult to specify
conformational properties and pseudorotation pathways. The first
pseudorotation model for nucleosides was developed by Altona
and Sundaralingam (AS)."* Cremer and Pople (CP) later solved the
puckering problem using vibrational analysis and developed
systematic curvilinear CP coordinates,"® generally applicable to
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any cycloalkane. Both models define furanoside puckering in terms
of amplitude (¢) and phase coordinates (¢,s and ¢¢p phase conven-
tions are shifted by a constant angle). Noticeably, a first survey of
crystal structures revealed that furanoside conformations in nucleo-
sides display a bimodal distribution,'* with two preferred puckering
regions around @cp = 288° (@as = 18°, envelope E = C;'-endo)"
@cp = 72° (@as = 162°, envelope *E = C,’-endo). This two-state
model has been instrumental for puckering determination in
solution using NMR vicinal spin-spin coupling parameters.'®
More recent structural investigations on furanose glycosides
showed a similar clustering in the conformational space, but
they were heavily dependent on the pentose configuration.'® In
particular, B-ribofuranosides are located around the puckering
phases of ¢cp = 252° (envelope E,) in the solid state. Recurrently,
the question thus arises: does the furanose conformation in the
crystal or solution reflect the intrinsic ring puckering properties,
or is it imposed by the environment?

We answer this question by exploring the molecular structure
of the five-membered ring unit of an isolated monosaccharide in
the gas-phase. We analyzed methyl B-p-ribofuranoside (3) using a
combination of chemical synthesis, microwave spectroscopy,
supersonic jet expansion techniques, ultrafast laser vaporization
and computational methods. The target pentose was specifically
synthesized (see the ESIT) to lock the molecule as a five-membered
ring, preventing the formation of the pyranose form dominant
in the gas phase. Our main objectives include the observation
of conformational preferences of furanose forms in C5 and C6
sugars, the determination of the number of coexisting species of
the free molecule, and the comparison with the structural data in
condensed phases. The conformational landscape was explored at
different levels, including ring-puckering preferences, dynamics of
the hydroxyl and hydroxymethyl groups, intramolecular hydrogen
bonding and internal rotation of the methyl group. Our results give
avaluable perspective on the intrinsic structural preferences of this
biologically important aldopentofuranose, clarifying previous X-ray
and neutron diffraction,"”” NMR"® and ab initio data.'®

The computational study included a comprehensive confor-
mational search combining molecular mechanics (MMFFs) and
special search algorithms based on stochastic and vibrational
mode analysis,?® together with ab initio (MP2) and density-
functional-theory (M06-2X, B3LYP) molecular orbital reoptimiza-
tions, which refined the initial estimations. The final conformational
energies and rotational constants are in Tables S1 and S2
(ESIT), while Table 1 gives the puckering properties, dipole
moments and Gibbs energies for the six conformers with
energies within 5 kJ mol ™.

The calculated conformational stabilities were checked against
the experimental microwave spectrum in the 6-14 GHz frequency
region. The molecular jet was probed using a Fourier-transform
microwave (FT-MW) spectrometer equipped with an UV ultrafast
laser vaporization system' (experimental details in the ESIf).
Two different sets of rotational transitions were independently
assigned (Fig. 1). The first set was composed exclusively of
R-branch (J +1 « J) uctype transitions, with angular momentum
quantum numbers spanning values J = 2-6. The second set
included only R-branch u,-type rotational transitions (J = 2-7).
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Table1l Prediction of conformational energies for methyl B-p-ribofuranoside

Species® AG"/kJ mol™* q/A ¢@/deg YD w/D D
1(°Ty) 0.0/0.0/0.0 0.385  264.7 0.0 —03 —1.2
2 (3T2) 0.8/1.2/0.9 0.397 260.7 —-0.9 —3.5 —-0.9
3 (3T2) 2.9/0.4/2.2 0.397 266.4 -1.6 —3.5 1.7
4 (Eyp) 3.5/4.6/2.9 0.400 252.3 1.3 —-4.1 0.7
5 (ZE) 3.7/2.0/1.5 0.382 62.7 —-2.1 —-0.3 —0.5
6 (Ez) 4.9/5.0/3.6 0.391 247.8 —-0.9 —-1.4 2.9

“ Conformational notation in ref. 15. > MP2/M06-2X/B3LYP calculations
with a 6-311++G(d,p) basis set; relative Gibbs free energies at 298 K.
¢ Cremer-Pople puckering parameters defined in ref. 13. ¢ Electric dipole
moment components (i, Hp, Ke)-
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Fig.1 A section of the experimental spectrum of methyl B-b-
ribofuranoside in the region 7-10 GHz, with two typical rotational transi-
tions split by internal rotation of the methyl group (each transition
additionally split by Doppler effect).

Both datasets were mutually exclusive and they clearly corresponded
to two different carrier species. Their similarity in rotational con-
stants suggested that they are indeed isomers of the same molecule.
Some of the observed lines showed small hyperfine effects for the
two species, splitting some individual transitions into two close
components separated by less than 20 kHz.

The hyperfine effects were attributed to the internal rotation of
the O-1 methyl group in the ribofuranoside, detectable in the
rotational spectra for small or moderate potential energy barriers.”!
The experimental observations were reproduced to experi-
mental accuracy using a semirigid-rotor Watson Hamiltonian
(S-reduction).>” The internal rotation effects were analyzed using
Wood’s internal-axis-method (IAM).>* Table 2 presents the results
of least-squares fits of the experimental transitions of both
conformers, which yielded accurate values of the rotational
constants, the quartic centrifugal distortion constants and the
internal rotation barrier height. The full set of transitions is
collected in Tables S3 and S4 (ESIT). No lines attributable to other
conformers were observed in the spectrum.

The conformational assignment of the two isomers of Fig. 2
relied on multiple arguments. An initial comparison of the
rotational constants in Table 2 showed good agreement between
the two lowest-lying conformations (relative errors below 1-2%).
The prediction of (harmonic) centrifugal distortion constants
was also consistent in magnitude and sign with the proposed
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Table 2 Experimental parameters for the two detected conformations of
methyl B-b-ribofuranoside, and comparison with the MP2 predictions

Conf. 1 Conf. 2

Experiment Theory Experiment Theory
A/MHz 1307.1463(55)°  1295.21  1443.5094(14)  1438.72
B/MHz 1095.47128(50)  1101.10  924.98477(53)  943.70
C/MHz 717.8046(49) 718.90 661.97710(32)  674.86
Dy/kHz 0.953(81) 0.2752(48)
Dj/kHz —0.339(88) —1.264(27)
Dy/kHz 1.702(97)
d,/Hz 0.723(66) —0.1004(31)
d,/Hz —0.277(24)
VP /kJ mol ' 7.304(13) 7.90 7.503(64) 8.23
o°/kHz 4.7 3.0
N 46 32

“ Uncertainties in units of the last digit. ? Internal rotation barrier. The
geometrical parameters I, (=3.195 pA?) and <(j,a), <(i,b), <(i,)
(=23.1°, 81.37, 68.8°, 51.4°, 43.9° and 72.3°, respectively, for conformers
1 and 2) have been fixed to the ab initio values. © Standard deviation of
the fit. “ Number of transitions.

Gibbs Energy / kJ mol” 7

Fig. 2 Intramolecular hydrogen bonding distances (A) and relative Gibbs
energy (MP2) for the two observed conformers of methyl B-p-ribofuranoside.

assignment. Finally, the methyl group V; barrier increase for
conformer 2 (V5 = 7.3 vs. 7.5 k] mol ') is in agreement with the
ab initio predictions (7.9 vs. 8.2 kJ] mol ). This evidence fully
confirms the conformational assignments in Table 2 and Fig. 2
(interactive 3D model in Fig. S1 and S2, ESIY).

The ring-puckering properties were analyzed quantitatively,
using the CP coordinates'® in Fig. 3. The two detected isomers
have similar puckering phases (pcp = 264.7° and 260.7°, respec-
tively), intermediate between a twisted-"T, and an envelope-E, ring
conformation. Puckering amplitudes are also very similar (g =
0.385 and 0.397 A, respectively). The hydroxymethyl side chain
adopts the gauche staggered orientation of Scheme 2, either G*
(t1(05—C5—C4—C3/) = +56.2°) for the global minimum or G~ (t; =
—58.1°) for the second conformer. Conversely, the methyl group is
always trans with respect to Cy (T: 7,(Cy—O1—~Cy—Cy) = 174.4° and
178.9°%, respectively), so the observed conformations are denoted
T, G'T (global minimum) and T, G T.

The two ring hydroxyl groups, on opposite sides of the methoxy
and hydroxymethyl substituents, are finally arranged to reach the
highest possible number of internal hydrogen bonds. The global
minimum exhibits two unconnected hydrogen bonds: a weak con-
tact Os—H- - -0, with the hydroxymethyl group (MP2: r(H- - -Oy/) =
2.4 A) and a O,-H- - -Oy link (MP2: {H: - -Oy) = 2.17 A). The second

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 (a) Upper panel: Ring-puckering predictions (1-12) for methyl B-p-
ribofuranoside in the gas phase (experimental conformers with green solid
circles). (b) Lower panel: A survey of 30 fragment structures of furanose
glycosides in the Cambridge Structural Database'® (blue crosses), together
with 2 neutron diffraction structures of methyl p-b-ribofuranoside (red circles).
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Scheme 2 Notation for staggered orientations around the C4—Cs’ bond.

conformer displays a network of two successive Oy —H- - -:O3-H: - -Os
hydrogen bonds involving three hydroxyl groups (MP2: r{H: - -O3/) =
2.17 A, r(H---Oy) = 2.29 A).

In conclusion, the combination of rotational data and ab initio
calculations provides a direct comparison between B-ribofuranoside
ring conformations in the gas phase and crystal structures. The
isolated molecule preferably occupies three regions of the confor-
mational space, represented by the *T,-E,, °E and “E structures in
Fig. 3 (ab initio structures in Tables S5-S7, ESIt).

The three most stable structures (<3 k] mol ') share a twisted
T, and envelope E, character, but most of the following con-
formations up to ca. 8 kJ] mol ' move toward the neighboring
envelope E,. The higher-energy forms of the isolated molecule
also comprise envelopes “E and “E, which appear at relative
energies above 3.7 and 7.3 kJ mol ' (MP2), respectively, and
become the most abundant in the upper range of the analyzed
energy window. The two observed conformations for the isolated
molecule simply represent alternative arrangements of the sugar
hydroxymethyl side-chain (the third conformer being equivalent
to the global minimum with reversed Os—H- - -O,/ hydrogen bond
orientation). In previous rotational studies it was argued that
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intramolecular hydrogen bonding is the primarily stabilizing
effect in isolated monosaccharides."” In methyl B-p-ribofuranoside
the hydrogen bond pattern seems to favor conformer 2, predicted
only 0.8 k] mol " (MP2) to 1.2 k] mol ' (M06-2X) above the global
minimum. However, the predicted stability could also reflect other
contributions, like hyperconjugative effects, previously suggested
in tetrahydrofuran® and other monosaccharides. Unfortunately,
the small energy difference between both conformations cannot be
verified experimentally, as the lack of common selection rules
precludes the estimation of the intensity ratios. Noticeably, the
neutron diffraction experiments of methyl B-o-ribofuranoside also
identified two conformations with E, ring-puckering (¢cp = 258.6°,
249.6°), relatively close to the *T,-E, structures observed here."”
The two observed crystal structures mostly differ in the orientation
of the ring substituents, which are both ¢rans oriented to favor
intermolecular hydrogen bonding, concomitant with this con-
densed phase. No intramolecular hydrogen bond is apparent
in the crystal structures.

The comparison between the conformational behavior of an
isolated unit of methyl B-p-ribofuranoside and that of the molecule
embedded in a crystal matrix reveals features of the factors
affecting the molecular structure. The ring puckering character-
istics of the ribofuranose unit are very similar in the gas and crystal
phases, and clearly suggest that the puckering forces associated
with the minimization of the ring strain originate from the ring
configuration and number and position of substituents, and not
from crystal forces. This argument is reinforced by the comparison
of the puckering characteristics of a set of 30 structural fragments
in the Cambridge Structural Database (CSD), in Fig. 3, similarly
centered around E,. Furthermore, crystal data show that a change
in the substituents’ stereochemistry radically alters the ring puck-
ering."® This view is confirmed by previous NMR studies, empha-
sizing the dominant influence of the anomeric substituent on the
ring conformation in the liquid phase.”> Natural Bond Orbital
calculations in Table S8 (ESIt) are consistent with electronic
hyperconjugation originated by the methoxy and ring oxygen
atoms (endo/exo anomeric effects), but its contribution is relatively
similar for the four lowest lying conformers. The molecular
stability would thus primarily result from a combination of orbital
effects reducing the ring strain, complemented with the effects of
intramolecular hydrogen bonding. As a consequence, the presence
of the heterocyclic bases found in nucleosides surely influences
the conformational properties of the flexible ring, thereby deter-
mining its final biological properties.

The results for methyl B-p-ribofuranoside highlight the value
of current crystal structures but also call for additional gas-phase
experiments on related furanosides, nucleosides and nucleotides,
both to assess the theoretical models and to compare with
conventional data from condensed media. Considering the vital
role of ribofuranosides in all life forms, it is remarkable that their
structural properties free of any environmental effects have been
unknown until now. These new results provide empirical data
that may help to provide information about structural, predictive
and enzymological RNA (and DNA) biology. In this sense, the
emergence of new techniques in rotational spectroscopy is
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helping to provide a global view of the inherent structural
properties of these biomolecular building blocks.
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Scopine Isolated in the Gas Phase

Patricia Ecija,” Montserrat Vallejo-L6pez,® Iciar Uriarte,”” Francisco J. Basterretxea,*™

Alberto Lesarri,”™ José A. Fernandez,® and Emilio J. Cocinero*

The rotational spectrum of the tropane alkaloid scopine is de-
tected by Fourier transform microwave spectroscopy in
a pulsed supersonic jet. A nonconventional method for bring-
ing the molecules intact into the gas phase is used in which
scopine syrup is mixed with glycine powder and the solid mix-
ture is vaporized with an ultrafast UV laser beam. Laser vapori-
zation prevents the easy isomerization to scopoline previously
observed with conventional heating methods. A single confor-
mer is unambiguously observed in the supersonic jet and cor-
responds to the energetically most stable species according to

1. Introduction

Molecules derived from the tropane bicycle (N-methyl-8-azabi-
cyclo[3.2.1]octane) are broadly used in the pharmaceutical in-
dustry.™ These compounds find many applications as mydriat-
ics, antiemetics, antispasmodics, anesthetics, and bronchodila-
tors.”® Of special importance are tropane alkaloids that can
be found naturally in many plants of the Solanaceae family,
such as atropine and cocaine.

Tropane derivatives having epoxy and hydroxyl groups in
the two-carbon bridge are of considerable importance. For ex-
ample, scopine (6,7-epoxytropine) is an exo-6,7-epoxytropane
derivative on which several natural products such as scopola-
mine are based. Recent interest in 6-hydroxy-substituted tro-
panes has included valuable natural targets such as schizan-
thines, bao gong teng derivatives, and calystegines.” From the
stereochemical point of view, epoxytropanes are interesting
molecules, as the epoxy group can influence the reactivity, ring
conformation, and N-methyl inversion.

Previously, we attempted to detect the rotational spectrum
of scopine in the gas phase using microwave spectroscopy in
a supersonic expansion.” In that experiment, the sample was
heated to about 90°C in the pulsed injector. As a result, the
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quantum chemical calculations. Rotational and centrifugal dis-
tortion constants are accurately determined. The spectrum
shows fine and hyperfine structure due to the hindered rota-
tion of the methyl group and the presence of a quadrupolar
nucleus ("N), respectively. This additional information allows
the angle of N-methyl inversion between the N—CH; bond and
the bicyclic C-N-C plane to be determined (131.8-137.8°), as
well as the internal rotation barrier of the methyl group
(6.235(1) kJmol ™).

detection of scopine was not possible, since at that tempera-
ture the structural isomerization of scopine to scopoline
(oscine) by intramolecular cyclization is strongly favored. This
behavior was explained by taking into account that the three-
membered epoxide ring of scopine is considerably strained,
and makes the molecule more reactive. Herein, we report the
rotational spectrum of scopine for the first time. To this end,
we employed an alternative method to bring scopine mole-
cules into the gas phase, which consists of the vaporization of
a solid sample of scopine mixed with a glycine matrix by using
an ultrafast UV laser. This method avoids heating the sample
and hence its structural isomerization (see Experimental Sec-
tion). This study follows our previous work on the stereochemi-
cal properties of tropane derivatives by rotational spectroscopy
in jet expansions, such as tropinone and its intermolecular
complexes.®? Gas-phase rotational spectroscopy with micro-
wave techniques offers the advantage that molecules are not
affected by the solvent or crystal-packing effects that are pres-
ent in condensed media, and it produces high-resolution (kilo-
hertz) spectra that result in the most accurate structural de-
scription of the isolated molecule. This allows the conforma-
tional landscape of the isolated molecule to be described,
which ultimately governs its stereochemical properties. The
highly accurate data obtained by microwave techniques can
also be used as a benchmark to test the performance of ab
initio quantum chemical calculations, which are needed to pro-
vide adequate molecular models.

2. Results and Discussion

The starting point of the study was the analysis of the molecu-
lar potential-energy surface (PES). First, the six-membered ring
of tropane (Scheme 1) can adopt chair, higher-energy twisted,
and even boat conformations. Second, N-methyl equatorial/

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. The structure of scopine with atom numbering.

axial isomerism characteristic of tropanes was predicted. Final-
ly, the hydroxyl group can also adopt two different configura-
tions: in one of them (doubled by symmetry) the OH group
points outwards from the molecule, breaking the C; symmetry,
and in the other the OH group is directed inwards to the bicy-
cle, retaining the C; arrangement of tropane. Thus, according
to these degrees of freedom, the molecule can adopt eight dif-
ferent structures. Figure 1 shows the MP2 computed structures
of the lowest-lying conformers. Ab initio calculations showed
that eight conformers of scopine are expected in the 0-
34 kJmol™" energy range.”” The most stable structure (confor-
mer CEO) exhibits a chair configuration in the six-membered
ring, an equatorial arrangement of the N-methyl substituent,
and the hydroxyl group pointing out of the molecule.

The next conformer (CEl) lies 2.1 kJmol™' above the global
minimum, and differs only in the orientation of the a-hydroxyl
H atom, which points towards the bicycle. Conformer BEO, at
10.3 kJmol™' above the global energy minimum, is the most
stable structure with the tropane ring in a boat conformation.
The two lowest-energy conformers with an axial arrangement,
in which the CH; internal rotor is oriented opposite to the
epoxy group, have substantially higher energies (11.6 and
134 kJmol™"). The rest of the conformers are more than
14.0 kJmol™' from the global energy minimum, and cannot be
populated at the low temperatures attained in the jet.

Initial scans showed several rotational transitions that could
be assigned to the lowest-lying conformer and were used to
obtain preliminary rotational constants. Rotational transitions
were assigned in the 8200-12800 MHz range. All assigned
transitions (), K, KL —J, K, K,+1) are listed in Table S1 (Sup-
porting Information). An example of the observed transitions is
shown in Figure 2. All transitions were of R type (AJ=+1) and
obeyed u,- and u,-type selection rules. Although u-type lines
were also searched for, none could be detected. Each of them
appeared to be split into a number of components (typically
separated by less than 0.5 MHz) due to quadrupole hyperfine
coupling arising from the "N nucleus, giving F’—F’ transitions
(where the F quantum number can take the values F=J+1/, J+
I-1,..., |J=1|, and [ is the quantum number for nuclear spin:
I(™N)=1)."" Another relevant feature of the spectrum was
a small doubling detectable in some transitions (see Figure 2),
different from the approximately 50-80 kHz line doubling
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Figure 1. MP2 computed structures of the eight lowest-lying conformers of
scopine. We used the notation chair/boat (C/B), equatorial/axial (E/A), and in-
wards/outwards (I/0) to name the different conformers. Energies relative to
the global minimum are indicated; values in parentheses are Gibbs free en-
ergies. Relative and free energies in kilojoules per mole.

caused by the instrumental Doppler effect. This tunneling dou-
bling was attributed to the hindered internal rotation of
a single C;-symmetric methyl group, which splits the torsional
levels into species of A and E symmetry. All observed transi-
tions were fitted to a semirigid Watson S-reduction Hamiltoni-
an with centrifugal distortion."" This allowed us to obtain the
rotational constants and two of the centrifugal distortion con-
stants (D, and D). The fit also included the diagonal elements
of the nuclear quadrupole coupling tensor y,, (aa=aa, bb,
co)''? and internal rotation terms expressed in the internal
axis method (IAM) formalism™ of Woods and van Eijck et al.
The internal rotation analysis reveals additional structural infor-
mation, since the experimental splittings depend both on the
barrier height and the orientation of the internal CH; rotor
with respect to the principal axes. The XIAM program devel-
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Figure 2. Section of the rotational spectrum of scopine showing the J(K_,,
K, ;) =4(2,3)<3(2,2) transition of the CEO conformer. The transition splits
into several components due to nuclear quadrupole coupling, of which the
F=5«4 and 43 components are shown. Additionally, each component is
split into A and E lines due to hindered internal rotation of the methyl inter-
nal rotor. Finally, all lines are doubled by the instrumental Doppler effect.

oped by Hartwig and Dreizler was used for these fittings.'"

The height of the barrier to internal rotation of the methyl
group was found to be 6.235(1) kJmol™". All the fitted con-
stants are listed in Table 1 and compared to ab initio predic-
tions. The constants predicted for the other conformers and
the computed Cartesian coordinates of the assigned conformer
can be found in Tables S2 and S3, respectively.

Although the experimental rotational constants do not allow
the full structure of the observed conformer of scopine to be
obtained, the "N nuclear quadrupole constants y,, exhibit
a dependence on the position of the CH, rotor with respect to
the bicyclic frame. This arises because the y,, constants are es-
sentially dependent on the electronic environment around the
“N nucleus and the orientation of the principal inertial axes.
Figure 3 shows the theoretical predictions and experimental
values of the diagonal elements of the nuclear quadrupole
coupling tensor for various inversion angles formed by the N—
CH; bond and the C-N-C plane near the minimum-energy
structure. The comparison between the experimental and com-
puted plots allows estimation of the effective CH; rotor angle
with respect to the bicyclic frame in the range 131.8-137.8".
This value is consistent with those of other tropane alkaloids,
such as tropinone®™ (134.7-135.7°) and scopoline” (134.0-
137.5°). The inversion angles corresponding to the computed
minimum-energy structures also lie in this interval. The varia-
tion of the molecular energy with the inversion angle is also
presented in Figure 3, and shows agreement with the y,,
calculations.

In the observed conformer (CEO), the H atom of the hydrox-
yl group points out of the molecule, so this conformer is
doubly degenerate, and the dihedral angle 7(H-O,,-Cs-H) can
be about +60°. The next conformer in energy (CEl) is only
2.1 kJmol™" above the lowest-lying one, and differs in the ori-
entation of the H atom, which points towards the bicyclic ring.
In this case the dihedral angle 7(H-O,,-C;-H) is 180°, giving a C;
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Table 1. Experimentally fitted and calculated parameters for the detected
conformer of scopine.

Experiment MP2 B3LYP MO06-2X
A [MHz] @ 1866.6221(14)® 1866.1 1854.0 1873.5
B [MHz] 1110.09949(17) 1M7.3 1094.3 11185
C [MHz] 1008.87184(19) 1014.3 994.5 1016.5
D, [kHz] 0.0434(25) 0.047 0.056 0.049
Dy [kHz] 0.099(13) —0.009 —0.031 —-0.016
Dy [kHz] [0.082]9 0.082 0.109 0.084
d, [Hz] [6.175]9 6.175 8.113 6.671
d, [Hz] [~0.11]9 —0.11 -0.27 —0.16
Yoo IMHZ] 1.5078(86) 1.50 1.51 1.50
oo IMHZ] —4.236(12) —427 —459 —4.27
Yec [MHZ] 2.728(12) 2.77 3.07 2.77
| 44| [D] - 1.82 1.81 1.86
| 4| D] - 1.32 144 134
|| D] - 1.06 1.05 1.07
Uror [D] - 25 25 2.5
X(a) 19 174.01 174.01 173.73 171.73
A6 [°] 95.98! 95.98 96.26 97.94
A(c) [°] 90.35' 90.35 90.31 92.29
I, [uA? 3.27549 3.275 3.251 3.250
Vs [kJmol~'1® 6.235(1) 6.0 5.8 6.9
N 112 - - -
o [kHz] 3.8 - - -
[a] Rotational constants (A, B, C); centrifugal distortion constants (D), Dy,
Dy, d,, d,); nuclear quadrupole coupling elements (Y. Xoor Xeo)» and
dipole-moment components (i, iy to, 1 Da23.336x107°° Cm). [b] Stan-
dard errors in parentheses in units of the last digit. [c] Value cannot be
experimentally determined and has been fixed in the fit to the MP2-cal-
culated value. [d] X(g,): angles defining the orientation of the internal
rotor axis () with respect to the principal inertial axes (g=a, b, ¢);
moment of inertia /I, of the internal rotor with respect to its C; axis.
[e] Threefold barrier height. [f] Number of transitions N and root mean
square deviation o of the fit.

molecular symmetry. The nonobservation of this conformer
could be explained by a conformational relaxation in the jet,
since the CEO and CEl conformers are separated by a small
barrier of 4.6 kkmol™' (see Figure 4, top). Previous studies sug-
gested that the carrier gas in the jet can relax the higher-
energy conformers for barriers around 5-12 kimol™', whereby
Ar and Kr are the most effective."”

The N-methyl group of conformer CEO adopts an equatorial
position relative to the tropane ring. The corresponding axial
conformer CAO lies about 13.4 kimol ™' higher and was not ob-
served due to the low population attained in the jet. The
energy barrier for the CAO—CEO conversion was calculated
(DFT) to be 22.6 kimol™" (Figure 4, bottom). The equatorial
conformer CEO may be partially stabilized by the presence of
a weak hydrogen bond with the epoxy group (C—H--0). The
stabilization energy of this bond can be estimated from data
of other tropane alkaloids that have also been studied by rota-
tional spectroscopy (Figure 5). For tropinone,® both equatorial
and axial conformers were observed, with an equatorial/axial
population ratio in the jet close to 2/1, corresponding to a rela-
tive energy of about 2 kJmol™" at 373 K, and an ab initio calcu-
lated inversion barrier of 40kJmol™. Assuming that the
energy of N-methyl axial/equatorial inversion in tropinone is
the same for scopine, and that the energies of N-methyl inver-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Comparison between experimental and calculated values of the
nuclear quadrupole coupling tensor diagonal elements ., Xu. and x. for
different values of the inversion angle (defined as the angle between the N—
CH; bond and the C-N-C plane). The gray-shaded area between 131.8 and
137.8° gives the confidence interval for which the inversion angle can be
specified, taking into account the experimental errors in the y,, diagonal el-
ements. The inversion angles corresponding to the minimum-energy struc-
tures, as given by quantum chemical calculations, all lie within the proposed
confidence interval. Also shown is the variation of the MP2 energy with the
inversion angle and the predicted structure of the molecule.

sion and the hydrogen bond are simply additive, the stabiliza-
tion energy of the weak C—H-O interaction in scopine can be
estimated to be about 11 kimol™'. On the other hand, in sco-
poline!, the intramolecular O—H--N hydrogen bond forces the
N-methyl group into the less stable axial position, so it cannot
be compared directly with tropinone and scopine.

3. Conclusions

We have detected the scopine molecule in the gas phase for
the first time. The most stable conformer of scopine was ob-
served by rotational spectroscopy, and accurate rotational and
centrifugal distortion constants were determined. Internal tor-
sional splittings and quadrupole hyperfine structure in the
spectra allowed us to determinate the angle of the methyl
rotor with respect to the bicyclic frame and the height of the
internal rotor barrier. Using ultrafast laser vaporization was cru-
cial, since the samples react at moderately low temperatures,
and thus the use of heating techniques for vaporization is pre-
cluded. No spectral lines originating from the reaction product
of scopoline were detected, and this demonstrates that appa-
rently the transfer of laser energy to the matrix is relatively
clean and does not decompose or transform the sample ap-
preciably. A new method of sample preparation in which the
target in syrup form is mixed with a solid to obtain a solid
sample vaporizable by a laser pulse could be a good alterna-
tive for gas-phase studies on samples that were previously un-
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Figure 4. PES profiles (M06-2X) showing barriers for the interconversion be-
tween the two lowest-lying energy conformers (CEO and CEl, top) and N-
methyl inversion (CEO and CAO, bottom).

observable or for which traditional heating methods lead to
decomposition or other reactions.

Experimental Section

The experimental work was carried out with a 4-18 GHz Fourier
transform microwave spectrometer based on the Balle-Flygare
design,"® constructed at the UPV/EHU and fully described else-
where."” Commercial scopine (Sigma-Aldrich, 97%) is a sticky
solid, and the conventional heating method results in an intramo-
lecular reaction yielding scopoline. Therefore, a nonconventional
method of vaporization was designed in which scopine (x~33%),
finely powdered glycine (~66%), and a commercial binder (mini-
mum addition) were mixed and mechanically pressed to obtain
cylinder-type solid samples. These were vaporized by the beam of
a picosecond Nd:YAG laser operating at the third harmonic
(355 nm) and giving approximately 5 mJ per pulse in a Smalley-
type laser-ablation source." The laser-vaporization system is de-
scribed elsewhere.'”” The vaporized sample was mixed with 4-
6 bar of neon carrier gas and adiabatically expanded by pulses of
200 ps duration in a vacuum chamber to achieve low temperatures
(T<5K) that effectively depopulate excited rovibrational levels.
After expansion, molecules in the jet absorb low power (0.1-
100 mW) microwave pulses of 1 ps duration, which cause a sponta-
neous emission that is detected in the time domain and Fourier-
transformed. The accuracy of the frequency measurements is

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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better than 3 kHz, and spectral lines separated by less than about
10 kHz can be resolved. Because the jet and resonator axis are co-
axial, all transitions are split into two Doppler components.

The experimental work was supported by ab initio (MP2) and DFT
methods. All the quantum chemical calculations were implement-
ed in Gaussian 09.”” Becke's B3LYP hybrid functional and Truhlar’s
dispersion-corrected M06-2X functional®’ were used in the DFT cal-
culations. The Pople 6-311+ +G(d,p) basis set was used in all
cases.
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Sonia Melandri*®

(Abstract: The effects of halogenation on the tautomeric and
conformational equilibria of the model system 2-hydroxypyr-
idine/2-pyridone have been investigated through chlorine
substitution at positions 3, 4, 5, and 6. In the gas phase, the
lactim syn-periplanar tautomer (OH,) was the predominant
species for all compounds over the lactam form (C=0) and
the less abundant anti-periplanar lactim (OH,). However, the
population of the three species was shown to be dependent
on the position of the chlorine substitution. Chlorination in
position 5 or 6 strongly stabilizes the OH, tautomer, whereas
the C=0 form has a significant population when the ring is
chlorinated in positions 3 or 4. Overall, the OH, form is the
least favourable form, although the 3-substitution favours

\

the population of this tautomer. In addition, the C=0 tauto-
mer is strongly stabilized in the solvent, which makes it the
dominant form in some substituted species. This study has
been performed by means of rotational spectroscopy in the
gas phase and/or theoretical calculations in the isolated
phase and in solution. Both the OH, and C=0 forms of 5-
chloro-2-hydroxypyridine and the OH, form of 6-chloro-2-hy-
droxypyridine were experimentally observed. All transitions
displayed a complex nuclear hyperfine structure owing to
the presence of the chlorine and nitrogen nuclei. For all spe-
cies, a full quadrupolar hyperfine analysis has been per-
formed. This has provided crucial information for the unam-
biguous identification of tautomers. D

Introduction

Aromatic heterocycles play a key role in chemistry, biology,
and pharmacology. To cite some examples, purines and pyrimi-
dines are the building blocks of DNA and RNA, several aromat-
ic heterocycles are essential components of proteins and en-
zymes, and the design and creation of mimetic scaffolds for
new drugs are based on the combination of different heteroar-
omatic compounds.™

In particular, prototropic tautomerism in aromatic heterocy-
cles is of great interest as it represents a model for intramolec-
ular proton transfer and directly affects the function/biochemi-
cal behavior of this class of compounds.”? For example, the ex-
istence of the rare lactim (enol) forms of DNA base pairs has
been postulated to cause mismatches in the interstrand pair-
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ing of nucleobases, and the stability of its tautomeric forms is,
thus, a theme of great interest and debate.”

The simplest model system with significant biological role is
2-hydroxypyridine/2-pyridone (2HP), and it has been the object
of numerous studies.*"¥ Three tautomeric structures are plau-
sible: two lactim forms (OH) and a lactam species (C=0). The
lactim forms are named syn-periplanar (OH,) and anti-peripla-
nar (OH,) with respect to the angle that is formed by the OH
group with the C—N bond, which is 0 and 180°, respectively
(Figure 1). We would like to note that this is the IUPAC recom-
mended nomenclature; however, in the literature, it is still very
common to indicate this particular tautomeric equilibrium as
keto/enol instead of lactam/lactim. In 2HP, the OH, tautomer is
strongly favoured over the OH, species by a weak hydrogen
bond with the nitrogen atom. In this system, the C=0 tauto-
mer also has a notable contribution in the equilibrium. A great
number of theoretical®™” and experimental®'® studies have
highlighted that the tautomeric equilibrium strongly depends
on the chemical environment selected and that its behavior

w *r
N 0o
|6 IS o | N\ O L l N\ O\H
Vo = =
Cl Cl Cl
C=0 OH OH

Figure 1. Sketch of C=0, OH,, and OH, forms of 2-hydroxypyridine/2-pyri-
done systems.
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might differ in the solid state, in polar/apolar solutions, or in
the gas phase. However, it is worth noting that computational
studies have given contradictory results: either the OH; or the
C=0 tautomer has been determined to be the dominant spe-
cies depending upon the method that was used. Nowadays,
an accurate description of the tautomeric equilibrium of the
2HP system is a challenge from a theoretical point of view.

Actually, the experimental identification of tautomers is
a keystone for the exploration of tautomeric equilibria. Howev-
er, it is restricted by the fact that tautomers cannot be separat-
ed by simple chemical procedures;™ furthermore, crystal,
matrix, or solvent effects could mask or alter the tautomeric
equilibrium. Rotationally resolved spectroscopy in the gas
phase provides the most accurate vision of the molecular
structure and undoubtedly allows identification of the different
tautomers that are present as well as avoiding such masking
interferences.

Rotational studies have been conducted previously on
2HPI?  3-hydroxypyridine (3HP),"® and 4-hydroxypyridine
(4HP)"? to assess the effect that the position of the hydroxyl
group has on the tautomeric equilibrium. In all cases, the equi-
librium was shifted towards the OH, form, but some differen-
ces remained for the less abundant species; in 2HP, the (=0
form was experimentally observed, whereas the OH, form was
found to be predominant for 3HP. The equilibrium was strong-
ly shifted towards the OH form for 4HP (OH, and OH, forms
are equivalent by symmetry), and the C=0 species was not de-
tected; this behavior has been explained in terms of dipole-
dipole interactions.!"®

The tautomeric equilibrium of hydroxypyridines can also be
altered by any substitution on the ring by heteroatoms or elec-
trophilic/nucleophilic groups. The nature of such groups is as
important as the position of substitution. For example, in 2-
mercaptopyridine (2MP), in which the oxygen atom is replaced
by a sulfur atom, the SH, form is strongly stabilized. The C=S/
SH; energy difference was calculated, from the experimental
data, to be 9-11 kJmol™", which is three times higher than the
energy difference of its hydroxyl analogue 2HP, and the energy
difference between the SH,/SH, forms was determined to be
8 kJmol .7

The insertion of halogens, in particular chlorine atoms, into
the 2HP model system strongly affects the tautomeric equilibri-
um, as shown for the 6-chloro-2-pyridone system by a 2D IR
spectroscopic study performed in solution together with densi-
ty functional theory calculations." Regarding the consequen-
ces of halogen substitution, it has been demonstrated that
such substrates show different biochemical properties. For ex-
ample, it can influence the acidity and the leaving-group abili-
ty of nucleobases, particularly damaged ones, in relation to the
mechanism of the enzymes that remove such bases from
DNA.'"Y There are several studies on chloro-2-hydroxypyridines
reported in the literature that demonstrate the effect that sub-
stitution can have on the tautomeric equilibrium.!""'31418-22
However, none of these studies is conclusive; some investiga-
tions designate the OH tautomer as the predominant species,
whereas other works report that the C=0 form dominates the
tautomeric equilibrium. The polarity of the solvent or the dif-
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ferent interactions that may take place in the solid, liquid, or
gas phases are key factors in characterizing the tautomeric
equilibrium.

Our goal is to explore the effects of ring chlorination on the
tautomeric equilibrium of 2HP and give an exhaustive picture
on this topic. Rotational studies in supersonic jets together
with theoretical calculations are an excellent strategy for this
task. For this purpose we considered the following systems: 3-
chloro-2-hydroxypyridine/3-chloro-2-pyridone (3CIP), 4-chloro-
2-hydroxypyridine/4-chloro-2-pyridone  (4CIP), 5-chloro-2-hy-
droxypyridine/5-chloro-2-pyridone (5CIP), and 6-chloro-2-hy-
droxypyridine/6-chloro-2-pyridone (6CIP). The effect of differ-
ent solvents on the tautomeric equilibria will also be discussed
by means of theoretical calculations.

Results and Discussion
5-Chloro-2-hydroxypyridine and 6-chloro-2-hydroxypyridine
Rotational spectra

The conformational landscape of 2HP-like systems consists of
three planar structures: the OH, and OH, lactim conformations
and the C=0 lactam form (Figure 1). A summary of the relative
energy data is given in Table 1T and theoretical spectroscopic
parameters are shown in Table 2 (see the computational meth-
ods in the Experimental Section).

First, the rotational spectra of 5CIP and 6CIP were recorded
in the free-jet absorption millimetre-wave spectrometer
(FJAMMW 59.6-74.4 GHz, see the Experimental Section) at the
University of Bologna (ltaly) by using argon as carrier gas.
Based on theoretical predictions, the initial searches were
aimed at the transitions of the OH; forms by using the ab
initio spectroscopic parameters reported in Table 2. For both
5CIP and 6CIP, two sets of u,-type R-branch transition lines,
which belong to the OH, form, were observed. Owing to the
overall weakness of the spectra, it was not possible to observe
the less intense u,type rotational lines. All transitions dis-
played a complex hyperfine structure, which originates from
the presence of both chlorine and nitrogen atoms. As well as
the parent species (OH,-6**CIP and OH,-5**CIP), the correspond-
ing *’Cl isotopologues (OH.-6*’CIP and OH.-5*’CIP) were also
observed in natural abundance (about 24.29%). Moreover, the
hydroxyl-deuterated isotopologues (OD-6**CIP, OD-6*CIP, OD,-
5%CIP, OD,-5*’CIP) were obtained by fluxing D,0 over the
sample and recording the spectra under the same conditions
as for the normal species. The aforementioned spectra were
also recorded by using helium as the carrier gas; the results
were similar to those obtained when using argon, which indi-
cates that there are no relaxation processes that strongly affect
the equilibrium ¥

A second experiment was performed with a pulsed-jet Fouri-
er transform microwave spectrometer (FTMW) at Bilbao
(Spain), which was equipped with a customized heating nozzle
(see the Experimental Section). Initially, the measurements
were extended to the 4-18 GHz frequency range for the previ-
ously assigned species (OH,-6*°CIP, OH.-6*’CIP, OH,-5**CIP, and
OH,-5%CIP; Figure 2); then, a subsequent search for the C=0
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Table 1. Semiempirical and theoretical relative energy data AE, [kJmol~']
(both MP2/aug-cc-pVTZ and B3LYP/aug-cc-pVTZ) and potential energy
barriers B [kJmol '] are given for the C=0 and OH forms of hydroxypyri-
dine compounds. The electrostatic potential mapped onto the 0.01 a.u
electron density isosurface, which was calculated at the MP2/aug-cc-pVTZ
level, is also shown. The red areas signify the most electronegative re-
gions and the blue ones the most electropositive areas.
OH,® OH, =0
EMP2=_322.829950 AF,""?=20.2
E,BYP = 323552244 AE,®""=20.0 AES® =3.2(4)"
Bona A»OHSBBLVP =16.9 BC:OﬂOHSBSLVP =156
3clp
EM?=-781.959352 AEM?=77 AESEP2 =14
E,YP = _783.189410 AE,®"=76 AESEEYP =20
BOHaHOHsme =26.6 BC:OﬂOHSBBLVP =158
4CIP
E,M"?=-781.963048 AE,*"*=20.1 AESEP2 =24
EPYP=_783.193546 AE, 2" =199 AESEBYP =26
Bonaﬂonsmwp =172 ch)aoHsBswp =157
5CIP
E,M"?=—-781.960678 AE,""?=20.0 AESEP2 =104
E,YP=_-783.191389 AE®""=19.7 AESEEYP =103
Bowa HOHSBBWP =16.0 BC:OﬂOHSBBLVP =155
6CIP
EM?=-781.965233 AE,"?=19.6 AESEYP2 =135
ESYP—=_783.196104 AE, Y =19.1 AESFBP =154
Bonagonsmwp =175 ch)aoHsBswp =152
[a] E,**? and E,2Y" in [a.ul].

species was performed. Regarding C=0-5CIP, the most intense
Ugtype R-branch lines were searched for, and finally, some
weak lines that belonged to this species were observed;
indeed, 76 new u,-type R-branch lines were measured. Because
of the very low intensity of the lines, the spectrum of the C=0-
5CIP isotopologue could not be observed. Regarding C=0-
6CIP, the scans were aimed at observing some u,- and u,-type
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R-branch rotational transitions, but none were detected. Ac-
tually, given the overall intensity of the spectrum, the predict-
ed abundances were low enough to justify its absence. The
higher resolving power of the FTMW spectrometer enabled
good resolution of the most intense hyperfine components for
each rotational transition related to both *Cl (or ¥Cl) and "N
nuclei, whereas only the larger splittings that were due to the
Cl nuclei could be resolved in the FJAMMW experiments.

The fitting procedure for the rotational transitions was per-
formed by using Pickett's SPFIT program® in accordance with
Watson’s S-reduced Hamiltonian®' in the I representation
[Eq. (M]:

H = Hy + Hep + Ho(Cl) + Hq(N) (1)

in which H; represents the rigid rotational part of an asymmet-
ric top Hamiltonian, Hey represents the corresponding first-
order centrifugal distortion contributions, and H, takes into ac-
count the interaction of the nuclear quadrupole moment of
the Cl (**Cl or ¥Cl) and "N nuclei with the electric field gradi-
ent at these nuclei.” For the nuclear hyperfine splittings, the
sequential coupling of angular momenta was used (F,=J+1,,
F=F,+1), in which /=3/2 for Cl and /=1 for N. The transi-
tions measured in the FJAMMW and FTMW spectra were
weighted with an experimental uncertainty of 50 and 5 kHz, re-
spectively, and analyzed together. The spectroscopic parame-
ters of all observed species are shown in Tables 3 and 4, and
the measured frequencies for all observed species are given in
the Supporting Information.

Relative populations

As our goal is the unraveling of the tautomeric equilibrium of
chlorinated 2HP species, it was crucial to gain information
about the population ratio of the different tautomers. The ro-
tational spectroscopy technique allows us to estimate the rela-
tive populations of different species, in this case the two tauto-
mers. The intensity of rotational transitions is directly propor-
tional to the population established in the jet expansion
and the dipole moment components.”” Having observed
the transitions that originate from both OH, and C=0 tauto-
mers of 5CIP, we could estimate a OH/C=0 population
ratio of 19.0(5.7):1 and a tautomeric energy difference of
9.3(1.8) kJmol™" at 413 K. This datum is close to the semiempir-
ical value of 10.4 kimol™', which was obtained by combining
theoretical and experimental data, as explained in the subse-
quent gas phase section. Hence, the agreement between our
experimental observations and the semiempirical values is sat-
isfactory. A total of 29 u,type rotational transitions were used
for this analysis. For 6CIP, only the OH,-6CIP species was experi-
mentally observed, and a relative population analysis could
not be performed. We can only report the semiempirical value
of 13.5kimol™" for the energy difference between the OH,
and C=0 species.
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OH;

Table 2. Calculated MP2/aug-cc-pVTZ spectroscopic parameters (rotational constants, centrifugal distortion constants, dipole moment components, and
quadrupole coupling constants) and relative abundances at the working temperatures for the three isomers of 6CIP and 5CIP.

OH, =0

5CIP A, B, C[MHz]
Dy, Dy, Dy, d,, d, [Hz]
Uar Uor e Hror [D]

5811, 1007, 858

—0.33, 0.69, 0, 0.76
Laar Xoor Xeor Xap CI [MHZ] —68.74, 35.62, 33.13, 3.15
Yaar Yobr Yeer Y N [MHZ] 0.13, —2.68, 2.55, —2.48
N/N, (413 K) 100

6CIP A, B, C [MHz]
DJ: DJKV DK! d]r dz [Hz]
Uar tor Her tror [D]
Xaar Xbbr Xcer Xab Cl [MHZ]
Xaar Xobr Xeor Xab N [MHz]

3432, 1285, 935

-1.09, 1.70, 0, 2.02
—56.22, 26.67, 29.55, 30.61
147, —3.62, 2.15, 1.35

19.0, 74.8, 1161.7, —3.4, —0.4

33.9,63.9,539.5, —12.1, —24

5832, 1003, 856
18.7,74.7,1177.0, —3.3, —0.4
—-048,3.32,0,3.35

—68.69, 35.63, 33.06, 3.21
0.08, —2.96, 2.88, —2.61

0.30 (0.32)%

5680, 1007, 856
19.0, 72.6, 1251.0, —3.5, —0.5
—249,1.11,0,2.72

—70.23, 35.56, 34.68, 0.94
1.38, 0.96, —2.33, 0.02

0.57 (20.68)"

3443, 1281, 934

33.0,61.5, 559.5, —11.7, —2.3
3.06, —3.45, 0, 4.61

—56.02, 26.85, 29.17, 30.64
147, -3.92, 246, 1.41

3436, 1280, 933
36.1,47.2,525.0, =129, —2.4
—2.46, 2.51, 0, 3.51

—56.72, 24.12, 32.59, —33.43
1.24,1.31, —2.56, —0.37

N/N, (373 K) 100 0.18 (0.21)% 0.12 (3.37)"
[a] The data in parenthesis were obtained from B3LYP/aug-cc-pVTZ calculations.
415 303
OH,-6CIP OH,-6%CIP
P W —Mu.au ~ AM/MM
894075 94085 94085 94105 94115 94125 95375 9538.5 95395 9540.5 95415 95425 MHz

Figure 2. 4,,+3,; transition of the OH,-6CIP tautomer recorded in the FTMW spectrometer. It shows that the hyperfine pattern between OH,-6**CIP and OH,-

6°’CIP is similar. The intensity ratio of 3:1 is typical of *Cl/*’Cl isotopologues observed in natural abundance.

Table 3. Experimental (S-reduction, I-representation) spectroscopic con-
stants of all the 6CIP measured species.

OH,-6*CIP OH,-6”CIP OD,6*CIP  OD,-6”CIP
A [MHZz] 3422.7097(1)%  3414.6413(3) 3308.949(7) 3300.523(8)
B [MHZz] 1286.3294(1) 1251.0313(3) 1274.05(3) 1238.94(6)
C [MHZz] 934.90405(7) 915.5363(1) 919.79(2) 901.11(6)
D, [kHz] 0.037(1) 0.031(4) (0.037)®! (0.031)®
Dy [kHz] 0.045(6) 0.06(1) (0.045)®! (0.06)"’
Dy [kHZ] 0.555(7) 0.54(1) 0.58(3) 0.63(4)
d, [kHz] —0.0135(8) —0.010(2) (—0.0135)®"  (—0.010)®
%aa Cl [MHz]  —60.227(4) —47.8733(8) —57.2(4) —46.3(5)
Xe» Cl IMHZ]  29.149(4) 23.379(4) 0 (OF
Xe CIIMHZ]  31.077(4) 24.495(4) (O (OR
X Cl IMHZ]  32.83(4) 25.37(4) ()¢ )
Zaa N [MHz]  1.628(4) 1.608(6) - -
%o N [MHZ]  —3.627(4) —3.606(6) - -
Zee NIMHZ]  1.999(4) 1.998(6) - -
Zao N [MHz]  1.37(6) 1.42(7) - -
N 383 236 24 26
0" [kHz] 2210 199 34 44
[a] Errors are in parentheses in units of the last decimal digit. [b] Values
fixed to the ones of the parent species. [c] Fixed to zero in the fit.
[d] Number of lines in the fit. [e] Root-mean-square deviation of the fit.
[fl Reduced deviation of the fit relative to measurement errors of 5 and
50 kHz for the FTMW and FJAMMW spectrometers.
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Nuclear hyperfine structure

Structural information was also obtained from the analysis of
the nuclear hyperfine structure. Accurate measurements of the
nuclear quadrupole coupling can provide structural details on
bonding geometry around a nucleus.

To relate the nuclear quadrupole coupling constants of dif-
ferent molecules measured in the Inertial Principal Axes
System (IPAS: a, b, ¢), the nuclear quadrupole coupling tensors
have to be transferred to the Quadrupole Principal Axes
System of each nucleus (QPAS: X, y, z) (Figure 3). In the case of
a planar molecule, the transformation between the two-coordi-
nate systems was given by a rotation of the ab plane by an
angle 6. The nuclear quadrupole coupling data are compared
with a set of related molecules in Table 5.

First, it is worth noting that the angles 6 achieved by the
transformation were in excellent agreement with the ab initio
data. Second, the OH or C=0 tautomers of 5CIP and 6CIP were
easily identified by simply observing the parameters of the
quadrupole coupling constants of the "N nucleus, because
pyridinic and pyrrolic nitrogen atoms have quite different
values. Pyridine-like N atoms are associated with OH forms and
pyrrole-like N atoms with the C=0 tautomers. At a glance, this

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



CHEMISTRY

®xChemPubSoc A European Journal
7, Europe Full Paper
Table 4. Experimental (S-reduction, I-representation) spectroscopic constants of all the 5CIP measured species.
OH,-5%CIP OH,-5%CIP 0D,-5%CIP 0D,-5%CIP C=0-5%CIP
A [MHZ] 5785.0267(5)" 5784.848(1) 5728.720(1) 5728.45(1) 5612.110(1)
B [MHZz] 1006.60906(7) 980.2862(4) 983.675(3) 958.22(9) 1009.4284(2)
C [MHZ] 857.47814(9) 838.2986(2) 839.595(3) 820.62(8) 855.6732(2)
D, [kHz] 0.018(1) 0.025(4) 0.020(5) (0.025)® 0.021(3)
Dy [kHz] 0.07(1) 0.05(2) (0.07)® (0.05)® )9
Dy [kHz] 1.19(2) 1.193) (1.19)® 1.6(2) (o)
d, [kHz] —0.005(3) —0.008(3) (—0.005)"! (—0.008)"! 0
Yaa Cl [MHz] —72.772(4) —57.363(4) —73.5(3) —58.0(4) —74.30(2)
%o Cl [IMHZ] 37.949(4) 29.916(5) (0 0)“ 37.991(9)
%ee Cl IMHZ] 34.823(4) 27.4478(5) ()¢ (0)“ 36.312(9)
Xaa N [MHZ] 0.282(5) 0.281(4) - - 1.636(5)
oo N [MHZ] —2.635(4) —2.637(5) - - 1.241(7)
Yee N [MHz] 2.352(4) 2.356(5) - - —2.876(7)
N 286 187 49 28 920
0" [kHz] 20" 130 39 54 3
[a] Errors are in parentheses in units of the last decimal digit. [b] Values fixed to the ones of the parent species. [c] Fixed to zero in the fit. [d] Number of
lines in the fit. [e] Root-mean-square deviation of the fit. [f] Reduced deviation of the fit relative to measurement errors of 5 and 50 kHz for the FTMW and
FJAMMW spectrometers.

CNC bisector

CNC bisector b

Figure 3. MP2/aug-cc-pVTZ calculated structures of C=0-5CIP, OH,-5CIP (left side and center) and OH.-6CIP (right side), which show the IPAS and the QPAS of
the chlorine and nitrogen nuclei. The values of the angles between the C—Cl bond and the a-axis, the CNC bisector, and the b-axis are indicated. The sign is
positive for the counter clockwise rotation. For OH-5CIP, 0, = —2°; for C=O-5CIP, O,c_=—0.5°, 0,6 n=3".

provides irrefutable proof for the identification of the two tau-
tomers.

In addition, comparison of the elements of the 3*Cl quadru-
pole tensors of the OH-6CIP, OH,-5CIP, and C=0-5CIP conform-
ers shows that y,, decreases across the series. As the z axis lies
almost directly on the C—Cl bond (Figure 3), this term can be
related to the density of the local electric field gradient at the
Cl nucleus.

It can also be noted that, for the ClI nucleus, the y,, repre-
sents the term that is perpendicular to the ab plane (=),
and its trend increased correspondingly to the one observed
for the y,. The experimental y.(°Cl)/y. (Cl) ratio was
1.2687(5), which is in excellent agreement with the ratio of the
nuclear quadrupole moments *Q/*’Q=1.26878.%%

Noticeably, the lowest value of y,, (highest value of y,,) be-
longed to C=0-5CIP and can be ascribed to the more electro-
philic surroundings owing to the mesomeric effect. As will be
discussed later, this effect may be relevant in explaining how
chlorination affects the tautomeric equilibrium of 2HP.
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Structural information

Microwave spectroscopy provides an inherently superior reso-
lution of the molecular structure through the rotational con-
stants, which critically depend on the mass distribution. Hence,
it is an essential tool for the structural characterization of con-
formers,?*3% tautomers,®" isotopologues,®*? and even enantio-
mers.®¥ In the present case, isotopic substitutions enabled the
determination of the IPAS coordinates of the substituted
atoms by using Kraitchman’s equations.®?* To be more precise,
the coordinates of the chlorine and the hydroxyl hydrogen
atoms were determined. Furthermore, a partial r,-structure
was obtained through a least-squares structural refinement®
by adjusting the C—Cl distance and the C-N-C bond angle
to reproduce the experimental rotational constants of all
the species with an accuracy of units of MHz. The parameters
that were derived from both procedures (r, and ry) are
given and compared in Table 6 together with the theoretical
values (r,).
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Table 5. Quadrupole coupling constants of the quadrupole coupling tensor for the chlorine and nitrogen nuclei in a representative set of molecules.

*cl Lz = Xpond Ay Ko = e 0o,= 0, 1= o1 Aizz
OH,-6CIP —70.99(3)® [~71.091" 39.91(3) [40.02] 31.077(4) —18.15°(2){—18.22°} 0.1245(4) [0.1257]
OH,-5CIP [—72.873] [38.050] 34.823(4) {—1.73% [0.044]
C=0-5CIP [~74.309] [38.000] 36.312(9) {-0.51%} [0.023]
Cl-benzene® —71.241(7) 38.231 33.01(1) 0° 0.007
3-Cl-pyridine®” - - 33.7(1) - -
2-Cl-pyridine®® - - 30.73(4) - -

N X 2z= Xlone pair Xyy = Xee Xxx ebz = eax n= (Xxx7ny)/Xzz
OH,-6CIP —3.963(4) [3.975] 1.999(4) [1.999] 1.964(3) [1.976] 13.8°(5) {14.0°} 0.009(7) [0.006]
OH,-5CIP [~4.138] 2.352(4) [1.785] {-30.25%} [0.138]
OH,-2HPB® [—4.131] 2.359(6) [1.772] {34.02°} [0.142]
Pyridine®®’! —4.908(3) 3.474(3) 1.434(3) 0° 0.414
3-Cl-pyridine®®” - 3.5(1) - - -
2-Cl-pyridine™*” - 3.03(3) - - -

"N Xzz= X.cc = Xlone pair Xyy Yoo Ob,x = ea,y n= (Xxx_ny)/Xzz
C=0-5CIP —2.876(7) [1.637] [1.240] {3.06°} [0.138]
C=0-2HP" —2.765(4) [1.501] [1.265] {7.98° [0.085]
Pyrrolet" —2.700(1) 1.406(1) 1.294(1) 0° 0.041

[a] Error are in parentheses in units of the last decimal digit. [b] The data in square brackets are derived combining the experimental x4 . and x.. values
and the computed 6 angle. [c] The data in curly brackets are the MP2/aug-cc-pVTZ values.

Table 6. Structural parameters and values of the IPAS coordinates for the chlorine atom and the hydrogen atom that is involved in the prototropic equilib-

rium relative to the isotopic substitution (r,), relative to the effective structure (ry), and obtained from calculations (r.) of the observed conformers.

OH,-6CIP OH,-5CIP C=0-5CIP
r, o r. (MP2/B3LYP) r, o r. (MP2/B3LYP) o r. (MP2/B3LYP)
ac [A] +2.3725(6)" 2.3703(2) 2.3751/2.3862 +26182(3) 2.6169(1) 2.6175/2.6306 2.6129(3) 2.6207/2.6311
ba [A] +0.431(3) 0.43213(4) 0.4311/0.4293 +0.04(4) 0.03482(7) 0.0362/0.0364 0.02030(6) 0.0186/0.0172
ay (Al +1.927(3) —1.9266(6)  —1.9379/-1.9420  +£34204(5) —3.4218(2)  —3.4246/-3.4404  —1.6794(8)  —1.6994/—1.6998
by [A] +£2.2721(7) 2.2742(2) 2.2707/2.2850 +0.940(2) 0.9470(4) 0.9403/0.9401 1.9687(3) 1.9768/1.9827
C—ClI [A] 1.7241(4) 1.7344/1.7540 1.7198(6) 1.7289/1.7475 1.694(1) 1.7270/1.7449
C-N-C [] 117.74(3) 117.17/117.86 11847(2) 118.02/118.48 127.43(5) 126.17/125.63

[a] Errors are in parentheses in units of the last decimal digit, the ¢ coordinate is equal to zero for symmetry.

In general, there is a good agreement between experimental
(r, and ry) and ab initio structural parameters, with errors rang-
ing from 0.5 to —1.7% for OH, forms and 1.4 to —3% in C=0-
5CIP.

Some useful information was obtained from the comparison
of the structural parameters of OH, and C=0 forms by inspect-
ing the 5CIP species. Notably, the C—Cl distance is shortened in
the C=0 form (1.694(1)A), with respect to OH-5CIP
(1.7198(6) R), whereas the C-N-C bond angle shows the reverse
trend: 127.43(5) and 118.47(2)° for the C=0 and OH, forms, re-
spectively. This observation can be explained by considering
the repulsive effect of the nitrogen lone pair on the adjacent
N—C bonds in the OH, form (smaller angle), which is reduced
(larger angle) when the hydrogen atom is covalently bonded
to the nitrogen atom (C=0 tautomer). The same trend in the
C-N-C bond angle upon interconversion from the C=0 to the
OH; tautomer is also shown by 2HP. In fact, starting from the
newly calculated MP2/aug-cc-pVTZ structure and adjusting the
C-N-C bond angle to reproduce the experimental rotational
constants measured by Hatherley et al.,'? the obtained C-N-C
bond angle values were 127.15(1) and 117.797(8)° for C=O-
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2HP and OH,-2HP, respectively. The same trend was found in
a crystal structure study on 2HP and 6CIP"*? These experimen-
tal findings assess and quantify the electronic repulsive role of
the nitrogen lone pair.

3-Chloro-2-hydroxypyridine, 4-chloro-2-hydroxypyridine, 5-
chloro-2-hydroxypyridine, and 6-chloro-2-hydroxypyridine

For a full picture of chlorination effects on the tautomeric and
conformational equilibria, theoretical studies of 2HP itself and
all its monosubstituted chlorinated isomers were undertaken
in the gas phase and in solution.

Gas phase

A great number of computational studies (see refs. [4]-[7])
have dealt with this tautomeric equilibrium by using both DFT
and ab initio methods, and as Stanovnik et al. summarized pre-
viously,”” the results are greatly dependent on the method and
the basis set used. In general, DFT methods overestimate the
stability of the C=0 tautomer, whereas ab initio (i.e., HF, MPn,
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and coupled-cluster) methods overestimate the stability of the
OH, form. Consequently, the predicted dominant species could
change depending on the method used. The spreading of the
computational results with respect to the experimental data in-
dicates that the tautomeric equilibrium continues to represent
a challenge from the theoretical point of view. To investigate
how chlorination in different positions affects the tautomeric
equilibrium of 2HP, we have explored the conformational
spaces of 2HP, 3CIP, 4CIP, 5CIP, and 6CIP by means of both MP2
and B3LYP calculations combined with the aug-cc-pVTZ basis
set (see the computational methods in the Experimental Sec-
tion). The results are summarized in Table 1.

For the sake of clarity, Figure 4 shows the shifts of the rela-
tive energies of each tautomer upon chlorination, for which
the reference value (fixed to zero) is the calculated energy dif-
ference between the OH, and the C=0 tautomers for the 2HP
species (AE,*"). From Figure 4, we can easily deduce that the
shifts of the relative energies upon chlorination of the tauto-
mers are consistent for the two methods (MP2 and B3LYP). It is
also clear that the substitution in the 5 and 6 positions induces
a different behavior compared with substitutions in positions 3
and 4. In 5CIP and 6CIP, the chlorination strongly stabilizes the
OH, tautomer, whereas in positions 3 and 4, the chlorination
effects a slight stabilization of the C=0 form.

13
12 — — 3 MP2 B3LYP
11 — - 6CIP 6CIP 103 122
10 56PN 72 71
4ClP 08 -06
3cP  -18 -10
> 5CIP

e B3LY P/aug-cc-pVTZ
m—  MP2/aug-cc-pVTZ

Chlorination strongly
stabilizes the lactim
(OH, tautomer)

AEy o - DEyyp / kI mol?
O RPN WReR OO~ O

Chlorination slightly
stabilizes the lactam
(C=0 tautomer)

Figure 4. Calculated shifts of the C=0/OH,; relative zero-point-corrected elec-
tronic energies upon ring chlorination in the 2-Hydroxypyridine/2-Pyridone
systems. AEq,cp—AEqcp—AEqup = (o~ ~°—E®™)cip—(Es-~°—E,°™)yp The refer-
ence value, fixed to zero, corresponds to the calculated AE,,,, between the
C=0 and OH, tautomers.

If we assume that such values are reliable, then by using the
experimental  energy  difference  for 2HP  (AE,P=
3.2(4) kJmol™"),"? we can estimate a semiempirical relative
energy (AE,) by adding this value to each calculated energy
shift upon chlorination. Our data, reported in Table 1, show
that the OH, tautomer represents the global minimum in all
the chlorinated systems, followed by the C=0 tautomer. In all
cases, OH, is the species that is least favoured. In 3CIP, the OH,
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form seems to undergo a slight stabilization, which is induced
by a weak hydrogen bond between the hydroxyl hydrogen
atom and the chlorine atom, as previously suggested by Mi-
chelson etal™ Concerning the tautomeric interconversion,
a direct intramolecular proton-transfer mechanism that passes
through a three-centre transition state was hypothesized. For
all isomers, the geometries of the transition states, computed
at the B3LYP/aug-cc-pVTZ level, are planar and the C=0—OH,
energy barrier values lie between 153 and 158 kimol™
(Table 1). Regarding the OH conformational equilibrium, the
hydroxyl bond internal rotation pathways that connect the
OH, and OH, conformers were explored at the same level of
calculation (B3LYP/aug-cc-pVTZ) (see the Supporting Informa-
tion; Table 1). Except for 3CIP, the OH, conformers for all the
molecular systems lie ~20 kJmol™" above the OH, conformers,
and the energy needed to overcome the OH,—OH, barrier
(Boma_.ons) is in the range 16-18 ki mol™". Considering the afore-
mentioned additional stabilization of the OH, form for 3CIP, it
is easily understood that the energy difference between the
OH conformers halves and the OH,—OH;, barrier increases. Be-
cause of the lack of experimental data, it was not possible to
benchmark the theoretical results or to estimate semiempirical
values, as was done for the tautomers. Nevertheless, as there is
agreement between the B3LYP and MP2 methods in the rela-
tive energy values of the conformers (Table 1), we suggest that
the computational description for the conformational equilibri-
um can be considered more reliable than that for the tauto-
meric equilibrium.

The molecular electrostatic potential (MEP) surfaces mapped
onto the electronic density distribution were generated to pro-
vide a “chemical feeling” for the energetic behavior of these
systems (Table 1). It is a hard task to rationalize these results in
terms of simple chemical concepts; nevertheless, we have at-
tempted to clarify our findings. By considering the chlorinated
compounds, in which the OH, form is stabilized with respect
to 2HP (5CIP and 6CIP), we can see that this effect is greater
for substitution in position 6. This can be explained by the fact
that position 5 is a para-like position with respect to the hy-
droxyl group in position 2 and is activated by the mesomeric
effect. For this reason the insertion of a chlorine atom at this
electrophilic position seems to stabilize the C=0 form with re-
spect to chlorination in the nucleophilic position 6. The same
rationale can be applied to the 3CIP—4CIP pair: chlorination in
position 3 (ortho-like) stabilizes the C=0 form with respect to
chlorination in position 4.

To sum up, these tautomeric equilibria are the result of a bal-
ance between electronic and resonance effects and involve the
acidity of the NH group of lactam forms and the OH group of
lactim forms."® Thus, great care must be taken in rationalizing
the results because of the different effects that are competing.

Solvent phase

Because of the importance of tautomeric equilibria in biologi-
cal contexts, we extended the calculations to include the pres-
ence of the solvent by using the Polarizable Continuum Model
(PCM, see the computational methods in the Experimental Sec-
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tion). As the tautomeric equilibria can occur both in hydrophil-
ic and hydrophobic environments, three solvents that pos-
sessed different dielectric constants were considered, namely,
cyclohexane, dimethyl sulfoxide (DMSO), and water.

For all three solvents, we have attempted to predict the
most stable tautomer and explore the effect of solvation and
chlorination on the tautomeric equilibrium for the different
media. For that purpose, we first theoretically calculated the
C=0/0H, energy shifts upon solvation (AE;soy—AEggare)- Then,
by adding this value to the experimental (2HP, AE,%*) or semi-
empirical (3CIP, 4CIP, 5CIP, 6CIP, AE,*5YP) C=0/OH, energy dif-
ference for the bare molecule, we estimated the C=0/OH; rela-
tive energy in the different solvents. These data are summar-
ized in Figure 5. For all the species, we observed that the C=0
tautomers are stabilized in solution with respect to the bare
molecule. This effect increases with the polarity of the solvent,
which is due to the fact that the most polar C=0 tautomer
tends to be stabilized in polar solvents.

01 Obare

154

15 Dcyclohexane

BOMSO pe S OH,
10 4 more stable
Wwater
I_o 54m ~ @ ) i A
£ -
2 0 Htmmm— ety — S ., .usenns 1;:
2| 3 4 5CI BCIP "
~— s
g v
L ol i ' =2 C=0
: more stable
=15
) =T
29 ~o =
-20 . o Car

Figure 5. C=0/OH; relative zero-point-corrected vibrational electronic ener-

gies in the 2-hydroxypyridine/2-pyridone systems in gas and solvent phases.
For all solvated systems, the AE,= AE,* P+ (AEy oy—AEggare) is reported,
whereas for 2HP, the value AE;= AEy™ +(AEysor—AEqpare) is considered.

However, the magnitude of this stabilization depends on the
position of the chlorine atom, and in general, the behaviour in
solution was comparative to the gas phase. For 2HP, 3CIP, and
4CIP, the C=0 tautomer was strongly stabilized, to the point
that the tautomeric equilibrium was reversed, and this tauto-
mer is predicted to be the most stable one for all three sol-
vents. For 5CIP, only the most polar solvents (DMSO and water)
reversed the equilibrium in favour of the C=0 tautomer. For
6CIP, the OH, form was so energetically favoured that the
effect of the solvent did not reverse the equilibrium, and the
most stable species is predicted to be the OH..

A special point must be raised regarding the 6CIP species.
Although our predictions estimated that the OH, form would
be dominant in all solvents, experimental results reported by
Forlani et al."”® and Peng et al." point to the C=0 form as the
major tautomer in various solvents. Nevertheless, they ob-
served an important increase in the ratio of the OH forms.
Qualitatively, our predictions agree with these experimental re-
sults, in that there is a significant increase in the population of
the OH form with chlorination in position 6. However, our cal-
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culations overestimated the population of the OH, form. When
water was used as the solvent, this mismatch may be due to
the fact that in our PCM calculations we did not take into ac-
count the protic nature of the solvent.

Finally, the OH,/OH, conformational equlibrium shifts to-
wards the OH, form, which is stabilized in the solvent; this is
analogous to what happens to the C=0 form. The trend is cy-
clohexane < DMSO ~water and the results are reported in Fig-
ure S2 (see the Supporting Information).

Conclusion

The present work shows the potential of a combined strategy
of high-resolution rotational spectroscopy and theoretical cal-
culations for the study of tautomeric equilibria. We systemati-
cally investigated the effects of chlorine substitution on the
pyridine ring (in positions 3, 4, 5, and 6) on the tautomeric and
conformational equilibria of the model system 2-hydroxypyri-
dine/2-pyridone.

The combined experimental and theoretical results showed
that the tautomeric equilibrium was greatly affected by substi-
tution in different ring positions. The OH, tautomer, character-
ized by the O—H--N interaction, was found to be the dominant
form, which is further stabilized by chlorination in positions 5
or 6. The C=0 form, which is a high-energy compound, was
observed to be stabilized by chlorination in positions 3 or 4.
The OH, form was the least favourable in all cases, although
the 3-substitution favoured this isomer owing to an O—H--Cl
interaction. The accuracy of the theoretical calculations has
been assessed by comparison with the results that were ob-
tained from the microwave spectrum of the 5CIP and 6CIP spe-
cies. Extension of the calculations for the solvated phase
showed a qualitative agreement with previously reported ex-
perimental data, which enabled a discussion of the behavior of
the tautomers in the solvent phase that our experiments do
not cover.

Literature data and our own computations showed that, for
these kind of equilibria, the results are greatly dependent on
the theoretical method used, but the trend that is due to
chlorination is similar for all of them. Moreover, it was possible
to establish a semiempirical relative energy scale based on the
experimentally observed tautomeric energy difference of
2HP? The accuracy of these semiempirical data was tested
and confirmed by experimental findings of 5CIP and 6CIP. Only
the OH, tautomer was observed for 6CIP, whereas both the
OH, and the C=0 species were observed for 5CIP. This result is
in accord with the higher energy difference between the OH,
and C=0 forms of 6CIP with respect to 5CIP; for the latter spe-
cies, a relative energy value between the two forms was ob-
tained from relative intensity measurements (9.3(1.8) kJmol™),
and it is in good agreement with the semiempirical result
(10.4 kJmol™).

The calculations that were extended to the solvated phase
showed a stabilization of the C=0 tautomer and the tautomer-
ic equilibrium was reversed in some cases.

We have shown that rotational spectroscopy experiments
were able to unambiguously identify different conformers and
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tautomers thanks to very precise structural data and the esti-
mation of the relative energy difference. The strong synergy
with theoretical calculations provides a solid strategy for
a better understanding of this kind of equilibria.

Experimental Section

Computational methods: Quantum mechanical calculations were
carried out by using the Gaussian09 package.””’ For each of the
2HP, 3CIP, 4CIP, 5CIP, and 6CIP compounds, the geometry of the
three conformers (OH,, OH,, C=0) was fully optimized at the MP2/
aug-cc-pVTZ and B3LYP/aug-cc-pVTZ levels of theory. Subsequent
vibrational frequency calculations in the harmonic approximation
confirmed that the stationary points were actual minima.

B3LYP/aug-cc-pVTZ calculations were used to characterize the tran-
sition state related to the lactam/lactim tautomeric equilibrium
and to explore the hydroxyl internal rotation path. For this pur-
pose, the HO-CN dihedral angle was varied in the 0-360° range by
using a step of 10°.

Geometry optimizations and frequency calculations were also per-
formed for all molecules in the presence of a solvent at the B3LYP/
aug-cc-pVTZ level and by using the Polarizable Continuum Model
(PCM) to mimic the solvents effect (cyclohexane &,=2.0165, dime-
hylsolfoxide &, =46.826, and water &, = 78.3553).4%

Materials and methods: 6CIP (98%, m.p. 130°C, b.p. 327.5°C) and
5CIP (98%, m.p. 164°C, b.p. 319°C) were purchased from Alfa
Aesar and used without further purification. The rotational spectra
were recorded initially by using the free-jet absorption millimeter
wave (FJAMMW) spectrometer at the University of Bologna (Italy)
in the 59.6-74.4 GHz frequency region and later the Fourier trans-
form microwave (FTMW) spectrometer at the UPV/EHU (Bilbao,
Spain) in the 4-18 GHz spectral range.”"*! It was necessary to heat
both samples to obtain the vapour pressure suitable for the experi-
ment in both spectrometers. In particular, the optimized tempera-
tures for 6CIP and 5CIP were 100 and 140 °C, respectively. Concern-
ing the experiment with the FJAMMW instrument, at first the carri-
er gas was argon at a pressure of 25 kPa and the gas containing
the vaporized sample was expanded to about 0.05 kPa through
a 0.35 mm diameter nozzle, which was held 5°C above the vapori-
zation temperature. For scans recorded with helium, a pressure of
50 kPa was used, and the mixture was expanded to about 0.1 kPa.
Regarding the FTMW experiment, the carrier gas was neon at stag-
nation pressures of about 200-500 kPa and was expanded through
a 0.8 mm nozzle to form a pulsed jet (200 ps). In this spectrome-
ter, all transitions were observed to be split by the Doppler effect,
so the rest frequencies were calculated as the average frequency
of the two components. The estimated accuracy of the frequency
measurements was better than 3 kHz. Lines separated by less than
~ 10 kHz were resolvable, whereas for the FJAMMW, the accuracy
of the frequency measurements was just under 50 kHz. In both
cases, no decomposition products were observed.
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The pure rotational spectrum of CF3CH,Cl (1-choro-2,2,2-trifluoroethane, HCFC-133a) was investigated at
8-18 GHz in supersonic expansion with chirped pulse and cavity rotational spectroscopy, and at 94-
309 GHz with broadband millimetre wave spectroscopy. Spectroscopic constants for the two principal
isotopic species have been considerably updated from global fits over extensive data sets, numbering
close to 3000 lines for the ground state of CFsCH,*>Cl and 1800 lines for CF3CH,*’Cl. Four different *C

containing isotopologues have been assigned, as well as several new low lying vibrational states. The
new measurements have been augmented with anharmonic force field calculations in an evaluation of
the semi-experimental equilibrium geometry for CF3CH,Cl.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

In a recent study [1] several previously unknown atmospheric
ozone depleting compounds were identified by analysis of
unpolluted air samples collected in Tasmania and extracted from
deep firn snow in Greenland. Two of those compounds, CF3CCl;
and CF3CH,Cl, continue to accumulate in the atmosphere, and
while their emissions are significantly smaller than for the com-
pounds withdrawn under the Montreal Protocol, their origin is
unclear. The greatest emissions appear to be for CFsCH,Cl. Some
molecular properties of relevance to its atmospheric retrieval
have already been investigated [2], while rotationally resolved
data that could be used in such work have not yet been available.
The only previous investigation of the rotational spectrum of
CF3CH,Cl has been carried out by Ogata et al. [3] by means of
Stark modulation spectroscopy, but it was limited to a small
number of transitions at 8-26 GHz. The infrared and Raman
spectrum has also been studied [4,5] and normal mode assign-
ment has been carried out [4]. In the present work we combine
several contemporary experimental techniques in order to pro-
vide a comprehensive update on the rotational spectroscopy of
CF5CH,CL

* Corresponding author.
E-mail address: kisiel@ifpan.edu.pl (Z. Kisiel).

http://dx.doi.org/10.1016/j.jms.2017.02.011
0022-2852/© 2017 Elsevier Inc. All rights reserved.

2. Experimental details

Rotational spectra were measured with three spectrometers: at
the low temperatures of supersonic expansion with two different
Fourier-transform (FTMW) spectrometers, and at room tempera-
ture with a broadband millimetre wave (MMW) spectrometer.
We first used the chirped pulse (CP-FTMW) spectrometer available
at the University of the Basque Country (UPV/EHU). This instru-
ment is based on Pate’s original design [6] and has been described
elsewhere [7]. The CF3CH,Cl sample was in the form of a 2% mix-
ture in carrier gas (20% He, 80% Ne) at a pressure of 2.4 bar relative
to vacuum. The supersonic expansion valve was opened for 700 ps
and was pulsed at a rate of 1 Hz. For each chirped pulse, a 40 us
time domain signal was recorded, and 10 chirped pulses were used
during each molecular pulse. A total of 800,000 time domain sig-
nals were coadded.

Additional, higher resolution measurements were carried out
with the cavity, FTMW spectrometer in Warsaw [8]. This was con-
structed as a coaxial version of the original Balle, Flygare design [9]
and was later modified to a single step downconversion mode [10].
The sample was a 1% mixture in Ar carrier gas at 1.2 bar, and was
admitted into the spectrometer chamber as 1 ms long gas pulses
repeated at a rate of 5 Hz. Room temperature measurements were
carried out with the broadband MMW spectrometer in Warsaw,
based on backward-wave oscillator sources [11,12]. Measurements
in the 90-140 GHz region were made by using the same
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spectrometer but with a cascaded harmonic multiplication source
[12]. The sample in this case was CF;CH,Cl vapour contained in a
3.5 m long absorption cell at a pressure of 5 mTorr.

All measurements were carried out on a commercially available
sample. The AABS package [13,14] was used as a graphical front
end for comparing spectra with predictions and for setting up
the data sets for the fits. The fits and predictions were made by
using the ASFIT/ASROT package from the PROSPE website [15,16]
for the initial MMW assignments, and the SPFIT/SPCAT package
[17,18] for hyperfine-resolved measurements and for the final

Fig. 1. The orientation of the CF3CH,Cl molecule in the inertial axes and atom
numbering used in this work. The molecule is of C;-symmetry where the ab inertial
plane is the symmetry plane. The arrow indicates the direction of the electric dipole
moment and is drawn from the notional negative to the notional positive charge.

J=4 3

L
T 1

1 T 1

L
2"

M 3

analysis. The measurements made in this work were used at
assumed frequency uncertainties of 2 kHz for the cavity FTMW
data, 5 kHz for the chirped pulse measurements and 50 kHz for
the MMW spectrometer. The data from Ogata et al. [3] were also
incorporated into the data sets at frequency uncertainty of
100 kHz.

3. Rotational spectrum

The electric dipole moment of CF3CH,Cl (see Fig. 1) has not been
measured in the gas phase but is calculated to consist of a domi-
nant u, =1.87 D component and a significantly smaller
U, =0.41 D component (MP2/aug-cc-pVTZ level). This predicts
the b-type transitions to be about 20 times stronger than the a-
type transitions. Not surprisingly, only b-type transitions have
hitherto been measured [3] and such transitions also dominated
the chirped pulse spectrum. Nevertheless, the sensitivity of the
chirped pulse experiment allowed the weaker “R-branch transi-
tions to be observed at excellent signal to noise, as is apparent from
Fig. 2.

Each rotational transition observed at the resolution of super-
sonic expansion is split into a number of components resulting
from nuclear quadrupole hyperfine interaction with the chlorine
nucleus. In Fig. 2 even the weaker, outlying AF = 0 components
are clearly visible. In addition, the use of the He/Ne expansion mix-
ture leads to somewhat higher rotational temperatures (typically
5 K) than with Ar expansion (1 K or lower) so that transitions with
higher values of rotational quantum numbers than is usual for
supersonic expansion can be observed. The sequences of ’Q-
branch transitions for CF3CH,**Cl provide an opportunity to inves-
tigate this effect and Fig. 3 shows how transitions up to J= 18 are

0

2V i

14300

I
14350

14400

frequency /MHz

Fig. 2. The complete ] = 4 — 3 “R-branch rotational transition of CF3CH,**Cl observed in the chirped pulse spectrum. The nuclear quadrupole splitting structure of each
transition consists of a central clump of AF = +1 lines, surrounded by weak AF = 0 outliers. The values of the K, quantum number are indicated, with L and U identifying the

lower and upper frequency component, respectively.
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Fig. 3. Illustration of the good visibility of ?Q-branch transitions for CFsCH,*Cl for
higher values of ] observed in the chirped pulse spectrum recorded using supersonic
expansion with predominantly Ne carrier gas.

visible in both lower and higher frequency parts of the K, =2 < 1
band.

The analysis of the relatively low-] supersonic expansion spec-
trum allowed sufficiently accurate prediction of the much
higher-J transitions expected in the room-temperature millimetre
wave rotational spectrum, which was ultimately measured up to
J=130. This spectrum is not particularly dense and the strongest
repetitive feature arises from n=3 type-II- bands formed by
bR-branch transitions, with general properties described in
Refs. [19,20]. Examples of overlapped bands of this type for the
ground and one of the excited states of CF;CH,3>Cl are shown in
Fig. 4. The bands are due to the fact that the rotational constant
ratio 2A to (B+ C) is accidentally close to 3 (equal to 2.973 for
CF5CH,?3Cl). This results in convergence into relatively compact
bands of lines characterised by J changing in steps of 2 and K, in
steps of 1 between successive transitions in the band. Bands of
this type have been observed for trichloroethylene [20], while
n =4, type-II~ bands have been observed for S(CN), [21].

Some MMW transitions showed a splitting ranging up to 3 MHz,
presumably as an effect of the existence of the A and E internal

rotor substates due to the presence of the low frequency torsional
motion [4]. The splitting showed only a weak dependence on K4, ],
and the vibrational state, and was averaged over in making fre-
quency measurements. Some supersonic expansion lines showed
Doppler doubling, which was averaged over when it was well
defined. On the other hand, lines with malformed profiles were
not measured due to the abundance of data. This included the
highest-J lines shown in Fig. 3 since those were not critical to the
determination of any of the spectroscopic constants.

In fitting the data we have taken advantage of the feature of the
SPFIT program that allows hyperfine-resolved measurements to be
combined with hyperfine-unresolved measurements in a single
data set. In this way we have been able to carry out global fits of
all of the available measurements and the resulting spectroscopic
constants are reported in Table 1 for the ground states of the two
principal isotopologues. The present results are also compared
with previous values and with quantum chemistry calculations.
The complete results of fits and the data files are in the electronic
supplementary Tables S1 and S2. It is instructive to consider the
subset statistics for the fits listed in Table 2. These are generated
automatically with the PIFORM program from the PROSPE website
and demonstrate that the frequency measurement uncertainty
assumed for each spectrometer is reasonable. In fact, the result
for the chirped pulse subset provides a calibration of the excellent
performance of this spectrometer. It is noted, however, that we
used a different FFT transformation of the time domain signal to
the default one based on the Kaiser-Bessel windowing function
[22]. While the latter has the advantage of removing the interfer-
ence from lineshapes of very strong lines it has the disadvantage
of broadening the line profiles. Instead, we used a standard Bartlett
windowing function and a power mode display, as provided by the
program FFTS written by one of the present authors (Z.K.). In this
way full width, half height linewidths of 30-40 kHz were obtained
leading to significant improvement in frequency measurement
precision. Details of the program will be published elsewhere.

On inspecting the constants in Table 1 we were surprised at see-
ing extremely low values of the ¢; centrifugal distortion constant as
determined from fitting Watson’s A-reduced asymmetric rotor
Hamiltonian [23]. In addition to the small values there was also a
change in sign from the 3>Cl to the *’Cl isotopologue. It turns out
that this behaviour is relatively easy to rationalise since the value
of ¢; arises from the difference between two underlying T terms
[24]. These terms, in the I" representation used in the fits are
Tpppp aNd Teee. Evaluation from the ab initio harmonic force field
(using the Firefly package [25]) and the FCONV and VIBCA pro-
grams [16] reveals that T,,,, and T are practically identical and
close to 1.05 kHz. Since 6; = —(Tpppp — Teeee)/ 16 the self cancellation
of the T constants apparent in the experimental ¢; is to 0.06% of
their values. It is impossible to achieve this level of precision with
a quantum chemistry calculation of centrifugal distortion
constants, even though Table 1 demonstrates satisfactory agree-
ment with experiment. On the other hand, even though the calcu-
lated values of ¢; for the two isotopologues are both positive, their
difference (0.057 Hz) is rather close to that between the experi-
mental values (0.046 Hz).

4. Excited vibrational states

It is already apparent from Fig. 4 that rotational transitions in
excited vibrational states play a significant role in the room-
temperature MMW spectrum. Even though a complete normal
mode analysis has been reported [4], the normal mode numbering
has not yet been assigned. In the following we label the modes in
standard manner, first the A’ symmetry modes, from highest to
lowest, then the A” symmetry modes. The lowest frequency A”
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Fig. 4. Examples of the main repetitive features in the millimetre wave spectrum of CF3CH,Cl. These are n = 3, type-II" bands [20] arising from accidentally satisfied
condition 2A = n(B + C). Successive lines in the band differ by 2 in J” and 1 in K. The lines of the ground state and v;; = 1 of CF3CH,3>Cl are identified with heavier sticks in
the prediction, while fainter sticks are for other assigned species. The open rhombus symbols mark lines in the ground state dataset for the parent species.

Table 1
Spectroscopic constants for the ground states of CF3CH,%>Cl and CF3CH,*"Cl.
CF3CH,*Cl CF3CH,?7Cl
Ref. [3] This work Calc.® Ref. [3] This work Calc.?
A/MHz 5332.833(5) 5332.845695(46)" 5332.0829(6) 5332.821576(68)
B/MHz 1803.400(3) 1803.398752(16) 1756.0200(2) 1756.199541(25)
C/MHz 1784.671(3) 1784.676242(16) 1738.435(2) 1738.438412(24)
Ay[KkHz 0.271(12) 0.2788324(30) 0.2697 0.246(17) 0.2694044(53) 0.2604
Ajc[kHz 2.645(27) 2.709971(18) 2.6929 2.605(14) 2.633147(30) 2.6146
Ax/kHz ~1.66(20) ~1.611476(64) ~1.6015 —1.74(48) ~1.525020(93) ~1.5140
5;/kHz 0.49(19) 0.00004067(73) 0.000179 0.37(6) —0.0000056(12) 0.000122
Sk /kHz 0.89(13) 0.43716(73) 0.3367 0.59(7) 0.4080(13) 03129
H;[Hz 0.00002194(16) 0.00002311(34)
Hjc/Hz 0.0000103(11) —0.0000138(24)
Hyg/Hz ~0.0014495(52) ~0.0015924(89)
Hy/Hz 0.002297(22) 0.002453(33)
(3/2))0a/MHz ~68.91(75) ~68.9477(15) ~54.31(59)° —54.3987(24)
(1/4)(Zpp-ec) IMHz —8.65(16) —8.71437(48) ~6.81(13)° —6.85925(85)
Lap/MHz 51.95¢ 52.103(13) 40.94¢ 41.105(69)
Niines, Nrot” 2933,99 1803,86
Oge/MHz 0.0317 0.0336
Orms 0.686 0.730
¢ Evaluated from an unscaled B3LYP/6-311++G(d,p) harmonic force field.
Y The quantities in round parentheses are standard errors in units of the least significant digit of the value of the constant.
¢ Estimated from the constants for the 33Cl species by using the quadrupole moment ratio 35Cl/>”Cl = 1.26874(4), Ref.[28].
9 Calculated with the assumption that the hyperfine z-axis coincides with the C-Cl bond, which is at 31.79° to the z-axis.
€ The number of different frequency lines in the global fit and the number of different rotational transitions for which hyperfine structure was measured.
f Unitless deviation of the weighted fit.
Table 2
Subset statistics for the global fit of rotational transitions for CF3CH,*>Cl.
Niines® Nrot” o/kHz J Kq Freq./GHz
Min Max Min Max Min Max
Cavity 70 14 1.80 1 6 0 2 10.6 17.8
Chirped pulse 386 75 3.63 0 9 0 4 7.1 184
mmw 2448 2448 335 9 130 0 44 94.2 308.2
Ref.[3] 29 10 81.2 2 22 0 3 10.8 21.8

2 The number of distinct measured frequencies.
" The number of different rotational transitions.
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mode, v15 (109 cm~! [4]) and the lowest A’ mode, v;; (191 cm ™! [4],
180cm™! [5]) are thus of greatest relevance to the room-
temperature rotational spectrum. Some rotational transitions in
the 715 = 1 state of the parent species have already been reported
[3]. In this work, we extended those measurements to over
300 GHz and have also assigned 7,3 = 1 transitions in the CF;CH,-
37Cl isotopologue. The resulting spectroscopic constants are
reported in Table 3, and the primary files are in Table S3.

In the parent isotopologue we found that, in addition to transi-
tions in the 215 = 1 state, it was possible to assign rotational tran-
sitions in the two vibrational states immediately above it, v;; = 1
and vg = 2. Transitions in these two states were initially identified
on the basis of relative intensities, since both states are expected to
be at vibrational energy of around 200 cm™!, and the next higher
vibrational state is expected to be 100 cm~! higher. The vibrational
assignment of these two states was also relatively straightforward
since the rotational constants of the ground state, 13 =1 and
v1g = 2 are expected to be in a harmonic progression. The results
for these two higher states are also reported in Tables 3 and S3.
On inspecting the quartic centrifugal distortion constants obtained
from single state fits for z1; = 1 and 773 = 2 we find some indica-
tion of effective behaviour resulting from possible perturbation
between these states. In particular, the values of §; and ¢ have
similar magnitude but opposed sign. We attempted to carry out
a coupled fit for these two states based on the expected c-type
Coriolis and Fermi interactions. This achieved moderate success
in being able to encompass a somewhat larger numbers of mea-
sured lines and delivered values of quartic constants for v;; =1
that were closer to those for the ground state, and for »3 = 2 that
were closer to those estimated from 7,3 = 1 and the ground state.
Nevertheless, such fits were ambiguous concerning the vibrational
energy difference between the two states, possibly because we
were not able to identify level-crossing type resonances that
enabled the multiple successful coupled fits in our recent studies
of 2,2-dichloropropane [26] or glycolic acid [27]. For this reason
we prefer to report in Table 3 the effective single state constants,
although in Table S4 we also provide a comparison of the perfor-
mance of the single state fits and a specimen two-state coupled fit.

5. The 13C isotopic species

The chirped pulse spectrum had a sufficiently high signal to
noise ratio to allow assignment also of the '>C species in natural
abundance, as shown in Fig. 5. This was possible not only for the
13C isotopologues of CF3CH,?*Cl, but also for those of CF3CH,*’Cl.
The spectroscopic constants determined for the four newly
assigned species are reported in Table 4 and the complete results
and data files for the fits are in Table S5. The fits are based entirely
on the chirped pulse data and their deviations are comparable to
the deviation for the chirped pulse subset for the ground state of
the parent species in Table 2. Since the range of quantum number
values for the isotopic transitions is insufficient for determination
of quartic centrifugal distortion constants we used assumed values
as described in Table 4. We noted the considerable differences in
the calculated values of ¢ for the 3C1 and 3C2 isotopologues,
but those turned out to be rationalisable by similar arguments to
those used above for ;. The almost identical values of the A rota-
tional constant for CF;CH,?°Cl and CFs;CH,%’Cl indicate that the
chlorine atom has near zero b and c inertial coordinates. Further-
more, the values of A for the '>C2 species are also very close to
those for the parent species indicating that b and c coordinates of
C2 are also near zero. Since symmetry dictates that the ¢ coordi-
nates are indeed zero this shows that the b coordinates of both
Cl and C2 are very close to zero (as apparent in Fig. 1). Similar con-
clusions could also be made by considering the values of the planar
moments P,, and have significant repercussions for the structure
determination, as discussed further below.

6. Nuclear quadrupole hyperfine coupling

The chlorine nuclear quadrupole coupling constants deter-
mined for the various isotopic species of CF3CH,Cl are a useful
source of direct molecular information and a testing ground for cal-
culations. In particular, the precision of the supersonic expansion
measurements allowed accurate determination of y,, the only
off-diagonal nuclear quadrupole coupling constant. This, in turn,

Table 3
Spectroscopic constants for the excited vibrational states of CF3CH,Cl.
CF3CH,*3Cl CF3CH,?7Cl
118 = 1, Ref. [3] v1g =1 vig =2 v =1 vig =1
A/MHz 5324.952(11) 5324.967909(90) 5317.19461(28) 5339.70650(38) 5325.03966(17)
B/MHz 1800.614(9) 1800.578351(34) 1796.323583(93) 1802.559862(72) 1753.469696(77)
C/MHz 1784.621(9) 1784.594882(35) 1783.153853(85) 1782.928818(73) 1738.327223(77)
Aj[kHz [0.271]7 0.2760335(58) 0.266202(17) 0.280573(16) 0.266630(15)
Ajx[kHz [2.645] 2.823667(38) 2.94495(15) 2.68185(22) 2.743865(63)
Ag[kHz [-1.66] —1.765176(89) —2.08903(32) —1.40856(87) —1.67486(20)
0j/kHz [0.49] —0.0002845(33) —0.001475(10) 0.0011895(79) —0.0003214(25)
Sk /kHz [0.89] 0.5567(28) —2.0252(54) 2.0626(47) 0.5262(39)
H;/Hz 0.00002920(49) 0.0000217(14) 0.0000170(14) 0.0000258(10)
Hjk[Hz 0.0002926(46) 0.003028(46) —0.002841(48) 0.0002741(48)
Hyy[Hz —0.0024838(82) 0.009008(81) —0.02608(51) —0.002578(18)
Hg/[Hz 0.002418(26) —0.00701(15) 0.01410(64) 0.002682(78)
hy[Hz —0.00000327(31) 0.0000041(10) —0.00001255(79) [-0.00000327]"
hx[Hz 0.00727(38) —0.00556(95) 0.00100(71) [0.00727]"
hy[Hz [0.] —0.1084(89) —0.580(16) [0.]
Niines© 1994 946 1085 833
gc/MHz 0.0314 0.0423 0.0454 0.0373
Orms” 0.621 0.846 0.905 0.747

? Fixed to the values in the ground state, determined in Ref. [3].
b Fixed to the value in the v;3 = 1 state of the parent species.

¢ The number of lines in the global fit.

4 Unitless deviation of the weighted fit.
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Fig. 5. Illustration of the good visibility in the chirped pulse spectrum of the natural abundance '*>C transitions of CF3CH,CI. The three marked hyperfine patterns are all for

the ?R-branch 5¢s5 < 444 transition.

allows diagonalisation of the nuclear quadrupole coupling tensor
from the inertial principal axes abc to its own principal axes xyz.
The components of the tensor in the two sets of axes are listed in
Tables 5 and 6. The reliability of the evaluation of the principal
nuclear quadrupole tensor elements is confirmed by the fact that
the values for all three 33Cl species are identical within 2-3 o,
and the same is the case for the three 37Cl species.

We can use these results to test the performance of the methods
used by spectroscopists to predict nuclear quadrupole splitting
constants. The calculated values for CFsCH,3>Cl in Table 5 compare
two different scaling approaches [28] with calculation based on a
specially tailored basis set for chlorine advocated by Bailey [29].
All three approaches provide comparable (and good) accuracy con-
cerning the values of the hyperfine constants, with the scaled DFT
result being slightly more successful. On the other hand, the rota-
tion angle 0,, between the principal inertial axes and the principal

quadrupole axes is, in this case, most accurately predicted by the
Bailey approach.

Another quantity of interest is the difference 6 between the
quadrupole derived angle 0,, and the direction of the CCl bond. It
has been shown [30] that the contribution to the nuclear field gra-
dient at a given nucleus is dominated by the total electron density
of the molecule scaled by cube of the distance from this nucleus.
For a nucleus terminal to a chemical bond, significant asymmetry
of such scaled electron density will be reflected by a deviation of
the quadrupolar z axis from the internuclear axis of the bond.
Supersonic expansion rotational spectra allow experimental deter-
mination of such differences, and their values also turn out to be
easily calculable by ab initio [30]. Hence, even if only the
quadrupolar angle 0,, is available, it still brings in useful structural
information, when corrected by the calculated value of 4. In the
present case we also find that the Bailey approach gives the closest

Table 4
Spectroscopic constants for the ground states of the '*C isotopic species of CF3CH,Cl.
lSCl35c1 13cz35c1 13(:137(:1 ]3cz37cl

A/MHz 5285.63733(17) 5333.39146(18) 5285.53961(29) 5333.36724(32)
B/MHz 1802.134983(77) 1799.883355(72) 1755.18690(10) 1752.56295(15)
C/MHz 1778.125852(96) 1781.231543(90) 1732.39521(13) 1734.87318(14)
Aj[kHz [0.2759]* [0.2778] [0.2667] [0.2684]
Ajc[kHz [2.6053] [2.7063] [2.5330] [2.6291]
Ag/kHz [-1.5562] [-1.6073] [-1.4704] [-1.5204]
oj/kHz [0.001491] [0.00005067] [0.00135] [0.0000044]
ok /kHz [0.1066] [0.4360] [0.0903] [0.4068]
(3/2)%qa/MHz —68.6061(53) —68.9701(58) —54.1554(82) —54.4161(76)
(1/4)(Xpp-Xce)/MHz —8.7767(15) —8.7104(14) —6.9056(19) —6.8577(20)
Yan/MHz 52.294(85) 52.159(30) 41.158(78) 40.77(18)
Niines. Nrot” 119,39 97,37 51,17 47,21
ot /MHz 0.00405 0.00370 0.00343 0.00362
Orms* 0.810 0.740 0.685 0.723

@ Values in square parentheses are assumed values estimated from the relevant '2C species by adding the isotopic difference calculated at the B3LYP/6-311++G(d,p) level.
> The number of lines in the fit and the number of different rotational transitions for which hyperfine structure was measured.

¢ Unitless deviation of the weighted fit.
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Table 5
Nuclear quadrupole constants and derived parameters for CF3CH»**Cl and CF3CH,3’Cl.
35C1 37Cl
Ref. [3] Exp. Calc.? Calc.’ Calc.* Ref. [3] Exp. Calc.?
Yaa/MHz —45.94(50)¢ —45.9651(10) —47.789 —46.653 —46.06 -36.21 —36.2658(16) -37.632
Zpy/MHz 5.68(40) 5.5538(11) 7.316 6.090 5.43 4.48 4.4144(19) 5.732
Yec/MHz 40.26(50) 40.4113(11) 40.472 40.563 40.63 31.73 31.8514(19) 31.898
Yay/MHz [51.95]¢ 52.103(13) 51.187 51.964 52.36 41.106(69) 40.362
Y22IMHz -78.15 —78.329(12) —78.368 —78.554 —78.66 -61.59 —61.789(62) -61.767
Jxx/MHz 37.89 37.917(12) 37.895 37.991 38.03 29.86 29.937(62) 29.867
Lyy = Lec/MHz 40.26 40.4113(11) 40.472 40.563 40.63 31.73 31.8514(19) 31.898
0z/deg 31.79 31.8462(29) 30.853 31.546 31.90 31.836(19) 30.878
Ost'[deg 31.79 32.241 31.763 32.197 32.32 32.218 31.739
5%/deg 0.0 0.395 0.910 0.651 0.42 0.382 0.861
n" 0.0303 0.03184(15) 0.0329 0.0327 0.0331 0.0310(10) 0.0329
@ Calculated at the B3LYP/aug-cc-pVDZ level scaled by the factor 1.0619 determined in Ref. [28].
b Calculated at the MP2/aug-cc-pVDZ level scaled by the factor 1.1451 determined in Ref. [28].
¢ W.C. Bailey, [29].
4 The quantities in round parentheses are standard errors in units of the least significant digit of the value of the constant.
€ Value corresponding to the assumptions made in Ref. [3] in order to evaluate y,, etc.
' The structural angle between the CCI bond and the a-axis from the rsE geometry determined in this work.
8 5 =0 — Ostr.
" The nuclear quadrupole asymmetry parameter given by 77 = (), — Tyy) ] Azz)-
Table 6
Nuclear quadrupole constants of the measured '*C isotopologues of CF3CH,CI.
13Cl35Cl 13c235c1 13Cl37c1 13C237C1
Yaa/MHz —45.7374(35) —45.9801(39) —36.1036(55) —36.2774(51)
Zpp/MHz 5.3153(35) 5.5692(34) 4.2406(47) 4.4233(47)
Yec/MHz 40.4221(35) 40.4108(34) 31.8630(47) 31.8541(47)
Yan/MHz 52.294(85) 52.159(30) 41.158(78) 40.77(18)
7-/MHz —78.403(76) —78.385(27) —61.767(70) —61.494(161)
Y/ MHZ 37.9819(76) 37.974(27) 29.904(70) 29.640(161)
Ly = Zec/MHzZ 40.4221(35) 40.4108(34) 31.8630(47) 31.8541(47)
0z/deg 31.991(18) 31.8517(66) 31.945(22) 31.737(51)
7 0.03114(98) 0.03108(35) 0.0317(11) 0.0360(26)

result to experiment, concerning the value of §, presumably owing
to the most faithful electron density representation at the chlorine
nucleus.

7. Molecular geometry

Determination of molecular geometry for CF3CH,Cl poses mul-
tiple challenges. We have rotational constants for six different iso-
topic species, but only three out of the six symmetry distinct atoms
have been substituted, and no fluorine and hydrogen substitution
data is available. Furthermore, we find that for C2 and CI the b
coordinates from the standard Kraitchman analysis [31] are b
(C2)=0.07i A and b(Cl)=0.01(12) A, and are thus not useful. The
first is an imaginary quantity, while that for Cl is encumbered by
an uncertainty considerably exceeding its value, once a realistic
error estimate using the Costain criterion [32] is made.

It is still possible, however, to determine a plausible geometry
by means of a least squares fit to all 18 available rotational con-
stants. With four atoms in the symmetry plane and two
symmetry-equivalent pairs of atoms out of this plane it turns out
that a total of 11 internal coordinates completely describe the
geometry of CF3CH,CI. These coordinates need to comprise of five
interatomic distances and six angles, two of which have to be
either dihedral angles or angles defining the out-of-plane distance
of atoms H and F in the two identical pairs. The adopted internal
coordinate scheme is listed in the first column of Table 7. Early
tests carried out with the STRFIT program [33] revealed that it is

actually possible to determine the parameters involving the fluo-
rine atoms providing that the three parameters involving the
hydrogen atoms are assumed. Those are r(CH), Z(HCH), and the
angle  between the bisector of Z(HCH) and r(CC). The assumption
of values for these parameters required some care and the most
reliable estimates were expected to be possible from comparisons
of abinitio calculations and equilibrium quality experimental
geometries determined for related molecules. Since the assump-
tions concerned the equilibrium geometries we determined the
least-squares 1S semi-experimental equilibrium geometry
[34,35] as reported in Table 7 and in detail in Table S6.

The values assumed for r(CH) and for Z(HCH) were derived by
comparing the ¥t geometry for CH,CIF [36] with MP2/aug-cc-
pVTZ values, and then adding the differences to the MP2/aug-cc-
pVTZ values for CF3CH,Cl. Similarly, the r5, geometry for CH,CICH3
[37] was used to correct the calculated Z(HCC) for CF3CH,Cl. The
value for  was then obtained by trigonometry using
cosy = cos Z(HCC)/ cos(£(HCH)/2). We estimated the uncertain-
ties in these assumptions to be +0.001 A for r(CH) and +0.5° for
Z(HCC) and Z(HCH), corresponding to +1.03° for . These uncer-
tainties have been accounted for in the uncertainties in the deter-
mined r$f parameters cited in Table 7 and their determination is
described at the bottom of Table S6. We found that many of the
determined heavy atom structural parameters were relatively
insensitive to the assumptions concerning the bonds and angles
to the two hydrogen atoms. There were two exceptions: r(CCl)
and ¢, for which the standard deviations from the STRFIT fit

XI1.69



44 L. Uriarte et al./Journal of Molecular Spectroscopy 337 (2017) 37-45

Table 7
The experimental and the calculated structural parameters for CFsCH,Cl.
Exp. Calc.
Ref. [3], set III (r$F)? MP2/aug-cc-pVTZ B3LYP/6-311++G(d,p)

r(CCl)/A 1.787 1.7637(4)" 1.7660 1.7920
1(CC)/A 1.514 1.5099(10) 1.5107 1.5184
1(CF)/A 1.335 1.3429(12) 1.3456 1.3554
1(CF)/A 1.335 1.3294(11) 1.3363 1.3445
r(CH)/A 1.095 [1.0856]° 1.0855 1.0878
£(CCCl)/deg 111.58 111.28(6) 111.25 112.35
Z(CCF)/deg 108.86 108.64(15) 108.73 108.48
/(FCF)/deg 108.03 108.15(14) 108.00 107.90
Z/(HCH)/deg 108 [110.212]° 110.44 110.33
¢9/deg 130.11(12) 130.08 130.34
y/deg [123.588]° 123.88 124.04
Nconst~ Npart 18,8
0% uA? 0.000090

2 Semi-experimental equilibrium geometry based on an anharmonic force field evaluated at the MP2/aug-cc-pVDZ level.
b The quantities in round parentheses are standard errors in units of the least significant digit, accounting also for the estimated uncertainties in 1{CH), Z(HCC), Z(HCH), see

text.

¢ Values estimated using the comparisons of r3f and calculated values for CH,CIF [36] and CH,CICH3 [37], see text.

4 Angle between the bisector of /(FCF) and r(CC).

¢ Angle between the bisector of Z(HCH) and r(CC), corresponding to the assumption of ~(HCC) = 108.450° and Z(HCH) = 110.212°.

f The numbers of fitted rotational constants and of the parameters of fit.
& Deviation of fit.

Table 8
Comparison of the experimental and the calculated vibration-rotation contributions
to rotational constants for the parent species of CF3CH,ClL.

35Cl

Exp. Calc.?

vig = AAP —7.8778(1) —8.211
AB —2.82040(4) -2.776

AC —0.08136(4) -0.168

v =1 AA 6.8619(5) 10.191
AB —0.83867(8) -0.111

AC —1.74789(8) -2.286
vig =2 AA —15.6497(3) —16.422°¢
AB —7.0751(1) —5.552¢
AC ~1.52209(9) -0.336°

¢ Anharmonic force field calculation made with CFOUR [38] at the MP2/aug-cc-
pVDZ level.

b AA = (Ay — Ap), etc. where Ay are the values for the ground state.

¢ Estimated as twice the value calculated for g = 1.

increased by a factor of four and two, respectively, primarily due to
the uncertainty in Z(HCC). In deriving the rSf geometry we also
needed the B.-B, corrections of the experimental rotational con-
stants to equilibrium, which were carried out by means of an
anharmonic force field calculation at the MP2/aug-cc-pVDZ level
performed with CFOUR [38]. A check on the anharmonic calcula-
tion is provided by the comparison of the calculated vibrational
changes in rotational constants against the experimental values
determined above, as made in Table 8. This comparison is quite
reasonable, as is the agreement between the current r$¢ structural
parameters and the calculated values listed in Table 7.

8. Conclusions

The rotational spectrum of CF;CH,Cl has been subjected to a
comprehensive reinvestigation. Four new isotopic species have
been assigned, as well as spectra of the two main chlorine species
and four different excited vibrational states up to the submillime-
tre wave region. A plausible molecular geometry has been deter-
mined and complete nuclear quadrupole hyperfine tensors for
the chlorine nucleus in all isotopologues have been obtained. The
new analysis provides a complete data set for predicting the rota-
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tional spectrum of the title molecule for any foreseeable analytical
applications using supersonic expansion or ambient temperature
spectroscopy.
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Investigating the Conformation of the Bridged

Monosaccharide Levoglucosan

Iciar Uriarte,”” Patricia Ecija,” Rolando Lozada-Garcia,” Pierre Carcabal,”™ and

Emilio J. Cocinero*!

Levoglucosan is one of the main products of the thermal deg-
radation of glucose and cellulose and is commonly used as a
tracer for biomass burning. Herein we report a conformational
analysis of levoglucosan under isolation conditions, by means
of microwave spectroscopy coupled with ultrafast laser vapori-
zation in supersonic expansions. We observed three different
conformations of levoglucosan in the gas phase. They all share
a common heavy atom rigid bicyclic structure. The difference
between the three of them lies in the network of intramolecu-
lar hydrogen bonds that arises from the OH groups at posi-
tions 2, 3 and 4. The different combinations of H-bonds give
richness to the conformational landscape of levoglucosan. The

1. Introduction

Levoglucosan (1,6-anhydro-p3-p-glucose) is one of the main
products of the thermal degradation of glucose and cellulose
(B(1—4) linked glucose units). It is commonly used as a tracer
for cellulose in biomass burning." From a chemical point of
view, levoglucosan arises from the intramolecular cyclization of
a glucopyranose unit resulting in a bicyclic form structurally
similar to glucose, with a bridge between positions 1 and 5
(see Figure 1). The mechanism of glucose pyrolysis to levoglu-
cosan (and other substances) has been widely investigated
both experimentally™® and with theoretical methods.”'” This
mechanism necessarily involves an intramolecular cyclization
and a dehydration process. In reference [11], the authors use
computational methods to prove that it is the OH group at po-
sition 1 that leaves the molecule (rather than OH6).

Since levoglucosan is an important product in the degrada-
tion process of glucose and cellulose, a lot of research has
been devoted to different aspects of this molecule. In particu-
lar, several studies can be found in the literature about the
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gas phase conformers obtained in this work are compared to
the crystal structure of levoglucosan previously reported. Al-
though the heavy atom frame remains unchanged, there are
significant differences in the positions of the H-atoms. In addi-
tion, the levoglucosan structure can be compared to the relat-
ed glucose, for which gas phase conformational studies exist
in the literature. In this case, in going from glucose to levoglu-
cosan, there is an inversion in the chair conformation of the
pyranose ring. This forces the OH groups to adopt axial posi-
tions (instead of the more favorable equatorial positions in glu-
cose) and completely changes the pattern of intramolecular H-
bonds.

40 H4 2O}-|2

Figure 1. Chemical structure and atom numbering of levoglucosan. Atoms
have been numbered according to the standards of monosaccharides. Blue
corresponds to carbon atoms, red to oxygen and green to hydrogen. To
number the atoms in the bridge, we have followed the results in ref. [11].

conformation and structure of this molecular system. First, the-
oretical methods have been used to predict the 3-dimensional
conformation of levoglucosan in vacuo.*'® In 1971, the crystal
structure of levoglucosan was first studied by X-ray diffrac-
tion,"" and only the positions of the non-H atoms were ob-
tained. This study was later complemented with a neutron dif-
fraction analysis"™ that focused on obtaining the positions of
the H atoms. This kind of solid-state studies provides impor-
tant structural information. However, the hydrogen-bond distri-
bution is affected by the presence of neighboring units of the
molecule. In fact, in this particular case, strong O—H--O interac-
tions were characterized between units of levoglucosan.

A different approach to structural analysis is to perform con-
formational analysis in the gas phase. By isolating the molecule
from external interactions such as solvent or crystal packing

766 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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forces, we can access its preferred conformations. The intrinsic
molecular properties of the molecule can thus be obtained.
Several spectroscopic techniques are used to monitor the
structure of this kind of molecule in the gas phase. Mass-re-
solved laser electronic spectroscopy can be applied for the
study of moderate to large size molecular systems such as
peptides, ' carbohydrates®™?*! or nucleo-base pairs.**** For
small to medium size molecules on the other hand, microwave
spectroscopy provides the most accurate structural description
in the gas phase. The inherent high resolution of this spectro-
scopic technique allows one to distinguish and unambiguously
identify different conformers, tautomers and isotopologues as
independent species. Even enantiomers have been identified
using rotational spectroscopy™ with the recent advances in
three-wave mixing techniques.”®*?* Microwave spectroscopy
has been successfully used in the past to evaluate the gas
phase conformations of several monosaccharides,**? which
are structurally similar to levoglucosan. In particular, up to
seven conformations of glucose were detected in the gas
phase.®™ Regardless of the spectroscopic technique, the vapor-
ization method is a key point in these studies. There are nu-
merous examples in the literature where conventional heating
techniques have been used to bring biomolecules intact into
the gas phase.®**” However, in many other cases, biological
molecules are thermolabile and decompose upon heating. So,
conventional heating techniques cannot be used in those
cases. An alternative approach is to use ultrafast laser vaporiza-
tion. In this case, a short laser pulse hits the sample and a frac-
tion of the molecule is brought intact into the gas phase with-
out degradation.

The goal of this work is to probe the intrinsic conformational
preferences of levoglucosan in the interaction-free environ-
ment of a supersonic expansion by means of microwave spec-
troscopy. By comparing the results obtained here with the
crystal structure, it is possible to evaluate the effect of crystal
packing on the conformation of this substance. In addition, we
can compare the gas phase structures of levoglucosan and
glucose to assess the impact of the internal bridge. To the best
of our knowledge, this is the first high resolution structural
study of a bridged monosaccharide.

2. Results and Discussion

First, a conformational search followed by ab initio calculations
was performed to survey the conformational landscape of lev-
oglucosan in vacuo. Details about these theoretical calculations
can be found in the Experimental Section. The predicted con-
formations of levoglucosan under isolation conditions can be
rationalized according to the following two criteria. First, the
pyranose ring can adopt two conformations: inverted chair
('C,) and boat-type configuration. The inverted chair (IC) shape
is so called because it is the opposite ring structure of the re-
lated molecule glucose (*C,). The second criterion is the inter-
play of intramolecular hydrogen bonds that arises from the
three OH groups in the molecule. Several combinations are
possible and give richness to the conformational landscape of
levoglucosan.

ChemPhysChem 2018, 19, 766 - 773 www.chemphyschem.org
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The conformational search and the ab initio calculations
result in 24 different conformations in an energy window of
30 kJmol™!, see table S1. The most stable predicted conforma-
tions correspond to inverted chair structures, the first boat
conformation (B1) lying 11.1 kJmol™" above the global mini-
mum (A(E+ZPE) at MP2/6-311 + + G(d,p)). Among the invert-
ed chair conformers, the most stable ones display an intramo-
lecular hydrogen bond O3H3--06 on the top face of the mole-
cule, with the H3 atom pointing towards O6. The first structure
that does not possess this intramolecular interaction (IC5) is lo-
cated at 4.2 kimol™" (A(E+ZPE) at MP2/6-311 + +G(d,p)). In
general, our calculations are in good agreement with previous
theoretical studies about levoglucosan,>'¥ although small dif-
ferences arise mainly from the use of different methods/basis
sets. For example, in ref. [12], the authors only consider five
different conformations of levoglucosan at MP2(full)/6-31G(d)
level of theory. Among these five conformations, there are dif-
ferences in the energetic order of some of the conformers (IC2
and IC3, for instance, are in the inverse order as in our results).

So, as a summary, the four lowest lying conformers share a
common rigid bicyclic frame with a 'C, ring conformation of
the six-membered ring and an intramolecular O3H3--06 hydro-
gen bond. Starting from this disposition, we performed a Po-
tential Energy Surface by scanning the dihedral angles H2—
02—-C2—C1 and H4—-04—C4—C3 in order to consider all possible
positions of the OH groups and the corresponding interac-
tions. Figure 2 shows this potential energy surface. We can
clearly distinguish five minima which correspond to conform-
ers IC1, 1C2, IC3, IC4 and IC8. It is worth mentioning that these
conformers were also predicted in the conformational search.
This validates the performance of the conformational search.
Finally, a high energy plateau resembling region can be ob-
served in the PES (H2—02—C2—C1 and H4—-04—C4—C3 between
0° and 200°, approximately). This region corresponds to con-
formations where either the OH groups at positions 2 and 4
are pointing out of the molecule and hence do not give rise to
intramolecular hydrogen bonds or there are strong repulsions
between the two hydrogen atoms (for example, the region
with H2—02—C2—C12200° and H4—-04—C4—C3~0°).

The first attempt to record the rotational spectrum of levo-
glucosan was done using a Chirp-Pulse Fourier Transform Mi-
crowave (CP-FTMW) spectrometer available at the University of
the Basque Country (UPV/EHU).2¥ The main advantage of this
spectrometer is that it allows one to record the whole rotation-
al spectrum (in our case, 6-18 GHz region) in a single molecu-
lar pulse, resulting in short spectral acquisition times. In our
current set-up, the vaporization system for getting the sample
in the gas phase in the CP-FTMW consists of conventional
heating techniques. Levoglucosan was heated to 220°C in a
customized heating nozzle, but no lines attributable to this
molecule were found in the rotational spectrum. This may be
due to the low vapor pressure of levoglucosan, meaning that
there is not enough amount of molecules in the gas phase or
it is a thermolabile sample and degrade. An alternative ap-
proach to vaporization of low vapor pressure or thermolabile
samples consists in the use of ultrafast laser sources.*” There-
fore, we performed the rotational study of levoglucosan in the

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Potential energy surface of levoglucosan and two-dimensional con-
tour plot computed at B3LYP-D3/6-311+ + G(d,p). The heavy atom frame is
fixed at an inverted chair configuration displaying an intramolecular
0O3H3:-06 hydrogen bond. The independent variables correspond to the tor-
sion angles H2—02—C2—C1 and H4-04—-C4—C3 (energies in kJmol ™', angles
in degrees). The positions of the minima are highlighted as well as some rel-
evant energy values.
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FTMW spectrometer available in our group, which is coupled
to an UV ultrafast laser vaporization system.

The theoretical calculations mentioned before guided the
experimental work. The rotational spectra of the most stable
conformations of levoglucosan were predicted based on calcu-
lated rotational constants. Following these predictions, the 9-
12 GHz region was first scanned to look for J=4 and J=5 p,,
W, and p-type lines of the most stable conformations. Different
sets of lines were spotted which corresponded to three differ-
ent conformations of levoglucosan. The rotational transitions
were fitted to a Watson semi-rigid rotor Hamiltonian and the
experimental values of the A, B and C rotational constants and
some of the centrifugal distortion constants were obtained.
The results are summarized in Table 1 for the three conforma-
tions and a portion of the rotational spectrum in the 9600-
9700 MHz region is depicted in Figure 3.

The three sets of constants obtained (Confl, Conf2 and
Conf3) seem to correspond to IC1, IC2 and IC3, which are the
lowest lying conformations predicted for levoglucosan. Howev-
er, the values of the rotational constants are very similar be-
tween the three conformations, and this is particularly so for
Confl and Conf2. In order to have an unambiguous assign-
ment, we look at the difference error defined as AX=
Xiheor—Xexpr Where X refers to the rotational constants (A, B or
Q). This difference error should be almost identical for the two
conformations. By assigning Confl to ICT we obtain AA=
7.9 MHz, AB=3.7 MHz and AC=7.6 MHz. The values for Conf2
and IC2 are AA=9.2 MHz, AB=3.9 MHz and AC=7.6 MHz. So,
the difference errors are almost identical in both cases and the
correct assignment is therefore Confl=IC1, Conf2=IC2 and
Conf3=1C3. Moreover, this is corroborated by the observation
of transitions of c-type in Conf1 excluding the possibility that
this rotamer is IC2 (u.=0). Figure 4 displays the three-dimen-
sional dispositions of these three conformers. As mentioned
previously, these three species correspond to structures where
the heavy atom frame is fixed and the six-membered ring
adopts an inverted chair conformation. Also, the strong
0O3H3-+06 bond is present in the three observed conformers.
The differences between the observed structures lie in the net-

Table 1. Experimental and ab initio (MP2/6-311+ + G(d,p)) rotational constants, centrifugal distortion constants and dipole moment components of the
three observed conformers of levoglucosan.

Conf1 Conf2 Conf3 IC1 1C2 1C3
A [MHz] 1426.65036(49)" 1428.92424(52) 1436.44859(58) 1434.6 1438.1 1449.5
B [MHz] 1224.20654(42) 1222.98567(32) 1219.67041(31) 1227.9 1226.9 12221
C [MHZ] 1189.03274(42) 1188.36258(36) 1187.75585(31) 1196.6 1196.1 1196.0
AP [kHz] 0.0500(96) 0.0375(77) 0.0495(65) 0.043 0.043 0.042
Ay [kHz] 0.079(20) 0.113(15) 0.093(15) 0.079 0.092 0.084
Ay [kHz] 0.030(18) 0.017 —0.005 0.015
|4, D] Observed Observed Observed 1.1 0.9 22
|| (D] Observed Observed Observed 1.9 0.9 33
|| [D] Observed Not observed Observed 0.8 0.0 0.4
N 51 26 24
o [kHz] 43 25 2.1
[a] Rotational constants (A, B and C). [b] Centrifugal distortion constants (A; Ay and Ay). [c] Electric dipole moment components (|x,|, a=a, b and ¢) re-
ferred to the principal axis; 1 Da23.336x 10** Cm. [d] Number of transitions (N) and rms deviation of the fit (o). [e] Standard errors in parentheses in units
of the last digit.
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Figure 3. Section of the experimental rotational spectrum of levoglucosan in
the 9590 to 9690 MHz region. Rotational transitions (J K'_; K", ;«J" K",

K" ;) corresponding to the three different observed conformations are la-
beled (blue: IC1, red: IC2, green: IC3). The two non-labeled rotational lines
may arise from decomposition products due to laser desorption. All rotation-
al transitions are split (~20-30 kHz) due to Doppler effect (not observable
in the figure).

work of hydrogen bonding arising from the OH groups at posi-
tions 2 and 4. Although some unassigned lines remained in
the rotational spectrum, they could not be identified as higher
energy conformers of levoglucosan or decomposition prod-
ucts.

In order to study the patterns for hydrogen bonding in ICT,
IC2 and IC3 we use three different methods to characterize in-
tramolecular interactions. First, we carried out NBO calculations
to evaluate hyperconjugation energies between the lone pairs
of the oxygen atoms and the vicinal 0*(O—H) orbitals. We con-
sider that hyperconjugation energies greater than 0.5 kcal

CHEMPHYSCHEM
Articles

mol ™" are indicators of some kind of interaction. Also, we use
Bader’s QTAIM theory to evaluate the presence of Bond Critical
Points (BCPs) and to estimate the bond strength of H-bonds.
In this case, an intramolecular interaction is confirmed by the
mere presence of a BCP. Finally, an analysis of the H--O distan-
ces and the O—H--O angles may help us identify H-bonds. The
distance and angle cut-off values for H-bonds are a matter of
debate and it is not the objective of this work to discuss the
issue. However, for the present work, we will follow the consid-
erations about weak hydrogen bonds in ref. [39]. We consider
that distances shorter than 3.2 A and angles in the range 90°-
150° may be indicative of weak intramolecular interactions.”
The results of these three methods for IC1, IC2 and IC3 are
summarized in Table 2. First, we can see that the three meth-
ods confirm an O3H3--06 interaction for the three conformers.
For IC2, an additional O4H4--02 H-bond contributes to stabiliz-
ing the system, as is confirmed by QTAIM, NBO and structural
analysis. IC3 on the other hand displays an O2H2--O4 interac-
tion, also confirmed by the three methods. Finally, for IC1,
QTAIM, NBO and structural analysis confirm an O2H2--04 inter-
action. However, there is a slight disagreement between the
three methods concerning a possible O2H2--O5 contact in
conformers IC1 and IC3. In IC1, while QTAIM does not find a
BCP which would support O2H2--O5, the hyperconjugation
energy according to NBO is 0.6 kcalmol™', which would indi-
cate a slight interaction. Also, the structural analysis would
confirm an intramolecular interaction, with the distance being
23 A and the angle 107.0°. For IC3, QTAIM and NBO do not
support an interaction while the structural consideration does
(2.5 A and 98.4°).

An interesting feature of microwave studies is that they
allow the determination of the relative conformational popula-
tions in the gas phase, since the intensity of rotational transi-
tions in the jet is proportional to the population and the mo-
lecular dipole moment."*” However, these measurements are
affected by several non-quantified uncertainties like the ab
initio dipole moments, and should be taken as an approxima-
tion. In levoglucosan, we have determined that the population
ratio IC1/1C2 is 8(1)/1 and IC1/IC3 is 39(9)/1. This means that

Conformer IC1

Conformer IC2

Conformer IC3

Figure 4. The three observed conformers of levoglucosan. Intramolecular hydrogen bonds are shown with blue dotted lines, distances in A.
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Table 2. Summary of the three methods used to study intramolecular interactions of the three observed conformers of levoglucosan.
03H3--06 02H2--04
QTAIM® NBO™! r[A] X [9 QTAIM NBO r[A] X [
IC1 —6.5 3.6 20 132.1 —2.6 0.7 24 124.1
1C2 —6.3 3.6 2.0 132.0 3.4 62.5
IC3 —6.2 3.5 2.1 131.2 —34 1.3 23 132.6
02H2--05 04H4--02
QTAIM NBO r[A] %[ QTAIM NBO r [A] % [
IC1 0.6 2.3 107.0 33 68.5
1C2 3.6 17.3 —28 0.9 24 1273
1C3 25 98.4 37 339
[a] Bond strength (E, kcalmol™') according to Bader’s quantum theory of atoms in molecules (QTAIM). E values are shown for those intramolecular interac-
tions where BCPs have been found. [b] Hyperconjugation energies (kcalmol™') between the lone pairs of the oxygen atoms and the vicinal 6*(O-H) orbi-
tals. Only values greater than 0.5 kcalmol ™' are shown. [c] Structural parameters referring to the H-bonds. r [A] is the distance H--O and % [°] is the angle
O—H--0.

the relative energies (AG) of conformers IC2 and IC3 are 5.2(4)
and 9.0(9) kJmol™' above the global minimum (IC1). These
values are quite different from the ab initio (MP2/6-311+ +
(d,p)) values (1.4 and 2.8 kimol™, respectively). However, the
energetic order of the conformers is maintained.

Crystal-phase studies of levoglucosan have been reported
previously in the literature. In particular, in ref. [15], X-ray and
neutron diffraction studies were carried out so that the posi-
tions of the heavy atoms and the hydrogen atoms could be
obtained. We can then easily compare the structure of levoglu-
cosan in the gas phase (this work) and in crystal (ref. [15]) and
evaluate how the crystal packing in the solid phase affects the
structure of this molecule. The heavy atom frame does not
change when going from gas to crystalline phase. However,
the disposition of the hydrogen atoms is different in the two
situations. Figure 5 displays the gas phase structure of levoglu-

04

o6’

OX)

o4

Figure 5. Comparison of the H-bond network of levoglucosan in the gas
phase (global minimum structure, IC1) and in the crystal. The positions of
relevant atoms in the crystal (from ref. [15]) are displayed with transparent
spheres.

ChemPhysChem 2018, 19, 766 - 773 www.chemphyschem.org

cosan, along with the position of H2, H3 and H4 in the crys-
tal." Also, some atoms (O and H) of the neighboring units of
levoglucosan in the crystal are shown. As mentioned before, in
the gas phase the hydrogen atoms are arranged so that intra-
molecular H-bonds can be formed. However, in the crystal
phase, intermolecular H-bonds with neighboring units of levo-
glucosan are preferred and the hydrogen atoms point “out” of
the molecule. This is particularly clear for H3, whose position is
shifted ~180° from the gas phase to form an intermolecular
bond with an 02" atom from a neighboring levoglucosan unit.
This is the main difference that arises from the comparison of
the structures of levoglucosan in the gas phase and in crystal.

It is also interesting to compare the structures in the gas
phase of levoglucosan and glucose. The former is a degrada-
tion product of the latter and results from an intramolecular
cyclization, meaning that the structures of the two molecules
are intimately related. Glucose was studied under isolation
conditions by means of FTMW spectroscopy.®® Several confor-
mations were observed for a-glucose (four conformations) and
B-glucose (three). All of them possess a “C; chair conformation
of the six-membered ring. In contrast, the observed conforma-
tions of levoglucosan display a 'C, chair conformation. This
means that there is an inversion of the chair conformation
when the cyclization occurs. We have performed a Cremer-
Pople (CP) analysis to visualize this inversion in the configura-
tion of the pyranose ring. CP allows one to describe quantita-
tively the puckering of a six-membered using three polar coor-
dinates (an amplitude (g) and two phases (0 and ¢)). The
graphical result is a sphere in which the different conforma-
tions occupy a given position defined by the three polar coor-
dinates. In Figure 6, we present the results of the CP analysis
of levoglucosan, B-glucose and fB-ribose. It is very easy to see
in this Figure the ring inversion from glucose to levoglucosan.
The conformations corresponding to glucose are on the north
pole of the sphere (*C; chair) while the levoglucosan conforma-
tions are on the opposite side, on the south pole (near the 'C,
chair). It is also interesting to compare with the results from
ribose. In a previous study of p-ribose in the gas phase,*” the
authors found one conformer with a “C, chair and two with a

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Cremer—Pople sphere with the observed conformers of levoglucosan (this work, red dots), f-glucose (ref. [32], green) and B-ribose (ref. [29], orange).
All amplitudes have been given the same value for the sake of clarity in the Figure. The positions of some ideal structures are shown in the sphere: Chair (C),

Boat (B), Twist-Boat (TB), Half-Boat (HB) and Half-Chair (HC).

'C, chair. They are shown in Figure 6, lying in opposite poles of
the sphere. If we compare the position of the 'C, chairs of
ribose with levoglucosan, it is clear that there is a distortion in
levoglucosan from the 'C, chair of ribose, which lies almost
ideally in the southernmost point of the sphere. Levoglucosan
does not occupy the ideal position for a perfect 'C, chair, it is
distorted from this ideal position, adopting some Half-Boat
character.

This inversion in the chair results in the OH groups adopting
axial positions in levoglucosan, while they have equatorial po-
sitions in glucose. This also implies that the network of intra-
molecular hydrogen bonds changes drastically from glucose.
For example, in the most stable conformer of (3-glucose report-
ed in reference 33, there is a cooperative network of hydrogen
bonding that the authors describe in the following way:
04H4--0O3H3--02H2-+-0O1H1--05. Nevertheless, for the observed
conformers of levoglucosan, such cooperative network cannot
take place and, instead, the possible H-bond contacts for the
global minimum are: O2H2--04 and O2H2--05. In summary, in
glucose the H-bond contacts take place between vicinal units
of equatorial OH groups in a cooperative way while in levoglu-
cosan the H-bonds involve “alternated” axial OH groups.

3. Conclusions

The conformation of levoglucosan was probed under isolation
conditions by means of FTMW rotational spectroscopy coupled
with UV ultrafast laser vaporization. Three conformers were ob-
served in the gas phase. They all share a heavy atom bicyclic
frame, with the six-membered ring displaying a 'C, chair con-
formation, which is the opposite conformation of the glucose
chair (*C,). This forces the OH groups to adopt axial positions
and creates an unusual pattern of intramolecular H-bonds. In
particular, all observed conformers of levoglucosan display
contacts between alternate OH groups, while previous studies

ChemPhysChem 2018, 19, 766 - 773 www.chemphyschem.org

X1.80

771

prove that in glucose cooperative H-bonds exist between vici-
nal OH groups.

Experimental Section
Experimental Methods

Levoglucosan was purchased from Sigma Aldrich and used without
further purification. It is a white powder with high melting point
(182-184°C). Conventional heating techniques proved unsuccess-
ful to vaporize the sample. Therefore, UV ultrafast laser vaporiza-
tion was used to get levoglucosan in the gas phase. For that pur-
pose, levoglucosan and a commercial binder were mixed and then
mechanically pressed to get cylinder-type solid samples (“rods”).

The rotational spectrum of levoglucosan was recorded in a FTMW
spectrometer coupled with ultrafast laser vaporization available at
the University of the Basque Country (UPV/EHU) and described
elsewhere.®®*" The ultrafast vaporization system consists of a pico-
second-pulsed Nd:YAG laser operating in the third harmonic
(355 nm). Briefly, the picosecond laser pulse vaporized the rod in
the presence of a carrier gas (Ne) at a stagnation pressure of
=6 bar. Then, through a 1.0 mm ablation nozzle, the sample was
supersonically expanded into the FTMW cavity. The rotational spec-
trum was recorded in the 9-14 GHz region. The accuracy of the fre-
quency measurements is below 3 kHz and rotational transitions
separated less than 7 kHz are resolvable. All transitions appear as
Doppler doublets.

Computational Methods

We used computational methods in order to predict the most
stable conformations of levoglucosan under isolation conditions
and guide the experimental work. We followed the ensuing meth-
odology, which we have previously used with excellent results.
First, a fast conformational search was performed using Molecular
Mechanics. The force field MMFFs (Merck Molecular Force Field“?)
was used to sample the conformational space using a combination
of Advanced Monte Carlo and large-scale low-mode algorithms.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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This conformational search was done within an energy window of
30 kJmol ™. The structures resulting from this procedure were later
re-optimized using ab initio methods. In particular, MP2 calcula-
tions were carried out using the Pople’s triple- 6-311+ + G(d,p)
basis set.

Alternatively, the lowest lying conformations of levoglucosan were
predicted by performing a Potential Energy Surface (PES). Levoglu-
cosan displays a rigid bicyclic frame with a strong intramolecular
interaction O3H3--06. Starting from this structure, the lowest lying
conformations arise from the different configurations that the OH
groups at positions 2 and 4 may adopt. Hence, the two dihedral
angles H2—02—C2—C1 and H4—04—C4—C3 were scanned in steps
of 10 degrees, using B3LYP-D3/6-311+ +G(d,p) method. In this
way, all possible orientations of the OH groups at positions 2 and
4 were considered. The most stable conformations of levoglucosan
are accounted for in this PES and the barriers connecting them can
be easily visualized.

In order to analyze the possible patterns of intramolecular interac-
tions, NBO calculations were carried out. Density Functional Theory
methods were applied (in particular B3LYP) at the 6-311+ + G(d,p).
We also used Bader’s quantum theory of atoms in molecules™’
(QTAIM) as an alternative approach to study intramolecular interac-
tions. In particular, we predicted Bond Critical Points (BCPs) and
bond paths and estimated the bond strength. We used the Mul-
tiwfn program™ for the QTAIM analysis.

All ab initio calculations were run in the Gaussian 09 software pack-
age.™
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