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CHAPTER 1

Introduction

1.1 Statement of Motivation

When I was seven years old, I remember joining a group of kids from my neighborhood for my first game of

backyard baseball. One of the boys asked me if I needed a right or left-handed baseball mitt. Although I often

still confused my left from my right, I knew from school I was right-handed and asked for a right-handed

mitt. Of course, if you catch the ball with your gloved right hand, you are forced to throw the ball with you

free left hand. I quickly tried to switch the mitt to my left hand. To my immense surprise, the mitt simply

would not fit. My seven year old self would continue to struggle differentiating between left and right, but I

became aware then that the difference is not as meaningless as I had believed.

The property I was encountering was chirality; hands are familiar chiral objects and the word chiral comes

from the Greek word for hand. Lord Kelvin first brought the term to the scientific world in 1893 at the second

Robert Boyle Lecture. He said ”I call any geometrical figure, or group of points, ’chiral’, and say that it has

chirality if its image in a plane mirror, ideally realized, cannot be brought to coincide with itself.” Chirality

permeates through modern science, from the spin of elementary particles to all biological life. In physics,

chirality or handedness describes the orientation of a particle’s spin in relation to its momentum. When spin

of a particle is in the same direction as its momentum, the particle is called right-handed, and when spin and

motion are in opposite directions, the particle is called left-handed.1 All massive particles should exist in

both left and right-handed forms (and even convert between the two states).

In chemistry, any molecule that is not superimposable on its mirror image is said to be chiral. Chiral

molecules have a stereogenic element (e.g. stereogenic center, stereogenic axis and/or planar chirality) from

which chirality arises. A stereogenic center would be an atom such as a carbon in sp3 hybridization with

four distinct groups attached to it. A stereogenic axis often comes from sterically restricted rotation about

a bond leading to axial chirality. Common examples are biaryl compounds wherein the rotation about the

aryl-aryl bond is restricted, such as in BINAP and BINOL. Planar chirality generally arises from compounds

with a planar ring connected to an ansa or handle. If the ring cannot be swiveled through the hoop, then the

compound is considered to posses planar chirality. Molecules with a curved skeleton wherein the terminal

rings of the compound twist in opposite direction are said to posses helical chirality due to the resulting

development of a helical twist. DNA is an example of a molecule possessing helical chirality that arises from

the stacking of nucleic acid base pairs. All chiral molecules belong to the point groups Cn, Dn, T, O, and I.
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Most of the compounds that comprise living organisms possess chirality, like DNA and proteins, giving

any chiral substance a different response from its mirror image, referred to as its enantiomer. Many medica-

tions, supplements, insecticides, herbicides, fungicides, pesticides, fragrances, and foods are chiral or contain

chiral compounds. As with the right-handed mitt issue I encountered at seven, a chiral compound tends to

interact with another chiral molecule differently than its enantiomer would. This was made evident by the

tragic case of thalidomide2 wherein the R enantiomer was safe to consume, but the S enantiomer led to birth

defects and deaths in thousands of children. By knowing the effects (positive, negative, or neutral) of a chiral

compound on a system and the compounds structure, it becomes possible to recognize how other similarly

structured compounds could bring about similar effects to lesser or greater degrees. More so, it brings about

the possibility of constructing a stereo-selective synthesis for producing only the desired enantiomer. Know-

ing the chirality of a compound and its effects also allows for the possibility of isolating enantiomers from

one another through methods such as chiral column chromatography or recognizing when chiral separation

is not even necessary due to inert properties of the non-desired enantiomer. To study the interactions of any

chiral molecule within a biological system, it is therefore important to know and understand molecular chi-

rality. But a pair of enantiomers have, as far as we can measure, the same physical properties and can only be

distinguished by reference to a known chiral system, which could be light or the olfactory receptors in your

nose.3 Since it is fairly easy to construct instruments that emit and measure light, that is the route that modern

chemists, physicists, and biologists have taken to study molecular chirality. Let us now dive into the world of

measurements and predictions of the interaction of light with chiral systems: chiroptical spectroscopy.

The power to discriminate the two enantiomers of a chiral compound is not enough however, at least for

useful and safe pharmaceutical research, as one needs to know the three dimensional structure exactly, called

the Absolute Configuration (AC). This is due in large part to drug discovery often involving modifications

to compounds known to have certain effects. Knowing precisely which enantiomer of a drug is providing a

certain effect allows for isolation and modification or removal of that compound alone. As chiral drug com-

pounds often have more than one stereogenic element, leading to 2n diastereomers where n is the number of

stereogenic elements, there is a strong possibility of one or more of the diastereomers to have unwanted ef-

fects. Even without general side effects, extraneous drug-like compounds in medication will lead to additional

stress on the liver. Too provide a certain desired effect from a drug without general side effects or unneces-

sary liver stress, it is vital to know the AC of the drugs being researched for pharmacological purposes. If we

know both the AC of a particular drug and how it interacts with its active site, then purposeful modification

of the compound can be done to create a compound with desired properties (such as a stronger or weaker

binding affinity) without altering the 3D structure that allows for the interaction to take place. Fortunately, it

seems that the interactions of light with chiral substances can be reasonably modeled using modern quantum
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chemical techniques.4,5 With the combination of chiroptical techniques and quantum chemical (QC) predic-

tions of the exact 3D structure that gives rise to the chiroptical properties, the chiroptical properties can be

informative on how a molecular system is changing.4,6,7,8

The currently available spectroscopic tools in the exploration of chirality for molecular systems in-

clude optical rotatory dispersion (ORD), electronic circular dichroism (ECD), vibrational circular dichroism

(VCD), vibrational Raman optical activity (ROA), and circularly polarized luminescence (CPL). Each has

its own advantages and disadvantages such as usable solvents, concentration ranges, collection times, sen-

sitivities, etc. The techniques that will be used in this work will be detailed in the following sections and

chapters.

1.2 Statement of Research Plan

The original goal of the project was to determine the AC of natural products and small synthetic molecules

through direct QC prediction and comparison of chiroptical spectra. After a year of investigating various

compounds with chiroptical spectroscopy, I realized that more robust methods, techniques, or experimen-

tal planning were necessary to unequivocally determine the AC or other structural information for many

compounds. I built upon previous works to better model various chiral structures and system in order to

successfully reproduce chiroptical spectra. This included finding a way to efficiently and systematically sol-

vate specific chiral compounds in order to reproduce chiroptical properties and confidently assign the AC of

the structure. Almost counter intuitively, this also included investigating and showing cases in which one

can avoid explicit solvation altogether despite what one’s chemical intuition might expect and successfully

predict chiroptical properties. I wanted to delve into the quantum mechanical formalisms of these chiropti-

cal properties, and in doing so managed to show the importance of a specific quantum mechanical term in

Raman optical activity. I wanted to determine if chiroptical properties, specifically the vibrational optical

activities, of compounds could be used as unique identifiers, which, for compounds of the same chemical for-

mula appears to be viable. These procedures and practices that are employed in the following chapters clearly

demonstrate their own value in teasing out structural details that may be missed or otherwise indiscernible,

while often reducing the computational cost required.

1.3 Research Methods

Herein I describe the overarching research methods that I have used in my time here at Vanderbilt. I provide

the fundamentals of the four chiroptical methods that I have utilized in my investigations, and those of several

common analytical methods that I made use of for my projects. These methods again are overarching, pro-

viding the basis for my research. These methods have been used extensively with a variety of compounds and
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careful planning to elucidate structural details as well as pertinent information to successfully reproducing

chiroptical spectra for a variety of compounds in a variety of circumstances.

1.3.1 Optical Rotatory Dispersion (ORD)

Discovered by Biot in 1812, Optical Rotation (OR or α) is the rotation of the plane of polarization of elec-

tromagnetic radiation as it passes through a medium.4,9 If the light rotates clockwise as it approaches the

observer, the sample is called dextrorotatory and OR is defined to be positive, while negative or counterclock-

wise rotations come from levorotatory samples, which is a distinction used to label all chiral compounds as

(+) or (-). The characteristic specific optical rotation (SOR or [α]) is a widely used method for differentiating

between chiral molecules, and is generally written as,

[α]T
λ
=

α

C ∗ l
(1.1)

where α is the observed rotation in degrees, λ is the wavelength of light in nm, T is the temperature, C is the

concentration in g mL−1, and l is the path length in dm. Specific optical rotation should be independent of

concentration, but in some cases it has been found to vary slightly with concentration.10 The standard units of

SOR are deg mL g−1 dm−1. Specific optical rotation changes with the wavelength of light, which is an effect

called Optical Rotatory Dispersion (ORD). Optical rotatory dispersion was first calculated within the static

limit in 1997, but these calculations are only valid far from electronic transitions.11 Optical rotatory dispersion

can be calculated using linear response theory for any given wavelength and gives accurate results in most

cases with Density Functional Theory (DFT) but the gold standard for prediction is Coupled Cluster (CC)

theory.12,13 ORD is calculated from the imaginary part of the electric dipole-magnetic dipole polarizability

(called the G’ tensor), which complicates the calculation of ORD (and other chiroptical properties) by the

origin dependence of the magnetic dipole moment operator.12 To obtain origin independent results, Gauge-

Invariant Atomic Orbitals or the velocity gauge must be used.14

Optical rotation is observed because left and right handed circularly polarized light travel at different

speeds in a chiral medium. Optical rotation is related to the imaginary components of refractive index. Since

linearly polarized light can be written as the sum of equal amounts of right and left circularly polarized light,

a difference in speed manifests as a change in the polarization angle. The difference in the real components

of refractive index is related to difference in absorption of left and right circularly polarized light also called

Circular Dichroism (CD). The real and imaginary parts of the complex refractive index of light, as a real

complex pair, are interchangeable through the Kramers-Kronig (KK) transformations. The relationship of
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the real and imaginary parts of a complex linear response function f (ω) are related by:15

Re[ f (ω)] =
2
π

∫
∞

0

µIm[ f (µ)]
µ2 −ω2 dµ (1.2)

Im[ f (ω)] =
−2ω

π

∫
∞

0

µRe[ f (µ)]
µ2 −ω2 dµ (1.3)

where Re stands for the real part, Im stands for the imaginary part, and µ is a variable used for integration.

The form of the KK relations makes ORD a long ranged effect when compared to CD and can be measured

for chiral compounds for which the ECD cannot be measured due to instrumental restrictions. The ORD

spectrum can be measured routinely for any sample or solvent as long as some light passes through the

sample at the wavelengths of interest. At an absorption transition, OR becomes sigmoidal and changes sign.

Rotations as small as 0.003 degrees can be measured and there is no instrumental restriction on how large the

angle of rotation can be. In our lab, the Autopol IV polarimeter (Rudolph Research Analytical, Flanders, NJ,

USA) is used to measure optical rotation at six discreet wavelengths (633, 589, 546, 435, 405, and 365 nm).

1.3.2 Electronic Circular Dichroism (ECD)

Circular Dichroism (CD) is the differential absorption of left and right handed circularly polarized light. This

phenomenon was discovered by Aime Cotton in 1895.16 The differential molar absorptivity (∆ε) is defined

by,

∆ε = εL − εR =
(AL −AR)

C ∗ l
=

∆A
C ∗ l

(1.4)

where l is the path length in cm, or the length that the light beam passes through the sample, AL is the

absorption of left circularly polarized light, AR is the absorption of right circularly polarized light, and C is

the concentration in mol L−1. Electronic circular dichroism (ECD) measures the differential absorption of

left and right handed circularly polarized light for electronic transitions observed in the UV-Visible spectral

region. ECD is different from Electronic Absorption (EA) in that it can be positive or negative. The strength

of a given electronic transition for ECD can be calculated by the relation17

Rk = Im
[〈

i
∣∣µ∣∣k〉〈k

∣∣m∣∣i〉]= Im
[
µ ik •mki

]
(1.5)

where the transition goes from state |i⟩ to state |k⟩, and µ and m are the electric and magnetic dipole moment

operators respectively. For the absorption process, Dk is called the dipole transition strength and determines
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the integrated absorption band intensity. Dk is defined as:

Dk =
[〈

i
∣∣µ∣∣k〉〈k

∣∣µ∣∣i〉]= [
µ ik •µki

]
. (1.6)

For electronic transitions, theoretical spectral simulations are normally carried out with Gaussian spectral

intensity distribution, given as:

Gk(x) = y0
ke

−
(

x−x0
k

wG

)2

(1.7)

where x0
k is the wavelength at the center of kth band, wG represents the half-width at 1/e of the band maximum.

1.3.3 Vibrational Circular Dichroism (VCD)

Vibrational transitions can absorb left and right handed light differently giving rise to VCD. The rotational

strength Rk and dipole transition strength Dk for a given vibrational transition are defined in the same general

terms as provided for electronic transitions in equations 1.6 and 1.7. However, the calculated rotational and

dipole transition strengths correspond to the integrated molar absorption coefficients determined experimen-

tally and are given by the relations,

Rk =
0.23x10−38

ν̄k

∫
∆ε(ν̄)dν̄ (1.8)

Dk =
0.92x10−38

ν̄k

∫
ε(ν̄)dν̄ (1.9)

where ν̄k is the transition frequency in cm−1.

The CD for vibrational transitions is approximately 10,000 times weaker than the Vibrational Absorption

(VA) of unpolarized light, meaning there are inherent problems with noise when measuring VCD. Due to the

weakness of the VCD signal and other instrumental difficulties, measurements of VCD were not performed

until 1974.18 The removal of the linear birefringence signal19 has improved the reliability of VCD measure-

ments in newer instruments,2 which can reliably measure from 4000-800 cm−1. This range allows for the

observation of a large number of vibrational transitions, which can be compared to Quantum Chemical (QC)

calculations. In our lab, the ChiralIR spectrometer (BioTools, Jupiter, FL, USA) is used for the measurement

of VCD spectra.

There are practical limitations on VCD measurements. Measurements of VCD are most easily made in

the solution phase, but nearly all solvents will absorb light in the infrared (IR) region. Deuterated solvents and

short path lengths (50-200 µm) must be used to minimize solvent absorbance. To maximize the absorbance

from the sample, high concentrations must be used which can lead to aggregation effects. Also the sample
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may not dissolve at high concentrations in all solvents. If hydrogen bonding solvents are necessary, then the

vibrations of the molecule will be perturbed by hydrogen bonds with the solvent. The solvent interactions

must be accounted for in comparisons with QC calculations, which can alter the results significantly.20 VCD

measurements on finely dispersed solid particles and films can be made, but these require a rotating sample

holder to remove linear dichroism and the effects of strain on the sample.21

In spectral simulations, the VA bands are generally represented by Lorentzian band shapes given by:22

Lk(x) = γ
0
k

γ2
L

γ2
L +

(
x− x0

k

)2 (1.10)

where γL is the half-width at half-maximum for the Lorentzian band and γ0
k is the peak y-value at x0

k .

1.3.4 Raman Optical Activity (ROA)

Raman optical activity (ROA) is the measurement of differential intensity of Raman scattering between right

and left circularly polarized light.23,24 ROA is supported by both rotational25,26 as well as vibrational23,24

transitions of chiral molecules. ROA associated with vibrational transitions, referred to as vibrational Ra-

man optical activity (VROA), is the most common form that is being widely investigated. The experimental

vibrational Raman and ROA spectral intensities depend on various experimental parameters, including the

incident laser intensity, and therefore cannot be quantitatively compared with the intensities calculated using

QC methods. However, dimensionless circular intensity difference (CID), the ratio of VROA to correspond-

ing Raman, eliminates the dependence on experimental parameters and permits quantitative comparisons in

the analysis of QC predictions.

VROA originates23,24 from the products of the normal coordinate derivatives of three polarizability ten-

sors, the electric-dipole—electric-dipole polarizability (α), the electric-dipole—magnetic-dipole polarizabil-

ity (G’), and the electric-dipole—electric-quadrupole polarizability (A). The VROA intensities are governed

by a combination of three different tensor product invariants: (a) the product of the means of the
dααβ

dQk
and

dG′
αβ

dQk
tensors (designated to as ω−1ᾱkḠ′

k , where ω is the circular frequency of incident laser light), (b)

the anisotropy of the product
dααβ

dQk

dG′
αβ

dQk
tensor (designated as ω−1γ2

k ), and (c) the anisotropy of the product
dααβ

dQk

dAαβγ

dQk
tensor (designated as ω−1δ 2

k ). The notation used here follows that from Polavarapu23,24 and the

units for these tensor product invariants, ω−1ᾱkḠ′
k, ω−1γ2

k , ω−1δ 2
k , are A5/amu.24

VROA measurements have been conducted with incident circularly polarized light, which are referred to

as incident circular polarization (ICP) measurements.27 The initial ICP measurements,27 performed in the

90° right angle scattering geometry with scattered light polarization parallel to the scattering plane, were

referred to as depolarized ICP VROA. Polarized ICP VROA, monitoring scattered light polarization per-
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pendicular to the scattering plane, were also measured in subsequent years.28 However, improved signal-

to-noise was realized for ICP measurements in the 180° backscattering geometry.29 In a different approach,

VROA measurements can be conducted with linearly polarized incident light, and monitoring the circular

polarization components in the scattered light, which are referred to as scattered circular polarization (SCP)

measurements.30 SCP measurements are normally conducted in 180° backscattering geometry. When inci-

dent laser light is circularly polarized and scattered light is analyzed for circular polarizations, the resulting

measurements are referred to as dual circular polarization (DCP) measurements.31,32 DCP measurements are

normally conducted in 180° backscattering geometry. The DCP setup with incident and scattered circular

polarizations in-phase is referred to as DCPI and as DCPII when they are out of phase. A limited number of

VROA measurements were also reported with these DCP setups. Whereas the ICP measurements performed

in 90° right angle depolarized scattering geometry,27,28 and in 180° backscattering geometry,29 were com-

mon in the early stages of development, the SCP VROA measurements in 180° backscattering geometry with

unpolarized incident light are practiced currently. While a graduate student in Dr. Polavarapu’s lab, I was

able to make many ROA measurements in collaboration with Dr. Malgorzata Baranska and Dr. Grzegorz

Zajac. Dr. Baranska’s group at Jagiellonian University, Krakow, Poland, have a commercially available Chi-

ralRAMAN spectrometer (BioTools, Jupiter, FL, USA) for ROA measurements. This spectrometer utilizes

SCP VROA measurements in 180° backscattering geometry with unpolarized incident light.

VROA, and Raman, intensities for kth vibration are given, respectively, by Equations 1.12 and 1.13:23,24

(Iγ

α − Iδ

β
)k = K

(ν̄ ∓ ν̄k)
4

ν̄k(±1∓ e
∓hcν̄k

bT )
Pk, (1.11)

(Iγ

α + Iδ

β
)k = K

(ν̄ ∓ ν̄k)
4

ν̄k(±1∓ e
∓hcν̄k

bT )
Sk, (1.12)

where Iγ

α − Iδ

β
represents the VROA, and Iγ

α + Iδ

β
the corresponding Raman, the subscripts on I represent

the polarization of the scattered light, and the superscripts represent the polarization of the incident light, ν̄

is the incident laser wavenumber, ν̄k is the wavenumber of the kth vibration, b is Boltzmann’s constant, c

is the speed of light, h is Planck’s constant, T is temperature, K is a constant, Pk is the scattering geometry

dependent Raman circular intensity difference activity, and Sk is the scattering geometry dependent Raman

activity for kth vibration. Pk and Sk are defined in the following general Equations 1.14 and 1.15, respectively:

Pk =
2π

λ
(a3ω

−1
ᾱkḠ′

k +a4ω
−1

γ
2
k +a5ω

−1
δ

2
k ), (1.13)
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Sk = (a1ᾱ
2
k +a2β

2
k ), (1.14)

with λ as the incident laser light wavelength; a1 −a5 are scattering geometry and polarization dependent

constants.; ᾱ2
k is the mean of electric-dipole polarizability derivative tensor and β 2

k its anisotropy, for kth

vibration. The units for ᾱ2
k , β 2

k , Pk, and Sk are A4/amu.24 The ratio of Equations 1.14 and 1.15 gives the

dimensionless CID, ∆k = Pk
Sk

. The Raman activity Sk is determined solely by β 2
k in depolarized ICP right angle

scattering, as well as in DCPI backscattering, geometry, whereas that in SCP, as well as ICP, backscattering

and polarized ICP measurements are determined by both ᾱ2
k and β 2

k . In spectral simulations, the vibrational

Raman bands are generally represented by Lorentzian band shapes as with VA.

1.3.5 Quantum Chemistry (QC)

Quantum chemistry is the application of quantum mechanics to chemical systems. The Schrödinger equation

is used in QC for understanding the dynamics of molecules and their electronic structures. Density func-

tional theory (DFT) is a method for computationally modeling quantum mechanics that is used by physicists,

chemists, and material scientists. For most typical organic molecules, their structure and properties can be

calculated reliably using DFT.15 Density functional theory can provide accurate results in most cases by

empirically accounting for electron correlation, and by fitting parameters to experimental data.33 The den-

sity functional of choice in our lab is typically B3LYP, which includes Hartree-Fock character as well as

Becke’s exchange34 and correlation parameterized by Lee, Yang, and Parr.35 DFT methods can be used to

calculate the properties of molecular systems up to a several hundred atoms. In some cases36 DFT does

not properly model the electronic structure of the molecule and Coupled Cluster (CC) methods are nec-

essary,5,37,38,39,40,41,42 but CC methods are practically limited to molecules roughly 30 atoms or less with

standard computational resources.

To calculate the properties of a molecule, first all possible conformations or different three dimensional

arrangements of a given structure obtained by rotating about molecular bonds, are found by a search algo-

rithm. Then the structures of each of the conformations are optimized, or the bond lengths, bond angles, and

dihedral angles are altered until the minimum energy is found. From the optimum energies of the conformers,

the ones with the lowest energies in a certain threshold are selected as the dominant conformations, and any

conformations with energies higher than a given cutoff are eliminated. The cutoff depends upon the relative

accuracy of the method used (∼2kcal/mol for DFT methods).43 All conformations that have energies within

the cutoff are used in the calculation of molecular properties. To obtain the conformational average from

selected spectra, the individual spectra from the relevant conformers are Boltzmann weighted according to
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the formula,

Pi =
Ni

Ntot
=

e−Ei/RT

∑a e−Ea/RT (1.15)

where Ei is the energy of a given conformation, R is the gas constant, and T is the temperature.

The effects of the solvent on the solute can be accounted for quickly by the use of continuum models, with

the model of choice being the Polarization Continuum Model (PCM).44 In the PCM, the solute is surrounded

by a dielectric medium with a spacing between the molecule and the dielectric medium given by an empirical

force field. PCM can provide a reasonable model for solvation by less polar solvents but can fail to model

hydrogen bonding solvent effects.45

1.3.6 Analytical Methods

Chiroptical spectra can be analyzed in many ways. When one has only an experimental spectrum, the tra-

ditional approach of correlating band positions with specific transitions known from the literature can be

useful. For example, a VCD band at ∼1800 cm−1 is indicative of the compound containing a carbonyl group,

as C=O stretching vibration is generally the only vibrational mode at ∼1800 cm−1. The inclusion of QC

predicted spectra for each diastereomer of the compound of interest allows for better structural discrimina-

tion. By qualitatively comparing experimental chiroptical spectra to the corresponding spectra predicted for

each diastereomer, one may be able to identify the AC of the compound. This comparison is usually done

band-by-band between experimental and predicted spectra to validate or discriminate between the signs and

relative positions of the bands. While a qualitative match between experimental and predicted spectra are

necessary for reliable interpretation, quantitative comparisons are desirable for more objective and reliable

interpretations of the spectra and their comparison. The following subsections introduce a few of the major

quantitative methods I take advantage of when analyzing chiroptical spectra.

1.3.6.1 Dissymmetry Factor and Circular Intensity Difference

Dissymmetry Factor (DF or g), also known as anisotropy factor, is the ratio between CD and corresponding

absorption given by:

g =
∆ε

ε
=

∆A
A

=
4Rk

Dk
. (1.16)

Vibrational Dissymmetry Factor (VDF) is obtained as the ratio of VCD to VA. Electronic Dissymmetry Factor

(EDF) is obtained as the ratio of ECD to EA. Circular Intensity Difference (CID or ∆k) is the ratio of ROA to

corresponding Raman and given by:

∆k =
Iγ

α − Iδ

β

Iγ

α + Iδ

β

=
Pk

Sk
. (1.17)
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The errors in concentration and path length do not influence the EDF and VDF spectra when both ab-

sorption and CD spectra are measured simultaneously for the same sample and using the same instrument.

Similarly, CID eliminates the dependence on experimental parameters and permits quantitative comparisons

in the analysis of QC predictions. If the CD or ROA baseline is not horizontal, then the corresponding DF or

CID spectra cannot be used. For this reason, it is important to have a good-quality experimental CD or ROA

spectrum with a horizontal baseline before proceeding to calculate the DF or CID spectrum.

Calculation of DF or CID spectra incorporates two features: (a) to help remove the amplification of noise

in the regions where absorbance or Raman is nearly zero and the associated CD or ROA signal is only noise,

a baseline tolerance value for absorption or Raman spectra is incorporated; and (b) the reliability level of

experimental CD or ROA signals, determined by the experimental reliability criterion (previously referred to

as the experimental robustness criterion46, based on the experimental ∆A/A or Pk/Sk values, is introduced.

The choice for the experimental reliability criterion can vary from instrument to instrument and for individual

research groups. In measuring the VCD spectra the absolute values of VDF less than 10−5 are not routinely

measurable and calculated VDF magnitudes, using the criterion of Gobi and Magyarfalvi,47 less than 4x10−5

may not be reliable.48,49 Thus, the use of |g|> 4∗10−5 consistently for both experimental and calculated VDF

spectra would satisfy the robustness criteria for VDFs. In the case of ROA, the experimental CID magnitudes

are roughly similar to those of VDFs, so the threshold of 10−5 is used for analyzing the experimental CIDs.

Since there is a factor of 4 difference in the definitions of VDF and CID, a threshold of 10−5 is used for both

experimental and calculated CIDs. In the case of ECD, the experimental EDFs are 1 to 2 orders of magnitude

larger than VDFs due to good the signal-to-noise ratio of ECD spectra in general. Thus for calculating the

EDF spectra, I do not impose the experimental reliability criterion since ECD spectra generally have a good

signal-to-noise ratio. The use of 40 ppm (i.e., ∆A/A = 4 × 10−5) and 10 ppm as the threshold for reliability for

VDF and CID respectively results in blanking out the spectral regions with VDF less than 40 ppm or CID less

than 10 ppm, leading to spectral discontinuities in the VDF or CID spectra. To avoid spectral discontinuities

for VDF less than 40 ppm or CID less than 10 ppm, I have generally used 0 ppm for the robustness criterion.

1.3.6.2 Spectral Similarity Overlap

Spectral Similarity Overlap (SSO) is a quantitative comparison between spectra, generally between experi-

mental and QC predicted spectra. Spectral Similarity Overlap is calculated using the Sim function suggested

by Shen et al.50 This Sim function is written as51

SimXXX(σ) =

∫
fXXX (σ : x)hXXX (x)dx∫

fXXX (σ : x)fXXX (σ : x)dx+
∫

hXXX (x)hXXX (x)dx−|
∫

fXXX (σ : x)hXXX (x)dx|
. (1.18)
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In this equation, hXXX (x) represents the experimental spectrum as a function of the running index for x-

axis values; subscript XXX represents the type of spectrum (XXX = VA, VCD, VDF, EA, ECD, EDF, Raman,

ROA, or CID); f XXX (σ :x) represents the simulated predicted spectrum obtained after scaling the predicted

transition frequencies/wavelengths with a scale factor σ ; SimXXX(σ ) represents the numerical measure of

SSO between experimental and predicted spectra as a function of σ for the type of spectrum XXX; the

integrals run over a continuous spectral region of interest. The display of SimXXX(σ ) as a function of σ is

referred to as the SSO plot.

For similarity analysis, VA, VCD, VDF, EA, ECD, and EDF spectra are normalized individually using

square root of the sum of squared intensities.52,53 The range for SimECD, SimVCD, SimEDF, and SimVDF

values is -1 to +1. A value of +1 indicates perfect agreement of experimental spectra with predicted spectra

for the AC used in calculations. A value of -1 indicates perfect agreement of experimental spectra with pre-

dicted spectra for the AC opposite to the one used for calculations. The SimVA and SimEA values, which

have a range of 0-1, do not relay any information on AC. While separate evaluations of QC predictions of

EA and ECD or VA and VCD spectral intensities may appear satisfactory, EDF and VDF (ratio of ECD/VCD

to EA/VA) spectra are more challenging for QC predictions. For this purpose, it has been advocated for the

quantitative analysis of experimental and predicted EDF and VDF spectra also for verifying the agreement

between experimental and predicted ECD and VCD spectra.46,51,54 The agreement between experimental and

predicted spectra is quantified using maximum numerical values of SimEA, SimECD, and SimEDF for ECD

spectra and SimVA, SimVCD, and SimVDF values for VCD spectra in SSO plots. While SimEA and SimVA

values come out to be generally high and not very discriminatory, SimECD and SimEDF values for ECD,

and SimVCD and SimVDF values for VCD, provide good measures of quantitative agreement between ex-

perimental observations and QC predictions. Achieving a SimVCD value of +0.4 or higher is recommended

for an acceptable agreement between experimental and calculated spectra for assigning the correct molecular

structures.51 Approximately the same value of SimVDF is also recommended. This recommendation arises

from comparing the cross correlation values of similarity between diastereomers of 3-Ishwarone and recog-

nizing that diastereomers tend to have quantitatively distinct chiroptical properties.52 The same criteria are

used for SimECD and SimEDF. This criterion was established by Dr. Polavarapu23 and Covington et al.52

while Shen et al. proposed only a magnitude greater than 0.2 for confidence in spectral similarity.50 My own

investigation confirmed that a reliability threshold of magnitudes greater than 0.4 provides better structural

discrimination and unique identification of compounds.55
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1.3.6.3 RMSD of ORD

For similarity analysis of ORD data, an analog of Eq. 1.19 can be formulated to obtain SimORD, by replacing

the integrals with the summation over discrete wavelength data points and replacing f XXX (x) and gXXX (x)

with calculated and experimental specific rotations at individual wavelengths. However, SimORD obtained

in this manner did not reveal sufficient discriminating ability for diastereomers due to a limited number of

data points. Therefore, for quantitative similarity analysis of ORD, the standard root mean square deviation

(RMSD) defined as56,57:

RMSD =

√
∑

i

(Yi,calc −Yi,obs)2

N
. (1.19)

is used, where Yi,calc and Yi,obs are, respectively, the calculated and experimental SORs at the ith wave-

length and N is the number of discrete wavelength data points and the summation runs over discrete wave-

length data points.
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CHAPTER 2

The AC of (-)-inuloxin C

This work was completed in collaboration with Professor Antonio Evidente of the University of Naples

Federico II, Naples, Italy, Professor Nina Berova of Columbia University, New York, NY, and Professor

Ana Petrovic of the New York Institute of Technology, New York, NY. This chapter has been reproduced

from the Chirality article58 “Absolute configurations of chiral molecules with multiple stereogenic centers

without prior knowledge of the relative configurations: A case study of inuloxin C” with permission. My

contributions to this work are: conformational analyses, QC optimizations, QC spectral prediction of ECD

and ORD, spectral similarity analyses, preparation of figures and tables, drafting the manuscript, and revising

the manuscript.

2.1 Introduction

Inuloxin C, a tricyclic eudesmane sesquiterpenoid, was isolated together with inuloxins A, B, and D (belong-

ing to other sequiterpene subgroups) and α-costic acid59 from the organic extract of Inula viscosa. This is

an allelopathic Mediterranean wild plant proposed for biological control of broomrapes (Orobanche spp.)

and dodders (Cuscuta spp.) which are parasitic weeds attacking a large number of important crops.59 These

parasites cause severe yield losses60 leading not only to a complete crop failure but also have a great neg-

ative impact over many years, because seeds can survive in soil for a long period of time, preventing the

reasonable production of legumes and vegetables in the infested fields.61 Inula viscosa was chosen among

other 10 allelopathic Mediterranean plants as its organic extract inhibited both broomrapes and dodders, in

particular Orobanche crenata and Cuscuta campestris.62 This activity was also preserved by inuloxin C as

well as inuloxins A and D.59 As the relation between AC and the biological activity and mode of action of

natural compounds, including bio-pesticides63,64 was extensively reported,65,66 the ACs of inuloxins A-C

were previously studied by chiroptical methods.67,68

When relative configuration of a chiral compound with multiple stereogenic centers is known with a high

degree of certainty, chiroptical spectroscopic analysis is considerably simplified because QC calculations

of chiroptical properties can then be restricted to only one diastereomer. If the dependence of chiroptical

spectroscopic analyses on the knowledge of relative configurations needs to be avoided, or the relative con-

figurations are not known with high degree of certainty, then it is not sufficient to show that QC calculations

on one diastereomer match the experimental spectra. Instead, it is necessary to show that QC calculations for

no more than one diastereomer provide reasonable match to the experimental data.4,69,70 If this goal cannot
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be realized, then a protocol for the analysis using chiroptical methods needs to be developed to identify one

unique diastereomer. Even if the relative configuration of a chiral compound with multiple stereogenic cen-

ters is known with high degree of certainty, it will be important to establish that the experimental chiroptical

spectra are not reproduced by those calculated for more than one diastereomer.

The structure and relative configuration of inuloxin C was determined through NMR analysis.59 Using

the relative configuration determined from NMR, the AC of inuloxin C was assigned as (5S,7S,8S,10S) (see

Figure 2.1) based on the comparison of the experimental ECD and ORD data with corresponding QC calcu-

lations carried out for only one diastereomer.67

In this work, using inuloxin C as a test case, I showed that the AC of inuloxin C can be determined solely

from ECD and ORD data, independent of relative configuration determined from NMR. For this purpose, the

experimental ECD and ORD for inuloxin C were remeasured, and I undertook QC calculations of ECD and

ORD for all diastereomers of inuloxin C. Utilizing these new data, I arrived at two important observations:

(1) The individual experimental chiroptical spectroscopic data can match those predicted by QC calculations

for more than one diastereomer; (2). Despite this unfavorable observation, a unique diastereomer can still

be identified by extending the analyses to similarity in EDF spectra and to a stereochemically unaltered

derivative of the parent compound.

Figure 2.1: (5S,7S,8S,10S) diastereomer of inuloxin C (R=H) and acetylated inuloxin C (R=CO(CH3))

2.2 Methods

The isolation and characterization of inuloxin C was carried out by our Italian collaborators and has been

described in the literature.59 The ORD and ECD spectra used within were measured by Dr. V. Ragahavan

while a post doctoral researcher within our lab and details of these measurements are provided below and in

the main text.58

Optical rotations were measured at room temperature using Autopol IV automatic polarimeter, 0.5 dm
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cell and 5.0 × 10−3 g/mL and 2.5 × 10−3 g/mL concentrations in CHCl3. The measured optical rotations

were converted to SORs in units of deg cc g−1 dm−1. Six discrete wavelengths (633, 589, 546, 436, 405,

365 nm) were utilized for the ORD measurements. For two different separately isolated samples of inuloxin

C, the currently measured [α] 25
D values are -10° and -13°. In light of these new measurements, previously

reported,59,67 [α] 25
D = +13.1° and [α] D = -0.03° for inuloxin C have to be revised. ECD measurements were

performed with JASCO J-810 spectrometer. ECD spectra were measured at 5.6 × 10−6 M concentration for

190 to 230-nm region and at 5.6 × 10−4 M for 230 to 400-nm region, in a 1-cm quartz cell using acetonitrile

solvent. The spectra obtained at two concentrations for the separate regions are merged together, after ap-

propriate shifting for continuity, and presented as one combined spectrum. The published experimental ECD

and ORD data of acetylated inuloxin C were digitized and used for the analyses presented here.

Inuloxin C was purified from the organic extract of the aerial parts of I. viscosa as previously reported.67

Number Diastereomer

1 (5S,7S,8S,10R)
2 (5R,7S,8S,10S)
3 (5S,7S,8S,10S)
4 (5S,7S,8R,10S)
5 (5R,7S,8S,10R)
6 (5R,7S,8R,10S)
7 (5R,7S,8R,10R)
8 (5R,7R,8S,10S)

Table 2.1: Eight diastereomers of inuloxin C and acetylated inuloxin C studied in this work.

The structure of inuloxin C contains four stereogenic centers (Figure 2.1), resulting in 16 diastere-

omers. One-half of these are enantiomers of the other half, so ECD and ORD calculations needed to be

carried out for only eight diastereomers. For each of the eight selected diastereomers (see Table 2.1), con-

formers within 20 kcal/mol energy range were determined using CONFLEX program.71 The geometries of

these initial conformers of each diastereomer were further optimized, using Gaussian 09 program (G09),72

at B3LYP/6-311++G(2d,2p) level. The geometries of optimized conformers within 5 kcal/mol range at

B3LYP/6-311++G(2d,2p) level were further optimized using polarizable continuum model (PCM) for CHCl3

solvent, as implemented in G09. The optimized conformers with greater than 1% population were then used

for SOR calculation at six different wavelengths (633, 589, 546, 436, 405, and 365 nm) using B3LYP/6-

311++G(2d,2p)/ PCM(CHCl3). The calculated SORs for the conformers of each diastereomer were multi-
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plied with respective populations derived from electronic energies and summed. For the prediction of ECD,

the geometries of the conformers of each diastereomer optimized at B3LYP/6-311++G(2d,2p) level within

5 kcal/mol range were further optimized at CAM-B3LYP/6-311+ +G(2d,2p) level using (CH3CN) solvent

represented by the PCM. ECD calculations were then carried out, for the conformers of each diastereomer

with population greater than 1%, at CAM-B3LYP/6-311++G(2d,2p)/ PCM(CH3CN) level.

For calculations on acetylated inuloxin C, the structure of each diastereomer of inuloxin C was acetylated

via manual editing. Using these acetylated diastereomer structures, initial conformational search was con-

ducted, as for inuloxin C, with Conflex program. The conformers generated by Conflex were first optimized

at B3LYP/6- 31G* level and those optimized conformers that are within 5 kcal/mol range were optimized

at B3LYP/6- 311++G(2d,2p) level with PCM(CHCl3) implicit solvation for ORD and at CAM-B3LYP/6-

311++G(2d,2p)/PCM(CH3CN) level for ECD calculations, as for inuloxin C.

Additional information on the numbers of conformers used at each of the theoretical levels for inuloxin

C and acetylated inuloxin C are summarized in the main manuscript.58

Figure 2.2: Comparison of experimental ORD (green trace labeled ”expt”) to those calculated for eight
diastereomers of inuloxin C

The calculated EA and ECD spectra of the conformers of each diastereomer were multiplied with respec-

tive populations derived from electronic energies and summed. EDF spectra were calculated for each of the

diastereomers with a molar extinction tolerance of 5 L mol−1 cm−1 for inuloxin C and 210 L mol−1 cm−1
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Figure 2.3: Comparison of experimental ECD (black trace) to those calculated for eight diastereomers (red
traces) of inuloxin C

for acetylated inuloxin C. This tolerance was applied to both the experimental and calculated spectra. The

EA, ECD, and EDF spectral simulations and similarity overlap analyses using Sim functions were undertaken

using CDSpecTech program,52 that is available free of charge.53 Since the peak intensities for individual EA

and ECD bands in the simulated spectra depend on the band widths assumed, gaussian band profiles with

three different band widths namely 8, 10, and 12 nm were investigated. The SimEA, SimECD, and SimEDF

values obtained with these different band widths did not alter the final conclusions, and therefore the results

reported here are limited to 10-nm band width.
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Figure 2.4: Comparison of experimental EDF (black trace) to those calculated for eight diastereomers (red
traces) of inuloxin C

2.3 Results and Discussion

The comparison of calculated ORD signs with those in experimental data (Figure 2.2) indicates that seven

of the eight diastereomers have the same signed ORD as experimental ORD. The ORD of diastereomer 6-

(5R,7S,8R,10S) (trace #6 in Figure 2.2) has opposite sign to that of experimental ORD, indicating that the

mirror image diastereomer (5S,7R,8S,10R) will be a contender for the AC of inuloxin C, along with the other

seven diastereomers listed in Figure 2.2.

The experimental UV spectrum displays absorption around 200 nm followed by a broad tail.58 The ECD

spectrum shows a positive Cotton effect (CE) at 197 nm, a negative CE at 210 nm, a weaker positive CE

around 233 nm, a weak negative CE at 252 nm, and a weak positive CE at 278 nm (Figure 2.3). The weak
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Figure 2.5: Comparison of experimental ORD (trace labeled ”expt”) to those calculated for eight diastere-
omers of acetylated inuloxin C

negative CE at 252 nm was not clearly seen in the spectrum reported earlier.67 In a direct comparison of

the most intense experimental CE at 210 nm against those in the calculated spectra, only the diastereomer

8-(5R,7R,8S,10S) (spectrum #8 in Figure 2.3) lacks a corresponding negative CE around 210 nm, and in-

stead has a positive CE. However, since the sign of predicted ORD data for this diastereomer (trace #8

in Figure 2.2) correlates correctly with that of experimental ORD, neither 8-(5R,7R,8S,10S) nor its mir-

ror image (5S,7S,8R,10R) can be one of the possible ACs for inuloxin C. Similarly, since the diastereomer

6-(5R,7S,8R,10S) (spectrum #6 in Figure 2.3) has a matching negative CE (shifted slightly to shorter wave-

length) but has a reverse ORD sign (trace #6 in Figure 2.2) compared with the experimental ORD, neither

this diastereomer nor its mirror image (5S,7R,8S,10R) can be considered as one of the possible ACs. These

results can be confirmed further using the ECD similarity overlap plots.58 Note that positive ECD similarity

overlap comes from agreement in experimental and predicted ECD signs. Large ECD similarity overlaps

with positive magnitude (Table 2.2) are associated with remaining six diastereomers, rendering them possible

candidates for ACs.

However, as previously emphasized,46,73 it is important to analyze EDF, along with ECD, spectra. It was

demonstrated previously54 that a weak ECD band associated with large EDF was critical in establishing the

AC of 3-Ishwarone.
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Figure 2.6: Comparison of experimental ECD (black trace) to those calculated for eight diastereomers (red
traces) of acetylated inuloxin C

For the analysis of EDFs, I used similarity overlap SimEDF calculated from normalized EDFs. The largest

negative CE at 210 nm does not have the largest EDF, but a weak CE at 254 nm does (Figure 2.4). Therefore,

the outcome of similarity EDF overlap analysis can be dominated by EDF associated with weak CE at 254

nm. Note that the positive EDF overlap comes from experimental and predicted EDFs of same sign. Further

elimination of the diastereomers 1-(5S,7S,8S,10R), 2-(5R,7S,8S,10S), 4-(5S,7S,8R,10S) and 5-(5R,7S,8S,10R)

results from the opposite EDF signs at ∼254 nm (Figure 2.4), resulting in negative EDF similarity overlap

(Table 2.2). For these diastereomers even though ECD similarity overlap (which is dominated by strong

negative CE at 210 nm) is positive, EDF overlap is negative because large EDFs of opposite sign are predicted

for the weak CE at 254 nm. In Table 2.2, there are three diastereomers, 3-(5S,7S,8S,10S), 6-(5R,7S,8R,10S),
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Figure 2.7: Comparison of experimental EDF (black trace) to those calculated for eight diastereomers (red
traces) of acetylated inuloxin C

and 7-(5R,7S,8R,10R), with positive EDF overlap, but 6-(5R,7S,8R,10S) has already been eliminated earlier

based on ORD analysis. Then, only two diastereomers 3-(5S,7S,8S,10S) and 7-(5R,7S,8R,10R) remain as

possible candidates for AC.

Acetylation of inuloxin C was carried out by Evidente et al,67 to curtail the rotational freedom and hydro-

gen bonding effects of the O-H group. Acetylation of O-H group does not alter the AC. Comparison of the

sign of experimental ORD of acetylated inuloxin C with those calculated for eight diastereomers rules out the

diastereomers 6-(5R,7S,8R,10S) and 7-(5R,7S,8R,10R) (traces #6 and 7 in Figure 2.5) as they are predicted

to have opposite sign to that of experimental ORD (trace labeled “expt” in Figure 2.5). The ORD, ECD, and
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Number Diastereomer SimEA SimECD SimEDF

1 (5S,7S,8S,10R) 0.94 0.61 -0.53
2 (5R,7S,8S,10S) 0.92 0.66 -0.53
3 (5S,7S,8S,10S) 0.90 0.92 0.52
4 (5S,7S,8R,10S) 0.92 0.94 -0.42
5 (5R,7S,8S,10R) 0.90 0.64 -0.52
6 (5R,7S,8R,10S) 0.95 0.86 0.48
7 (5R,7S,8R,10R) 0.91 0.93 0.33
8 (5R,7R,8S,10S) 0.93 -0.97 -0.42

Table 2.2: Maximum SSO values for EA, ECD and EDF spectra of inuloxin C.

EDF analyses of inuloxin C data (Figures 2-4 and Table 2.2) left two possibilities, 3-(5S,7S,8S,10S) and 7-

(5R,7S,8R,10R) for the AC assignment. The ORD data of acetylated inuloxin C eliminated the diastereomer

7-(5R,7S,8R,10R) as a possible candidate. That leaves the 3-(5S,7S,8S,10S) as the only remaining possibility

for the AC of inuloxin C.

To substantiate this conclusion, I analyzed the ECD and EDF spectra of all diastereomers of acetylated

inuloxin C (Figures 6, 7).The experimental ECD spectrum of acetylated inuloxin C showed a strong negative

CE (Figure 2.6) around 210 nm and a weak positive CE at 238 nm, with the former associated with stronger

EDF (Figure 2.7). The comparisons of experimental and calculated ECD and EDF spectra for acetylated

inuloxin C are shown in Figures 6 and 7 and maximum similarity overlaps summarized in Table 2.3.

Table 2.3 highlights five diastereomers of acetylated inuloxin C, with “comment a,” for which the ECD

and EDF similarity overlaps are large and positive (ie, matching experimental and calculated ECD band

signs dominate the overlap); for two diastereomers, 6-(5R,7S,8R,10S) and 7-(5R,7S,8R,10R) highlighted with

“comment b,” for which the similarity overlaps for ECD or EDF are below the reliability threshold of 0.4

magnitude23,52,51 and 8-(5R,7R,8S,10S) highlighted with “comment c,” the ECD similarity overlaps are large

but negative (ie, the dominant experimental and calculated ECD band signs are opposite to each other). Thus,

diastereomer 7-(5R,7S,8R,10R) is ruled out from the ECD analyses as well.

All the results discussed so far for inuloxin C and acetylated inuloxin C are summarized in Table 2.4. In

this table, each row summarizes the status of a given diastereomer as evaluated from ECD, EDF, and ORD

analysis of inuloxin C and acetylated inuloxin C. Under a given chiroptical spectroscopic method, an entry

“Y” identifies a given diastereomer as a possible contender for AC, while “M” identifies the mirror image

diastereomer as a possible contender. The diastereomer 3-(5S,7S,8S,10S) with all entries as “Y” represents
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Number Diastereomer SimEA SimECD SimEDF Comment

1 (5S,7S,8S,10R) 0.92 0.95 0.67 a
2 (5R,7S,8S,10S) 0.93 0.92 0.80 a
3 (5S,7S,8S,10S) 0.91 0.91 0.67 a
4 (5S,7S,8R,10S) 0.93 0.84 0.49 a
5 (5R,7S,8S,10R) 0.92 0.69 0.66 a
6 (5R,7S,8R,10S) 0.94 −0.71 −0.27 b
7 (5R,7S,8R,10R) 0.93 −0.90 −0.51 b
8 (5R,7R,8S,10S) 0.93 −0.91 −0.73 c

Table 2.3: Maximum SSO values for EA, ECD and EDF spectra of acetylated inuloxin C.

the unique choice for AC of inuloxin C and acetylated inuloxin C. Thus, the combined ECD, EDF, and

ORD analyses for all of the diastereomers of inuloxin C and acetylated inuloxin C identify diastereomer 3-

(5S,7S,8S,10S) as the only possible choice for AC of inuloxin C and acetylated inuloxin C. This conclusion

is independent of the relative configuration determined from NMR.

Inuloxin C Acetylated Inuloxin C
Number Diastereomer ECD EDF ORD ECD EDF ORD

1 (5S,7S,8S,10R) Y M Y Y Y Y
2 (5R,7S,8S,10S) Y M Y Y Y Y
3 (5S,7S,8S,10S) Y Y Y Y Y Y
4 (5S,7S,8R,10S) Y M Y Y Y Y
5 (5R,7S,8S,10R) Y M Y Y Y Y
6 (5R,7S,8R,10S) Y Y M M M M
7 (5R,7S,8R,10R) Y Y Y M M M
8 (5R,7R,8S,10S) M M Y M M Y

Table 2.4: Possible contenders for AC of inuloxin C and acetylated inuloxin C as deduced from ECD, EDF,
and ORD analyses.

The positive outcome of the current ECD, EDF, and ORD analyses is attributed to the following factors:

(1) QC predictions of ECD and ORD for all diastereomers of inuloxin C and acetylated inuloxin C; (2) EDF

spectral analysis for inuloxin C has helped eliminate some of the possible diastereomers and accentuated

the important role of a weak ECD band at 252 nm. Some limitations in the current analysis for inuloxin

C should also be kept in mind. For the diastereomer, 3-(5S,7S,8S,10S), assigned as the correct one: (1) the
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predicted ORD magnitudes are significantly larger than those observed in the experiment, both for inuloxin

C and acetylated inuloxin C; (2) the predicted magnitude of EA is significantly smaller than that observed in

the experiment for inuloxin C; (3) the predicted magnitude of ECD is significantly larger than that observed

in the experiment for acetylated inuloxin C. The later two discrepancies would not be revealed in normalized

similarity overlap calculations. The sources for these discrepancies have not been determined.

2.4 Conclusion

ORD, ECD, and EDF analyses of all diastereomers of inuloxin C lead to two diastereomers as possible

candidates, one of which is 3-(5S,7S,8S,10S), the AC assigned previously.67 When the ORD, ECD, and

EDF data of acetylated inuloxin C are included in the analysis, there is sufficient evidence to favor the 3-

(5S,7S,8S,10S) diastereomer for AC assignment. This conclusion is independent of the relative configuration

deduced from NMR.59 Thus, the primary conclusions emerging from this study are as follows: (1) it is

important not to ignore weak ECD bands as unimportant because they might be associated with larger EDFs;

(2) dissymmetry factor analysis, along with conventional circular dichroism spectral analyses, is helpful to

reduce the number of diastereomers that correlate with experimental data; (3) the use of a single parent

compound, let alone single chiroptical spectroscopic method, may be insufficient in ascertaining the AC of

chiral molecules with multiple stereogenic centers. Experimental and calculated chiroptical spectroscopic

data for the stereochemically unaltered derivatives of the parent compounds might help eliminate some of the

diastereomers as possible contenders.
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CHAPTER 3

The AC of (-)-inuloxin D

This work was completed in collaboration with Professor Antonio Evidente of the University of Naples Fed-

erico II, Naples, Italy, Professor Nina Berova of Columbia University, New York, NY, Professor Ana Petrovic

of the New York Institute of Technology, New York, NY, and Professor Stefano Superchi of the University of

Basilicata, Potenza, Italy. This chapter has been reproduced from the Chirality article56 “Absolute configura-

tion of seco-eudes-manolide inuloxin D from experimental and predicted chiroptical studies of its 4-O-acetyl

derivative” with permission. My contributions to this work are: QC spectral prediction of VCD, ECD, and

ORD, spectral similarity analyses, preparation of figures and tables, drafting the manuscript, and revising the

manuscript.

3.1 Introduction

Dittrichia viscosa (syn. Inula viscosa), belonging to Asteraceae family tribe Inulae, is a native plant of

Mediterranean basin well known for its application in folk medicine and agriculture. A recent review74

reports the different classes of natural occurring compounds isolated from this plant as well as their biolog-

ical properties. Besides flavonoids and caffeic acids analogs, the sesquiterpenes are the most represented

metabolites isolated.

Four new sesquiterpenes, named inuloxins A–D (1,4-6, see Figure 3.1), belonging to subgroups of ger-

macrane (A and B) eudesmanolide (C) and seco-eudesmanolide (D), were isolated from D. viscosa and tested

for their potential herbicidal activity on two parasitic plants as Orobanche crenata and Cuscuta campestris.

Inuloxins A, C, and D were the most active on both parasites and caused up to 100% inhibition of the seed

germination. Inuloxin B (5) was less active on Cuscuta and completely inactive against Orobanche.59

Inuloxins A, C, and D showed strong activity against Leshmania donovani, vector of leishmaniosis trans-

mittable to human with inuloxin A (4) being the most active.75 Inuloxin B (5) and some semisynthetic deriva-

tives prepared from inuloxins A, C, and D showed a weak or nil activity. These results, in agreement with

those previously obtained assaying phytotoxicity, showed that the furanone ring and the exocyclic methylene

group are important features to impart this activity. The hydroxyl group of the side chain of inuloxin D (1)

also seems to play a role in this activity.76 A potential application of inuloxin A (4) as natural herbicide

induced further study, as those recently reported on its formulation in β -cyclodextrin which, increasing its

solubility in water, could permit its use without any organic solvent.76

Considering the noteworthy biological activity of inuloxins and that the absolute configuration (AC) is
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Figure 3.1: Inuloxins 1-6. The ACs of stereocenters in 1, 2, and 3 are not shown, except for cis relative
configurations at C-7 and C-8

a structural feature strictly connected to biological activity,66,65 the AC (7R,8R,10S) of (+)-inuloxin A (4)

was determined by experimental measurements and theoretical simulations of chiroptical properties of three

related methods, namely, ORD, ECD, and VCD.68 Subsequently, the ACs to the naturally occurring (+)-

inuloxin B (5) and (-)-inuloxin C (6) were assigned as (7R,8R,10S,11S) and (5S,7S,8S,10S), respectively,

using the same methods.67 The AC assigned to 6 was later confirmed also using its acetyl derivative, as a

case study to assign the AC to chiral molecules with multiple stereogenic centers without prior knowledge of

the relative configurations.58

Recently, a new seco-eudesmanolide, named inuloxin E (3, Figure 3.1), was isolated from the organic

extract of D. viscosa. Its structure, determined using spectroscopic data, showed that it differs from inuloxin

D (1) for having a ketone group in place of the secondary hydroxyl group at C-4 in the hexyl chain attached

to C-10 of the α ,β -unsaturated γ-lactone moiety.77 Stereoselective reduction of (+)-inuloxin E (3) by NaBH4

afforded naturally occurring (+)-inuloxin D (1),77 showing that these two compounds share the same AC at

C-1, C-7 and C-8. Inuloxins D (1) and E (3) were compared with four different inuloxins (see Figure 3.1) on
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seed germination assays of Orobanche cumana, Orobanche minor, and Pelipanche ramosa. 1 and 3 induced

germination of the parasitic weed O. cumana but were inactive on seeds of O. minor and P. ramosa.77 This

selective action is important from a practical point view as both 1 and 3 could be used to develop a so-

called “suicidal germination” method63,78,79 for the specific control of the parasitic weed O. cumana. This

represents an innovative alternative for the control of a very dangerous parasitic weed based on a suitable

formulation of plant metabolites that could be obtained conveniently in large amount or by cultivation of D.

viscosa and/or developing a convenient and environmentally friendly synthesis of both inuloxins.

During the isolation and chemical characterization of inuloxin D carried out by collaborators, only the

relative cis configuration, implying either R,R or S,S AC, was assigned to both the headbridge carbons C-7 and

C-8 between the six- and five-membered rings.59 This assignment was based on the correlations observed in

the NOESY spectrum and the 3JH,H coupling constants measured in the 1H NMR spectra. The AC at the C-4

of the hexyl side chain was assigned as (S) by application of advanced Mosher’s methods.64 This assignment

is independently verified by this work. The AC at C-1 remained unassigned. As shown above, inuloxins D

and E share the same AC at C-7, C-8, and C-1, and therefore, the determination of AC of inuloxin D will

permit the assignment of AC also to the related inuloxin E.

The structures of inuloxin D (1), acetylated inuloxin D (2), inuloxin E (3), inuloxin A (4), inuloxin B (5),

and inuloxin C (6) are shown in Figure 3.1. Since the relative configurations at C-7 and C-8 are fixed for 1, 2,

and 3, a total of 23 stereoisomers are possible for 1 and 2, of which four are mirror images of the other four.

Since enantiomers have oppositely signed ECD, ORD, and VCD, it is sufficient to predict the chiroptical

properties for four stereoisomers. The diastereomers used for calculations in this work are as follows: 2A:

(1S,4S,7S,8S), 2B: (1S,4S,7R,8R), 2C: (1R,4S,7R,8R), and 2D: (1R,4S,7S,8S). The enantiomers of 2A and

2D used for spectra analyses (vide infra) are labeled, respectively, as ent-2A and ent-2D. The assignment of

ACs to 1, 2, and 3 is complicated by the fact that each of these compounds contains multiple stereogenic

centers. The high flexibility of the alkyl chain containing C-1 and C-4 renders the AC assignment at C-1

particularly challenging. Intramolecular and intermolecular hydrogen bonding is possible in 1, but these

effects are avoided in 2, the acetyl derivative of 1. Since acetylation does not alter the AC, the AC deduced

from chiroptical spectroscopic studies on 2 applies to the AC of 1 as well. For these reasons, ECD, VCD, and

ORD experiments and calculations were undertaken in the present work for 2, to determine an unbiased AC

for 2, and, by extension, also for 1 and 3.

3.2 Methods

The isolation and characterization of inuloxin D and E as well as the acetylation of inuloxin D were carried

out by our Italian collaborators and has been described in the literature56,59,77 and below. The ORD and VCD
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spectra used within were measured by Dr. E. Santoro while a post doctoral researcher within our lab and

details of these measurements are provided below and in the main text.56. ECD measurements utilized for

analysis were measured by Dr. A. Petrovic, a former graduate student within our lab, during her tenure at the

New York Institute of Technology.

Inuloxin D, 1, was purified from the organic extract of the aerial parts of D. Viscosa as previously re-

ported.59,77 Its 4-O-acetyl derivative 2 was obtained by common acetylation of 1 with pyridine and acetic

anhydride as previously reported in detail.77 ECD, VCD, and ORD were measured for 2 as follows: ECD

spectra were measured using Jasco J810 spectrometer in acetonitrile solvent with 1 cm path length at con-

centration 4.4 × 10−5 M. VCD spectra were measured using ChiralIR instrument in deuterated chloroform

solvent with 100 µm path length at concentration 3.07 × 10−1 M. ORD was measured using Autopol IV

polarimeter in chloroform solvent with 0.5 dm path length at concentration 3.55 × 10−3 g/ml at six discrete

wavelengths (633, 589, 546, 436, 405, and 365 nm).

Label Diastereomer No. of conformers

2A (5S,7S,8S,10R) 35
ent-2A (5R,7S,8S,10S) 35

2B (5S,7S,8S,10S) 37
2C (5S,7S,8R,10S) 40
2D (5R,7S,8S,10R) 42

ent-2D (5R,7S,8R,10S) 42

Table 3.1: Notation for stereoisomers of 2 and the number of investigated conformations.

The initial conformational searches were undertaken within a 20 kcal/mol energy window using Con-

flex program71 for four diastereomers of 2. Subsequent geometry optimizations and spectral calculations

were undertaken with Gaussian 16.80 All conformers of diastereomers of 2 obtained with Conflex were

optimized at PM6 level. All unique conformers obtained in PM6 optimization were then optimized at

B3LYP/6-31G* level. The unique conformers of diastereomers of 2 were optimized further at B3LYP/6-

311++G(2d,2p) level. The lowest energy (within 2 kcal/mol) unique conformers of 2 at this level were further

optimized at B3LYP/6-311++G(2d,2p) level with polarizable continuum model (PCM)44,81 for CHCl3 sol-

vent. ECD, VCD, and ORD calculations for these conformers of 2 were then carried out at B3LYP/6-311++G

(2d,2p)/PCM (CHCl3) level, except for ECD calculations which utilized the CAM-B3LYP functional and

PCM for CH3CN. The specific optical rotation (SOR) predicted at 633, 589, 546, 436, 405, and 365 nm was

used to generate ORD. The quantitative comparison between experimental and calculated ORD is obtained57
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by calculating the root mean square deviation (RMSD) as described in section 1.3.6.3:

To assess the differences between ECD predictions performed with PCM (CHCl3) and PCM (CH3CN),

geometry optimizations and ECD predictions were also undertaken at CAM-B3LYP/6-311++G(2d,2p)/PCM

(CH3CN) level for all conformers of diastereomer 2C. Since no significant differences were found in these

calculations, ECD calculations for diastereomers 2A, 2B, and 2D were undertaken with CAM-B3LYP func-

tional and 6-311++G(2d,2p) basis set utilizing PCM(CH3CN) for implicit solvation and using the optimized

geometries and Gibbs energies at B3LYP/6-311++G(2d,2p)/PCM(CHCl3) level.

ECD and VCD spectral analyses were undertaken using CDSpecTech program,52,53 which implements

the Tanimoto’s similarity function,82,83 as proposed by Shen et al.50 and designated here as SimXXX func-

tion, where XXX represents the type of spectrum (XXX = VA, VCD, VDF, EA, ECD, EDF etc). Further

detail on SSO analysis is described in section 1.3.6.2.

3.3 Results and Discussion

Since there is no possibility for intramolecular hydrogen bonding in 2, conformational search is less compli-

cated. Nevertheless, there are a large number of conformers due to the flexibility of side chain containing

C1-C4. For each diastereomer, the numbers of conformers within 2 kcal/mol electronic energy difference,

that have been used for final vibrational frequency and spectral calculations, are listed in Table 3.1. The low-

est energy conformer of each diastereomer of 2 has the following populations, based on Gibbs energy: 2A:

22%, 2B: 21%, 2C:15%, and 2D:14%. It is important to note that since the lowest energy conformer of each

diastereomer accounts for only less than 25% of the total population, multiple conformers can be regarded as

important for generating the population weighted spectra. Moreover, the population weighting using Gibbs

and electronic energies did not significantly alter the final result.

ECD, VCD, and ORD spectral analyses for diastereomers of 2 are discussed below. As mentioned ear-

lier, ECD calculations were undertaken for 2C at both CAM-B3LYP/6-311++G(2d,2p)/PCM (CH3CN) and

B3LYP/6-311++G(2d,2p)/PCM (CHCl3) levels, using Gibbs energies at the respective optimized geometries,

for population weighting. These calculations reveal that there are no significant differences between their re-

sults.56 SimEA, SimECD, and SimEDF values are 0.94, 0.41, and 0.87 for calculation with PCM (CHCl3) and

0.94, 0.40, and 0.85 for calculation with PCM (CH3CN). For these reasons, ECD calculations for the other

three diastereomers of 2 were carried out using the geometries optimized with PCM (CHCl3), carrying out

ECD calculations with PCM (CH3CN) and using Gibbs energies at the optimized geometries for weighting.

The comparison of calculated EA, ECD, and EDF spectra for ent-2A, 2B, 2C, and ent-2D with the

experimental spectra are given by Johnson et al.56 The ECD spectra for these four diastereomers, with

7R, 8R configurations, show relatively strong matches with experimental ECD spectra, having the nega-
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Figure 3.2: Comparison of experimental ORD to those for four diastereomers of acetylated inuloxin D. The
inset shows experimental ORD on an expanded y-axis scale

tive–positive–negative pattern of Cotton Effects (CEs). This observation indicates that ECD of 2 is mostly

determined by 7R, 8R configuration of the unsaturated lactone chromophore of the molecule and that ECD

of 2 is less sensitive to C-1 and C-4 stereocenters, which are far from the chromophore. Quantitative analysis

using the similarity between calculated and experimental spectra, in such cases, especially when there are

only few bands for comparison, can be misleading and need not provide additional information about ACs

of stereocenters C-1 and C-4. For this reason, numerical values for quantitative similarity measures, SimEA,

SimECD, and SimEDF, are delegated to the article.56

Experimental ORD measurements revealed very small positive SOR values, with a sign switch at shorter

wavelength (Figure 3.2). ORD predicted for 2A has been inverted to obtain that for ent-2A; ORD predicted for

2D has been inverted to obtain that for ent-2D. The sign reversal at the shorter wavelength is not reproduced

in the calculations for any of the diastereomers, but positive signs observed in the experiment at longer

wavelengths are reproduced in the predicted values for ent-2A, 2B, 2C, and ent-2D, all of them with the

7R, 8R configuration. Thus, ORD reaffirms the 7R, 8R configuration that was inferred from ECD. There

are some differences among the magnitudes of predicted specific rotations for ent-2A, 2B, 2C, and ent-2D

(Figure 3.2), and the magnitudes predicted for 2C are closer to the experimental magnitudes. Quantitative

analysis57 indicates that the RMSD values for ent-2A, 2B, 2C, and ent-2D are, respectively, 272, 320, 244,

and 370. Based on these RMSD values, 2C is the preferred diastereomer for the AC assignment. However,

the differences in RMSD magnitudes are not striking and one should not rely on ORD alone for assigning the
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Figure 3.3: Predicted VA and VCD (panels A and B respectively) and experimental VA and VCD (panels C
and D respectively) of 2 in the C=O stretching region

unknown AC and this conclusion needs to be verified independently (vide infra).

One might also wonder about the large differences in the magnitudes of predicted and observed spe-

cific rotations for 2, but such large discrepancies were also reported previously for all inuloxins (A, B, C,

and acetylated C) investigated to date.58,67,68 A satisfactory explanation for these large differences remains

elusive.

The predicted VA, VCD, and VDF spectra for the diastereomers of 2 are compared with corresponding

experimental spectra in the manuscript.56 Quantitative similarity values are also provided there. The vibra-

tional spectra in the C=O stretching region (1800–1600 cm−1 region) and finger print region (1550–950 cm−1

region) are discussed separately below.

The C=O group of the α ,β -unsaturated γ-lactone moiety has unscaled predicted vibrational stretching

frequency of 1772 cm−1 and that of acetyl group has 1744 cm−1 (see Figure 3.3). The former is associated

with predicted negative VCD of smaller intensity for ent-2A, 2B, 2C, and ent-2D, all with 7R,8R configura-

tion. Therefore, the predicted negative VCD band at 1772 cm−1 appears to be diagnostic of ACs at C-7 and

C-8. The predicted acetyl C=O stretching vibrational band at 1744 cm−1 has positive VCD for ent-2A and

ent-2D with 4R configuration. This positive VCD changes to negative VCD for the other two diastereomers,

2B and 2C, with 4S configuration. This observation indicates that for the opposite ACs at C-4, the predicted
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VCD sign associated with acetyl carbonyl stretching vibration changes. Therefore, VCD sign associated

with acetyl C=O stretching vibration appears to be diagnostic of the AC at C-4. The experimental absorption

spectrum indicates two vibrational bands at 1755 and 1724 cm−1 , which by correlation with corresponding

predicted absorption band positions can be associated with C=O stretching, respectively, of α ,β -unsaturated

γ-lactone moiety and acetyl group. The former is associated with very weak negative experimental VCD close

to the noise level, and the latter has negative experimental VCD above the noise level. The observed weak

negative VCD associated with 1755 cm−1 band matches with that associated with predicted C=O stretching

vibration of the α ,β -unsaturated γ-lactone moiety, supporting 7R,8R configuration, which is affirmed already

from ECD and ORD analyses. More importantly, the observed negative experimental VCD at 1724 cm−1

matches the negative VCD predicted for 4S configuration. Then the negative experimental VCD associated

with acetyl group C=O stretching vibration supports (S) configuration at C-4, which is in agreement with the

earlier conclusion64 based on Mosher’s method.

Figure 3.4: Predicted VA (panel A) and VCD (panel B) spectra for 2B and 2C and the difference between
them. Comparison of experimental VCD spectrum with that predicted for 2B (panel C) and for 2C (panel D)

Having established the configurations at C-4, C-7, and C-8, I turned my attention to the AC at C-1. For

this purpose, I undertook difference spectral analysis, by enquiring what differences would be predicted if I

inverted the configuration at C-1 while keeping the ACs at other three chiral centers the same. The spectra

predicted in the 1550–950 cm−1 region for 2C and 2B and the differences between their spectra are shown in

Panels A and B of Figure 3.4. While differences in the absorption spectra are very small, some differences

in VCD spectra are noteworthy: (a) the weak positive VCD predicted for unscaled frequency at 1115 cm−1
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of 2C changes sign for 2B and (b) the positive VCD predicted for unscaled frequency at 1353 cm−1 for

2C is shifted to a slightly lower frequency for 2B and becomes broad due to a new shoulder band. These

differences are reflected as larger magnitudes in the difference spectrum (Panel (B) of Figure 3.4). From the

animated vibrations associated with 1115 and 1353 cm−1 frequencies, analyzed using Gaussview,84 these

bands are noted to have contributions from the C–H bending at C-1, although several other C–H groups also

contribute to these frequencies. In the comparison of the predicted spectra with experimental spectra (Panels

C and D of Figure 3.4), the corresponding positions for the two changes noted above are marked with arrows.

The predicted frequencies for 2B were scaled with 0.99 and those for 2C with 0.985 in Panel C and D and

the predicted intensities of these VCD spectra have been multiplied by 2 to appear on the same scale as the

corresponding experimental spectra. The sign reversal for predicted weak VCD band at 1115 cm−1 when

going from 2C to 2B makes the comparison with experimental VCD spectrum less favorable for 2B. This is

because predicted VCD for 2B in the 1050–1150 cm−1 region becomes broad negative, which is not seen in

the experimental spectrum. Similarly, the shifting, splitting, and broadening of predicted VCD band at 1353

cm−1 when going from 2C to 2B makes the comparison with experimental positive VCD band at 1330 cm−1

less favorable for 2B. These observations render preference for the (R) configuration at C-1. Admittedly, the

noted changes are subtle and there is no one obvious band that can be identified as a diagnostic of AC at C-1.

Further support for the (R) configuration at C-1 can be obtained from quantitative similarity analysis.56

The SimVCD and SimVDF values for 2B are, respectively, 0.30 and 0.42, while the corresponding values for

2C are 0.37 and 0.52. These quantitative similarity measures also give preference for (R) configuration at

C-1. Although the magnitude of SimVCD for 2C is near the confidence threshold,51 the important point is

to note that this magnitude for 2C is the highest among that of all diastereomers. Thus, VCD analyses, both

qualitative and quantitative, for 2 favor assigning R configuration at C-1.

Figure 3.5: Inuloxin D, 1, acetylated inuloxin D, 2, and inuloxin E, 3, with assigned AC

To summarize the above discussed analyses, ECD, ORD, and VCD support 7R,8R configuration. ORD

analyses hinted at 1R,4S assignment, although not conclusively. VCD associated with the carbonyl stretching

vibration of acetyl group supports 4S configuration. Difference VCD spectral analysis in the 1500–900 cm−1
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region and quantitative VCD similarity analyses suggests preference for 1R configuration. Thus, the AC of

acetylated inuloxin D (2), and by extension of Inuloxin D (1), can confidently be assigned as (1R,4S,7R,8R),

while that of inuloxin E (3) can confidently be assigned as (1R,7R,8R) (see Figure 3.5). Even though the

current studies offer evidence for R configuration at C-1, it would be prudent to confirm this assignment

independently using a different technique.

3.4 Conclusion

Based on the analyses of three different chiroptical spectral data, the AC of acetylated inuloxin D, and by

extension of the natural product inuloxin D, extracted from aerial parts of D. viscosa, can confidently be

assigned as (1R,4S,7R,8R), while that of inuloxin E (3), also extracted from aerial parts of D. viscosa, can

confidently be assigned as (1R,7R,8R).
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CHAPTER 4

The AC of [5]- and [3]-Ladderanoic Acids

This work was completed in collaboration with Professors Thomas Harris of Vanderbilt University, Nashville,

TN and the Virginia Institute of Marine Science, Gloucester Point, VA, Professor Nathan Schley of Vanderbilt

University, Nashville, TN, and Professor Malgorzata Baranska of Jagiellonian University, Krakow, Poland.

This chapter has been reproduced from parts of the Journal of Natural Products article85 “Absolute Config-

urations of Naturally Occurring [5]- and [3]- Ladderanoic Acids: Isolation, Chiroptical Spectroscopy, and

Crystallography” with permission. My contributions to this work are: ROA measurements, conformational

analyses, QC optimizations, QC spectral prediction of VCD, ORD, and ROA, spectral similarity analyses,

preparation of figures and tables, and revising of the manuscript.

4.1 Introduction

Ammonium ion is essential to all living organisms, being the source of nitrogen in proteins, nucleic acids,

and other cellular metabolites. It is produced from atmospheric N2 by nitrogen-fixing bacteria and in the at-

mosphere by lightning discharges. In addition, more than 200 million tons of ammonia are produced from N2

annually using the Haber process, the majority for use as fertilizer. Nature maintains homeostasis via enzy-

matic pathways of denitrification and anaerobic ammonium oxidation (anammox) to convert ammonia back

to N2.86,87 Anammox is mediated by bacteria in the Planctomycetes phylum,88 which can oxidize ammonium

while reducing nitrite to produce N2. Anammox bacteria are ubiquitously dispersed throughout the world,

being found in terrestrial and aquatic ecosystems, and are used extensively in wastewater treatment plants to

remove ammonium ion from effluent. The anammox pathway, comprising enzymatic reactions for reduction

of nitrite to nitric oxide (NO), synthesis of hydroxylamine and hydrazine from ammonium ion and NO, and

oxidation of hydrazine to N2,87,89,90 occurs in an intracytoplasmic vesicle called the anammoxosome. A

phospholipid membrane surrounding the anammoxosome is thought to be unusually dense, thereby retarding

escape of the strongly nucleophilic hydroxylamine and hydrazine, which would otherwise react with cellular

constituents and thus interfere with essential metabolism.91,92,93 The membrane has been shown to be less

permeable to dyes than typical phospholipid membranes, but reduced permeability to hydroxylamine and

hydrazine has not been demonstrated.94,95

The phospholipid membrane of the anammoxosome is structurally remarkable, containing fatty acids and

analogous alcohols having multiple concatenated cyclobutane rings91 known as ladderanes. The two ma-

jor ladderane components of the anammoxosome are [5]-ladderanoic acid 1a (n = 7) and [3]-ladderanoic
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acid 2a (n = 7) (Figure 4.1). Both 1a and 2a are eicosanoids, with [5]-ladderanoic acid 1a containing five

linearly fused cyclobutane rings and [3]-ladderanoic acid 2a having three cyclobutane rings fused to a cy-

clohexane ring. Lesser quantities of longer and shorter chain analogues (n = 1, 3, 5, 9, and 11) have also

been observed.88,96,97,98,99 Acids 1 and 2 occur in the anammoxosome membrane both as the free acids and

as phospholipid esters. In addition, analogous [5]- and [3]-ladderanols 3 and 4 (Figure 4.1) are major con-

stituents and are present as ethers in the phospholipids. Other larger and smaller arrays of concatenated

cyclobutanes and combinations of cyclobutanes with cyclohexanes have not, as yet, been found.

Figure 4.1: Naturally occuring ladderane acids and alcohols 1-5

The remarkable structure of the ladderane lipids has inspired significant interest in their chemistry and bi-

ology, as evident in the review by Nouri and Tantillo100 and in a patent on use for drug delivery.101 However,

multiple chemical and biological problems have impeded the study of ladderane lipids. Anammox bacte-

ria live in oxygen-minimum environments with slow growth rates leading to doubling times of 2 weeks or

more. In no case have the anammox bacteria been obtained in pure culture, and it is likely that they are, in

fact, dependent on associated bacteria for, as yet unidentified, essential nutrients. The ladderanoic acids are

not readily obtained in pure form. The methyl esters cannot be fully separated from each other by liquid

chromatography,91,94,95,102,103 and their analysis by gas chromatography is made challenging by the ther-

mal instability of acid 1a, which has a half-life of only 1 h at 140 °C.104 As a result, the shortage of pure

ladderanoic acids has been a major hindrance to their study.
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Figure 4.2: Phenacyl esters of ladderanoic acids, 6 and 7

Throughout this chapter, the stated AC refers to that at the site of attachment of the functionalized side

chain: R configuration at the site of attachment refers to the structures as depicted in Figures 1 and 2, while

S configuration at the site of attachment refers to mirror images of the structures depicted in Figures 1 and 2.

ACs of natural 4a and 5a have been established as R by Mercer et al.102

An enantioselective synthesis of (S)-1a was accomplished by Mascitti and Corey via resolution and con-

figurational assignment of a cyclopentanone precursor.104 They were unable to establish the AC of the natural

acid due to inability to obtain an authentic sample with which to compare specific rotation.105 This inability

to gain access to a small reference sample of the acid exemplifies the experimental hurdles associated with

isolation and purification of the individual ladderanes.

Recently, enantioselective syntheses of (R)-[3]-ladderanol 4a and its glyceryl ether 5 were reported by

Mercer et al. starting from a lipase-resolved cyclohexenediol.102 The AC of natural 4a was established to

be R at the site of chain attachment by comparison of the specific rotations of synthetic and natural glyceryl

ether 5. The synthetic strategy was extended to preparation of (R)-[5]-ladderanoic acid 1a. They were unable

to compare their synthetic (R)-1a with the natural acid due to lack of an authentic sample of the latter.

Configurational assignments are challenging due to the difficulties in separation of the [3]- and [5]-

ladderanes and of their derivatives and also due to conformational mobility, which complicate both the cal-

culations and production of crystals suitable for X-ray crystallography. These difficulties are successfully
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overcome in this work through a multipronged approach. Initial attempts led to chromatographic separations

of the respective phenacyl esters 6a and 7a (see Figure 4.2). Later, the acids were able to be separated as 1a

and 2a themselves. In order to establish the ACs, I employed multiple chiroptical spectroscopic methods4,23

to overcome the inherent limitations associated with individual chiroptical spectroscopic methods. The ACs

of 6a and 7a were established by comparison of their experimental specific rotations with those calculated

using QC methods and confirmed by the X-ray crystal structure of 6a. The ACs of 1a and 2a were deter-

mined by comparison of experimental and QC predictions of specific rotations as well as vibrational Raman

optical activity spectra. The ACs deduced in this manner for 1a and 2a were further confirmed by respective

single-crystal structures.

4.2 Methods

The isolation and NMR characterization of [3]- and [5]- ladderanoic acids were carried out by our American

collaborators in Virginia as described in the literature.85 X-ray crystallography that supports this work was

conducted on these compounds by Professor Schley at Vanderbilt University and is described in the full text.85

The ORD and VCD spectra used within were measured by Dr. V. Ragahavan while a post doctoral researcher

within our lab and details of these measurements are provided below and in the main text. Professor Baranska

and Dr. Zajac allowed me personal and extended access to their ROA spectrometer in Krakow, Poland to

undertake the ROA and Raman measurements and the relevant experimental parameters are presented in the

main manuscript85 and below.

The initial conformational searches were undertaken using the CONFLEX Program71 with MMFF94S

force field. Due to the prohibitively large number of possible conformations in each case, conformational

searches for full-size 1a and 2a were restricted to a smaller energy window. Starting from Conflex gen-

erated 7698 conformations for 1a and 24,004 conformers for 2a, within a 5 kcal/mol energy window, and

subsequent conformational optimizations at higher theoretical levels, PM6, B3LYP/6-31G* and B3LYP/6-

311++G(2d,2p) with PCM for chloroform solvent, were conducted using the Gaussian G09 program as sum-

marized in Tables 4.1 and 4.2.

Out of the 135 conformers optimized at the B3LYP/6-311+ +G(2d,2p)/PCM level for 1a, two conformers

containing imaginary vibrational frequencies were discarded and the remaining 133 conformers of 1a were

used for specific rotation, ROA, and VCD calculations, which were carried out with appropriate Boltzmann

population weighting.

Out of the final 185 conformers optimized at the B3LYP/6-311+ +G(2d,2p) level for 2a, five conformers

containing imaginary vibrational frequencies were discarded and the remaining 180 conformers of 2a were

used for specific rotation, ROA, and VCD calculations, with appropriate Boltzmann population weighting.
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theoretical
level

starting
number of
conformers

number of
unique

conformers

number of
conformers
used for the

next level

PM6 7698 5679 5673 within
10.6

kcal/mol

B3LYP/6-31G* 5673 4489 1383 within
5 kcal/mol

B3LYP/6-311++G(2d,2p) 1383 1336 135 within 2
kcal/mol

Table 4.1: Conformers Optimized for (R)-5-Ladderanoic Acid, 1a

theoretical
level

starting
number of
conformers

number of
unique

conformers

number of
conformers
used for the

next level

PM6 24,004 16,427 10,303
within 10.6

kcal/mol

B3LYP/6-31G* 10,303 6692 307 within 5
kcal/mol

B3LYP/6-311++G(2d,2p) 307 305 185 within 2
kcal/mol

Table 4.2: Conformers Optimized for (R)-3-Ladderanoic Acid, 2a

Specific rotations, VCD, and ROA were predicted using the Gaussian 09 program.72 Specific rotations

for 1a and 2a with R configuration were calculated at six wavelengths, namely, 365, 405, 436, 546, 589, and

633 nm. Vibrational ROA spectra were predicted using a 532 nm excitation wavelength. ROA spectra were

simulated with Lorentzian band shapes with SCP 180° backscattering geometry.

Vibrational Raman and ROA spectra were measured for 1a in chloroform solvent using ChiralRAMAN

spectrometer for 20 hours with using a 532 nm laser at 500 mW of power, although the power density at
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the sample is unknown. ChiralRAMAN spectrometer is built for SCP measurements in 180° backscattering

geometry. Vibrational Raman and ROA spectra were measured for 2a in chloroform solvent for 14 hours

with 532 nm laser at 500 mW power, although the power density at the sample is unknown. Solvent bands

saturated the detector at ∼1200, ∼700 and below ∼400 cm−1. Power was not reduced due to relatively weak

Raman intensities originating from the compounds in comparison to the Raman intensities originating from

the chloroform solvent.

4.3 Results and Discussion

Figure 4.3: Comparison of experimental and QC predicted ORD for 1a and 2a

Four methods, namely, ECD,106 ORD,107 VCD23,108,109 and vibrational ROA,23,109,110 were utilized in

this investigation. Each of these methods possesses characteristic, inherent limitations. ECD is not suitable

for ladderanoic acids, as there are no visible chromophores attached to chiral centers that can report on the

AC. Specific rotations can be used to establish the AC by comparing the signs of measured specific rota-

tions with those obtained using QC predictions. The limitation in these comparisons is that the QC-predicted

magnitudes may for various reasons differ from those observed experimentally, restricting the focus to signs
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of observed and predicted rotations. VCD and ROA spectroscopies are sensitive to configuration and con-

formational details, but these spectral measurements require higher concentrations, where dimer formation

is possible. Since QC predictions for dimers of molecules as large as 1a and 2a cannot be undertaken, it

was hoped that QC predictions for monomer structures would capture the essential details needed to interpret

the VCD and ROA spectra, along with associated vibrational absorption (VA) and Raman spectra. After the

successful isolation of 1a and 2a by collaborators, our lab measured the discrete wavelength-resolved specific

rotations and VCD spectra and I measured ROA spectra for 1a and 2a and analyzed all chiroptical spectra

with corresponding QC predictions. Specific rotations are commonly measured and reported only at 589

nm, although, based on Drude’s equation111 for specific rotation, larger specific rotations can be expected

at shorter wavelengths. Shorter wavelengths offer advantages for substances that have inherently small ro-

tations or for which the supply is limited. For this reason, specific rotations were also measured at shorter

wavelengths: 546, 436, 405, and 365 as well as at 633 nm.

Although a quantum mechanical equation for calculation of specific rotation had been proposed by Rosen-

feld17 in 1929, it could not be put to practical use as a predictive tool until recently. Remarkable advances

in quantum chemical methods11,12,112,113,114,115,116,117 have rendered these predictions reliable enough for a

confident assignment of absolute configurations in numerous cases. Beratan, Wipf, and co-workers using the

BP-86/aug-ccpVDZ level of theory (with the RI-J approximation) calculated gauge-independent [α]D values

for a series of model [5]-ladderanes bearing linear alkyl chains ranging from methyl to pentyl on a terminal

methylene group.115 The calculations gave positive specific rotations with [α]D values ranging from 35 to

51 when the site of attachment had an S configuration. They acknowledged that this procedure might be ex-

pected to give inflated values of specific rotations but judged that the method was sufficiently accurate to be

able to predict the correct sign of the specific rotation. They did not carry out calculations on 1a itself but, on

the basis of the results obtained for the alkyl series, predicted that (S)-1a would be dextrorotatory. However,

this prediction needs to be verified. The relative contributions of the multitude of conformers of the long alkyl

chain will need to be taken into consideration since they will influence the sign and magnitude of specific

rotations.12,116,117 The presence of functionality at the terminus of the chain is an additional complication to

be reckoned with.

The solvent influence in the experimental measurements was represented by the polarizable contin-

uum model (PCM),44,118 and explicit inclusion of solvent molecules in the calculations is not possible for

molecules of the size considered here. Additionally, vibrational contributions to calculated specific rotations

are known to be important,119,120,121 and these contributions can only be incorporated for small molecules.

Aggregation at the concentrations employed might occur via stacking of concatenated cyclobutanes, but this

cannot be realistically modeled in these calculations. Precedents for aggregation altering the experimental
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Figure 4.4: Comparison of experimental and QC predicted Raman, ROA, and CID for 1a

chiroptical properties can be found in studies of chiral surfactants.122 Despite these limitations, the larger pre-

dicted magnitudes of specific rotations are comforting in the sense that they are less prone to have reversed

sign when calculations are repeated at a different level of theory.

Conflex71 initially generated 7698 conformations for 1a and 24004 conformations for 2a, which were

fully optimized using Gaussian 0972. For the lowest energy conformer of 1a predicted by B3LYP/6-311+

+G(2d,2p), the four C atoms starting from the second C of the alkyl chain and going along the edge of

the ladder make a dihedral angle of ∼75°. That is, the alkyl chain is canted with respect to the plane of

the ladderane moiety, as also seen in the crystal structures of 1a and 6a. For the B3LYP/6-311++G(2d,2p)

predicted lowest energy conformer of 2a, the four C atoms starting from the second C of the alkyl chain and
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going along the edge of the ladder make a dihedral angle of ∼180°, as also seen for one of the conformers in

the crystal structure of 2a.85

Figure 4.5: Comparison of experimental and QC predicted Raman, ROA, and CID for 2a

Experimental specific rotations of 1a and 2a measured for chloroform solutions at six wavelengths are

presented alongside QC-predicted values in Figure 4.3. For naturally occurring 1a the experimental [α]D

magnitude (-12 ± 2°) corresponds reasonably well to that reported104 for the synthetic sample by Mascitti

and Corey (+16.7°), but the sign of the natural material is negative rather than positive. Their synthetic route

led to 1a having an S configuration at the site of attachment of the side chain, which is enantiomeric to natural

1a. Mercer et al.102 observed a [α]D of -15.4° for their synthetic sample of (R)-1a. The experimental specific

rotation values are negative at all six wavelengths measured, in agreement with the corresponding predicted

44



values for the R configuration. The magnitudes of calculated specific rotations are within a factor of 2 of the

corresponding experimental specific rotation magnitudes (see Figure 4.3).

The experimental specific rotations of 2a are positive at all wavelengths measured, and [α]D is +10

± 1°. No synthesis of 2a has been reported, but the sign of the specific rotation is the same as that of

the phenacyl ester reported above and that of the glyceryl ether reported by Mercer et al.102 QC-predicted

specific rotations for the R configuration calculated at all six wavelengths are positive, indicating that naturally

occurring 2a also has an R configuration. The QC-predicted specific rotation magnitudes are 4- to 5-fold

larger compared to the corresponding experimental magnitudes. Among the lowest energy conformers, those

with the cyclohexane ring in the chair conformation contributed 66% of the total population, with the boat

conformation contributing the remaining 34%.

Experimental vibrational Raman and ROA spectra were measured for 1a and 2a in chloroform solvent.

The vibrational Raman scattering from the solvent interfered in the following regions: ∼1275-1175 cm−1,

∼800-600 cm−1, and <400 cm−1. There were no measurable ROA signals in the 400-600 cm−1 region.

For these reasons, the presented experimental Raman and ROA spectra are restricted to ∼1800-800 cm−1,

without displaying any bands present in the solvent-interfering ∼1275-1175 cm−1 region. The QC-predicted

Raman and ROA spectra were obtained for the conformers that were used for the specific rotation calculations

mentioned earlier.

The Raman and ROA spectra for (R)-1a are presented in Figure 4.4. The QC-predicted Raman band

positions are slightly greater than the corresponding experimental Raman bands. Not withstanding, the cal-

culated spectra visually match the experimental spectra extremely well. To facilitate the comparison between

experimental and calculated spectra, the band positions are marked in Figure 4.4.

Eight experimental Raman bands, at 1430, 1301, 1161, 1125, 1082, 1052, 947, and 847 cm−1, are well

correlated with the corresponding QC-predicted Raman bands at 1480, 1332, 1186, 1142, 1100, 1063, 946,

and 852 cm−1. The experimental Raman band and associated negative ROA band at 1494 cm−1 do not

have counterparts in the QC-predicted spectra, suggesting they might arise from dimeric structures. The

experimental ROA bands also correlate well with QCpredicted ROA bands for 1a. The experimental bisignate

couplet, at 1447(-) and 1433(+) cm−1, is reproduced in the QC-predicted spectrum at 1488(-) and 1468(+)

cm−1. The remaining experimental ROA bands at 1159(+), 1127(-), 1081(-), 1027(-), 977(+), 906(-), and

844(+) are faithfully reproduced in the QC-predicted ROA spectrum of 1a at 1182(+), 1138(-), 1100(-),

1068(-), 956(+), 913(-), and 852(+) cm−1. The overall qualitative agreement between experimental and QC-

predicted ROA spectra is excellent, independently confirming the AC assignment for naturally occurring

5-ladderanoic acid as R.

The ROA and Raman spectra for (R)-2a in the 1800-800 cm−1 region are presented in Figure 4.5. The
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Figure 4.6: Comparison of experimental and QC predicted VA, VCD, and VDF for 1a

QC-predicted Raman band positions for 2a are slightly greater than the corresponding experimental Raman

bands in the higher wavenumber region (>1000 cm−1) and about the same in the lower wavenumber region

(<1000 cm−1). Qualitatively, the calculated spectra are in good agreement with the experimental spectra. To

facilitate the comparison between experimental and calculated spectra, the band positions are annotated in

Figure 4.5.

Seven experimental Raman bands, at 1650, 1438, 1305, 1089, 1038, 949, and 831 cm−1, can be correlated

to the corresponding QC-predicted Raman bands at 1767, 1482, 1329, 1103, 1047, 946, and 831 cm−1. The

experimental ROA bands also correlate well with QC-predicted ROA bands for 2a, except that the weak

negative experimental ROA band at 1659 cm−1 is not present in the QC-predicted ROA spectrum. The

experimental bisignate couplet, at 1494(-) and 1435(+) cm−1, is reproduced in the QC-predicted spectrum
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Figure 4.7: Comparison of experimental and QC predicted VA, VCD, and VDF for 2a

at 1513(-) and 1478(+) cm−1. The three neighboring ROA bands with alternating signs, 1339(+), 1276(-),

and 1259(+) cm−1, are faithfully reproduced in the QC-predicted ROA spectrum of 2a as neighboring bands

at 1361(+), 1306(-), and 1274(+) cm−1. The remaining experimental vibrational ROA bands at 1107(-),

1027(-), and 956(-) are also reproduced in the QCpredicted ROA spectrum of 2a at 1121(-), 1039(-), and

967(-) cm−1. Thus, the overall qualitative agreement between experimental and QC-predicted ROA spectra

of 2a is excellent, independently confirming the AC assignment at the site of sidechain attachement for

naturally occurring 3-ladderanoic acid as R.

VA and VCD spectra of 1a and 2a were measured by a collaborator. After undertaking QC calculations

to predict VCD for each ladderanoic acid, visual comparison revealed that VCD cannot be used reliably from

these calculations. The experimental and calculated VA spectra for (R)-(-)-5-ladderanoic acid (Figure 4.6) in

CDCl3 solvent do not appear to have any similarity, indicating that the monomeric structures are not appropri-
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ate for reproducing the experimental VA spectrum. The calculated VCD spectrum does show some similarity

in that the predicted positive VCD band at 1267 and negative band at 1195 cm−1 have corresponding exper-

imental bands at 1238 and 1173 cm−1, respectively. However, these are not trustworthy correlations in the

absence of corresponding correlations in the VA bands. In the case of (R)-(+)-3-ladderanoic acid also (Figure

4.7), experimental VA spectra in CDCl3 solvent do not appear to have any similarity to the calculated spectra,

indicating that the monomeric structures are not appropriate for reproducing the experimental VA spectrum.

Any possible correlations between experimental and calculated VCD spectra cannot be trustworthy in the

absence of a corresponding correlation in the VA bands. The fact that the QC-predicted monomer Raman

spectra matched the experimental Raman spectra extremely well but the QC-predicted monomer VA spectra

did not correlate well with the experimental VA spectra may be associated with possible dimer conformers

having an outsized impact on the VA spectra relative to the Raman spectra. For these reasons, the assign-

ment of AC of 1a and 2a using VA and VCD spectra calculated for monomeric structures appears tenuous.

This observation is in line with those derived from previous VA and VCD studies on substituted propanoic

acids.123,124,125

4.4 Conclusion

The absolute configurations of the naturally occuring [5]-ladderanoic acid and [3]-ladderanoic acids, 1a and

2a respectively, are assigned as R at the site of side-chain attachment by comparison of experimental ORD

with corresponding values predicted using QC calculations. These absolute configurations for 1a and 2a were

independently verified by comparison of experimental ROA spectra with corresponding QC predicted spectra.

QC predicted ROA and Raman for monomeric 1a and 2a matched the corresponding experimental data well,

but for VA/VCD, the similarity is poor. VA/VCD appear to require QC calculations on the dimeric forms of

each compound while ROA and Raman appear to reproduce the experimental spectra without accounting for

dimerization. As dimer calculations are far more computationally demanding than that of the monomer, ROA

appears to be advantageous for structural prediction when dimerization may occur.
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CHAPTER 5

The AC of an Analogue of (-)-Crispine A

This work was completed in collaboration with Professor Ibrahim Ibnusaud of the Institute for Intensive Re-

search in Basic Sciences at Mahatama Gandhi University, Kerala, India. This chapter has been reproduced

from the ACS Omega article126 “Dissymmetry Factor Spectral Analysis Can Provide Useful Diastereomer

Discrimination: Chiral Molecular Structure of an Analogue of (-)-Crispine A” with permission. My contri-

butions to this work are: VCD measurements, ECD measurements, ORD measurements, QC optimizations,

QC spectral prediction of ECD, VCD and ORD, vibrational band assignment, spectral similarity analyses,

figure preparation, and drafting and revising of the manuscript.

5.1 Introduction

Isoquinoline alkaloids, such as crispine A, 1, (Figure 5.1), are important synthetic targets due to their po-

tential biological activity.127,128,129,130,131,132,133 (+)-1 isolated from Carduus crispus L. was found to exhibit

antitumor activity against certain human cancer lines.134 The chiral solvating agents to determine the enan-

tiomeric purity of crispine A have been investigated.135 The enantiopure synthesis of an analogue of (-)-1 has

been reported recently using garcinia acid isolated in large amounts from tropical plant sources.133

Figure 5.1: Structures of (+) and (-)-crispine A

Determination of the stereostructures of chiral natural products with multiple chiral centers can be chal-

lenging. Good-quality crystals are often difficult to grow for use in single-crystal X-ray diffraction methods.

In such cases, the use of NMR methods has been the widely adopted approach, although several cases are

known where stereostructures were misassigned.136,137,138 Chiroptical spectroscopy methods have become

popular in recent years for the determination of absolute configurations (ACs) of chiral molecules.23,4 Four
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different methods, namely, ORD,111 ECD,48 VCD,139 and vibrational ROA140 are widely practiced under

the banner of chiroptical spectroscopy. Each of these methods has their own specific advantages/disadvan-

tages for interrogating the chiral molecular structures, but simultaneous use of more than one method often

leads to more robust structural elucidation.141 Recent developments in QC methods142,143,144 and their im-

plementations in computer software72,145,146 for predicting chiroptical spectra facilitated and popularized the

analysis of experimental spectra using QC predicted spectra for deducing the chiral molecular structures.

Figure 5.2: Synthetic scheme and atom numbering used for specifying the AC of 5

In this work, ORD, ECD, and VCD spectroscopies and X-ray crystallography are utilized for investigating

the molecular structure of an analogue of (-)-1 synthesized from enantiopure (2S,3S)-dimethyl-tetrahydro-3-

hydroxy-5-oxo-2,3-furandicarboxylate (garcinia ester, 2) in two steps involving 3 and 4 (see Figure 5.2).

Synthesis and X-ray crystallography were carried out by collaborators. Though there are possibilities for

forming two analogues of 1 from the intermediate 4, only 5, namely, (1R,10bR)-1’-((R)-1,2-dihydroxyethyl)-

1-hydroxy8,9-dimethoxy1,5,6,10b-tetrahydropyrrolo [2,1-a]isoquinolin3(2H)-one, is obtained. The absolute
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configurations (ACs) at the three stereogenic centers of 5 are deduced from the synthetic scheme, and the

relative configurations determined from the X-ray structure. To evaluate the capabilities of chiroptical spec-

troscopic methods for independently establishing the AC, the experimental ORD, ECD, and VCD spectra of

5 are also analyzed using the corresponding QC predicted spectra for all possible diastereomers.

5.2 Methods

The synthesis and X-ray crystallography the analogue of (-)-crispine A used to support this work were carried

out by our Indian collaborators as been described in the literature.126,133 Help with identification of electronic

transitions was provided by Dr. E. Santoro while a post doctoral researcher within our lab. Initial calculations

were set up by Lee Cantrell, a current PhD student at Vanderbilt University, while he was an undergraduate

researcher in our lab. While generally I have access to our own VCD, ECD, and ORD instrumentation, Dr D.

Wright allowed me personal and extended access to his lab’s ECD spectrometer while ours was out of com-

mission to undertake the ECD measurements that heavily supplemented my VCD and ORD measurements.

The relevant experimental parameters are presented in the main manuscript126 and below.

Conformer Energy
kcal/mol

Population N4-C5-C6-C6a C1-C2-C4-N4

95 0.00 0.86 −49.9 −13.5
90 1.77 0.04 −50.4 −13.9
202 1.85 0.04 −54.1 −21.0
87 2.01 0.03 −50.1 −13.7
60 2.11 0.02 −49.8 −12.7
61 2.39 0.01 −50.1 −12.7

Table 5.1: Energies, Populations, and Ring Puckering Angles of (1R,10bR,1’R) Diastereomer with Deuterated
OH Groups at B3Pw91/6-311++G(2d,2p) PCM(Methanol) level.

ORs were measured with an AutoPol IV automatic polarimeter at six discrete wavelengths (633, 589,

546, 436, 405, and 365 nm) at a concentration of 5.87 mg/mL in methanol solvent using a 0.5 dm quartz

cell and converted to SORs by dividing the ORs with concentration (g/cm3) and path length (dm). The

experimental EA and ECD spectra were measured at 0.38 mg/mL in methanol solvent with an AVIV 215

ECD spectrometer using a 2 mm quartz cell. EA and ECD spectra were collected from 250 to 400 nm.

Since absorbance at wavelengths shorter than 250 nm is too high, a lower concentration of 0.048 mg/ mL in

methanol solvent was used to collect EA and ECD spectra from 200 to 250 nm. These two sets of spectra

were converted to epsilon units and merged smoothly at 250 nm without adjustments. The experimental
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VA and VCD spectra were measured with a ChiralIR VCD spectrometer at a concentration of 45 mg/mL in

CD3OD solvent using the SL3 cell with BaF2 windows and 100 µm path length. SSO is calculated using the

Sim function suggested by Shen et al.50 Further detail on SSO analysis is described in section 1.3.6.2.

Diastereomer SimECD SimEDF SimVCD SimVDF

(1R,10bR,1’R) 0.84 0.45 0.73 0.65
(1R,10bS,1’R) -0.97 -0.55 -0.54 -0.37
(1S,10bR,1’R) 0.82 0.47 0.58 0.35
(1S,10bS,1’R) -0.82 -0.30 -0.58 -0.45

Table 5.2: SSO Values of ECD, EDF, VCD, and VDF Spectra with Maxiumum Magnitudes

The structure of 5 with (R)-configuration at each of the three chiral centers was manually built and used

as input for conformational search using the CONFLEX program.71 The geometries of 1730 unique con-

formers generated by CONFLEX were optimized using the B3LYP functional34,35,47 and the 6-31G* basis

set49 as implemented in the Gaussian 09 program.72 This process led to 1236 optimized structures within

an energy spread of 19.2 kcal/mol. Of these, the six lowest energy structures account for 97% of the pop-

ulation. The geometries of these six lowest energy conformers were further optimized using the PCM44

for representing methanol solvent at the CAM-B3LYP/6-311++G(2d,2p) level and the resulting structures

used for ECD and ORD calculations at the same level. ECD and ORD calculations were also undertaken

for all diastereomers using empirical D3 dispersion corrections.147 No significant differences could be found

between the results obtained with and without dispersion corrections. For VCD calculations, geometry op-

timizations and QC predictions of VCD were undertaken at the B3PW91/6-311++G(2d,2p)/PCM level. To

account for deuterium exchange in the CD3OD solvent that was used for experimental VCD measurements,

the O-H groups of 5 were converted to O-D for VCD calculations. For (1R,10bR,1’R) and (1R,10bS,1’R)

diastereomers, full geometry optimizations and VCD calculations were also carried out including empirical

D3 dispersion corrections, but the inclusion of dispersion corrections did not provide improvement over those

without dispersion corrections. All ECD and VCD calculations were also undertaken using the Gaussian 09

program.72

5.3 Results and Discussion

The procedure for chemical synthesis of 5 (see Figure 5.2 for numbered compounds) has been reported

before.133 Specifically, garcinia acid ester ((2S,3S)-3-hydroxy-5-oxotetrahydrofuran-2,3-dicarboxylate), 2
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(see Figure 5.2), was first reacted with (3,4-dimeth-oxyphenyl)-ethanamine to generate (S)-methyl-2-((S)-

1-(3,4-dimethoxyphenethyl)-3-hydroxy-2,5-dioxopyr-rolidin-3-yl)-2-hydroxyacetate, 3. During this trans-

formation, the ACs at chiral carbon atoms remain the same. In the subsequent step, there are possibilities

for forming 5 and 6 from 3. The key synthetic step involved here is the cyclization of the N-acyliminium

ion, 4 (Figure 5.2).148,149,150 The use of NaBH4 results in the formation of 5 exclusively. Conversion of

3 to 5, via intermediate 4, occurs without altering the stereochemistry. Therefore, it is logical to conclude

that the ACs of the chiral carbon atoms 1 and 1’ are (R). However, a new chiral center is formed at position

10b, whose AC was suggested133 using two-dimensional NMR correlations to be R. An independent veri-

fication of this assignment is needed. For this purpose, single-crystal X-ray diffraction measurements are

undertaken to determine the relative configurations at positions 10b, 1, and 1’. The crystal structure of 5 is

shown in Figure 5.3, which indicates that positions 10b, 1, and 1’ should all have the same stereodescrip-

tors under Cahn-Ingold-Prelog sequence rules.151 Therefore, the AC of 5 should be either (1R,10bR,1’R) or

(1S,10bS,1’S). Since the ACs at 1 and 1’ positions are known from the synthetic scheme to be R, the AC of

5 is (1R,10bR,1’R), as depicted in Figure 5.2, and is in agreement with that derived from two-dimensional

NMR correlations.133

Diastereomer ORD ECD EDF VCD VDF

(1R,10bR,1’R) Y Y Y Y Y
(1R,10bS,1’R) M M M M U
(1S,10bR,1’R) Y Y Y Y U
(1S,10bS,1’R) M M U M M

Table 5.3: Possible Contenders for AC of 5 as Deduced from ORD, ECD, EDF, VCD, and VDF Analyses

There are no significant differences in the populations generated from electronic energies (at CAM-

B3LYP/6-311++G(2d,2p) level with PCM(methanol)) and Gibbs free energies (B3PW91/6-311++G(2d,2p)

level with PCM(methanol)). The six lowest energy conformers of the (1R,10bR,1’R) diastereomer are dis-

played in Figure 5.4. In these conformers, O-H groups are seen to be oriented for favorable intramolecular

O-H···O-H hydrogen-bonding network. The intramolecular H-bonding network among the three O-H groups

is depicted for each of the conformers with dashed lines, and H-bond lengths are listed in Angstroms. The

relative orientations of O-CH3 groups differ among these conformers. The lowest energy conformer (#95)

with ∼86% population has the methoxy groups turned away from each other, as also seen in the crystal struc-

ture; however, unlike in the crystal structure that has cocrystallized water molecules, the hydroxyl groups in
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Figure 5.3: Crystal structure of 5

the isolated molecule adopt an intramolecular hydrogen-bonding network as shown in Figure 5.4.

Table 5.1 reports the Gibbs energies, populations, and ring puckering angles for these six lowest energy

conformers. All conformers have nearly the same ring puckering angles. Conformers with ring puckering

angles opposite to the ones listed in Table 5.1 have higher energies and are not expected to be populated at

room temperature. The lowest energy conformer (#95) is expected to be dominant with ∼86% population.

The predicted SORs for 5 are generated as a sum of those of all six conformers with individual conformer

specific rotations weighted by its population. Similarly, predicted VA, VCD, EA, and ECD spectral intensities

for 5 are generated as a sum of those of all six conformers with individual conformer spectral intensities

weighted by its population.

The experimental SORs measured at six different wavelengths are compared to those predicted at the

CAM-B3LYP/6-311++G(2d,2p)/PCM(methanol) level in Figure 5.5. The signs, as well as magnitudes, of the

predicted SORs for the (1R,10bR,1’R) diastereomer match those observed in the experiment quite well. The

excellent agreement between experimental and QC predicted ORD supports the assigned AC, (1R,10bR,1’R),

as well as the predominant conformation listed in Table 5.1. However, it should be noted that since methanol

solvent can hydrogen bond to 5, the predominant conformer of 5 in methanol solution can very well be

different from that predicted for an isolated molecule using PCM and that difference may not be transparent
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Figure 5.4: Six lowest energy conformers of the (1R,10bR,1’R) diastereomer

from the predicted ORD.

The experimental EA, ECD, and EDF spectra are compared to the corresponding predicted spectra for the

(1R,10bR,1’R) diastereomer in Figure 5.6. Since a single conformer (#95) of the (1R,10bR,1’R) diastereomer

has the majority of the population (see Table 5.1), the Boltzmann weighted EA and ECD spectra are dom-

inated by those of this conformer at CAM-B3LYP/6-311++G(2d,2p) level with PCM for methanol solvent.

In Figure 5.6, the left vertical panel displays the predicted spectra with wavelengths scaled by 1.02 (which

corresponds to the maximum SimECD value) and overlaid on experimental spectra. In the right vertical

panel, QC predicted spectra obtained with unscaled band positions are presented. The EA spectrum of 5 in

the 180 and 300 nm regions measured in methanol reveals three bands: a stronger intensity band at 207, a

weaker intensity band at 233, and a weak-intensity broad band at 286 nm. The QC predicted EA spectrum

for the (1R,10bR,1’R) diastereomer at the CAM-B3LYP/6-311++G(2d,2p) level similarly shows three bands

at 194, 225, and 253 nm. Inclusion of empirical D3 dispersion corrections did not influence these results.

The experimentally measured ECD spectrum for 5 shows four bands at 203, 216, 229, and 242 nm associ-

ated with negative, positive, negative, and positive signs, respectively. The negative (229 nm) and positive

(242 nm) bisignate couplet appears to be associated with the experimental 233 nm absorption band. The

CAM-B3LYP/6-311++G(2d,2p)/PCM(methanol) predicted ECD spectrum reveals only three bands with a

sign pattern of negative, positive, and positive at 200, 226, and 252 nm, respectively. The experimental nega-

tive cotton effect (CE) at 229 nm is not reproduced in the QC predicted spectrum, resulting in the correlation

of the experimental (with predicted) ECD spectrum as follows: 200 (203), 216 (226), and 242(252) nm.
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Figure 5.5: Comparison of experimental ORD with ORD predicted for four diastereomers of 5

Based on the predicted EA and ECD spectra, the electronic transitions observed in the experimental spec-

trum are considered to arise from those in the benzene ring. The molecular orbitals identifying the electronic

transition associated with the predicted CEs are displayed in the corresponding article.126

The spectral similarity overlap (SSO) plots provide quantitative assessment of the agreement between ex-

perimental and predicted spectra. The maximum magnitudes for SimEA, SimECD, and SimEDF values seen

for (1R,10bR,1’R) are 0.96, 0.84, and 0.45, respectively (Figure 5.7A) at CAM-B3LYP/6-311++G(2d,2p)

level with PCM to model methanol solvent. Inclusion of empirical D3 dispersion corrections did not influ-

ence these results. Ideally, these values should be close to 1 for perfect agreement, but SimECD, and SimEDF

values greater than ∼0.4, are considered necessary to reflect a reliable agreement between experiment and

predictions. This criterion was established by Dr. Polavarapu23 and Covington et al.52 while Shen et al.

proposed only a magnitude greater than 0.2 for confidence in spectral similarity. Therefore, a large SimECD

value, and SimEDF value greater than 0.4, provides further support for the conclusions derived from ORD

analyses.

The experimental VA, VCD, and VDF spectra of 5 in the 1800-1160 cm−1 region are compared to the

corresponding spectra predicted for the (1R,10bR,1’R) diastereomer at B3PW91/6-311++G(2d,2p) level with

PCM(methanol), with deuterated OH groups, in Figure 5.8. In the left vertical panel of Figure 5.8, the pre-

dicted wavenumbers are scaled with 0.9815 (which corresponds to the maximum SimVCD value) and over-

laid on the experimental spectra. In the right vertical panel, predicted spectra with unscaled wavenumbers

are stacked over experimental spectra and band positions labeled. The correlations of experimental (and the

corresponding unscaled predicted) VA band positions in cm−1 noted from the stacked spectra are as follows:
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Figure 5.6: Comparison of experimental EA, ECD, and EDF spectra of 5 with those predicted for the
(1R,10bR,1’R) diastereomer

1670(1712), 1609(1644), 1516(1551), 1462(1487), 1443(1469), 1408(1434), 1354(1385), 1257(1292), and

1223(1250). Similarly, the correlations of experimental (and the corresponding unscaled predicted) VCD

band positions in cm−1 are as follows: 1674(1713), 1516(1548), 1470(1491), 1450(1472), 1404(1429),

1296(1323), 1261(1287), 1230(1247), and 1207(1231). The positive experimental VCD band at 1354 cm−1

does not appear to have a corresponding positive predicted counterpart. This comparison indicates that most

of the experimental bands are satisfactorily reproduced in the predicted spectra. Additionally, the relative

intensities for all calculated VCD bands match those in the experimental spectrum.

It should be added that while experimental spectra are measured in the CD3OD solvent where hydrogen

bonding between the solute and solvent can take place, the predicted spectra used PCM, which does not

account for solute-solvent hydrogen bonding. As a consequence, one may anticipate poorer agreement for

some PCM predicted vibrational bands in hydrogen-bonding solvents, leading to lower SSO values. Contrary

to this anticipation, however, the agreement between experimental and predicted VCD spectra can be seen

in Figure 5.8 to be excellent. The quantitative agreement between experimental and predicted spectra can

be judged using maximum SimVA, SimVCD, and SimVDF values in SSO plots. While SimVA values are
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Figure 5.7: SSO plots comparing experimental EA, ECD, and EDF spectra with those predicted for four
diastereomers of 5

not useful for AC assignment, SimVCD values, as well as SimVDF values greater than or equal to ∼0.4,51

are considered necessary to validate the agreement between experiment and predicted VCD spectra. This

criterion was established by Dr. Polavarapu23 and Covington et al.52 while Shen et al. proposed only a mag-

nitude greater than 0.2 for confidence in spectral similarity. The similarity analysis for the 1800-1160 cm−1

region yields maximum SimVCD and SimVDF values of 0.73 and 0.65, respectively, for (1R,10bR,1’R), at

B3PW91/6-311++G(2d,2p)/PCM(methanol) with deuterated OH groups, as seen in Figure 5.9A. Such large

values are normally encountered for small rigid molecules in non-hydrogen-bonding solvents and are uncom-

mon for VCD spectra measured in the methanol-d4 solvent. The quantitative agreement of experimental VCD

and VDF spectra of 5 with those predicted for the (1R,10bR,1’R) diastereomer can therefore be considered

excellent. Thus, the detailed analysis of the VCD spectra provides further support for the conclusions derived

from ORD and ECD analyses.

The successful reproduction of experimental VCD spectra in the methanol-d4 solvent by B3PW91/6-

311++G(2d,2p) predictions, with PCM representing the hydrogen-bonding methanol solvent, can either be

fortuitous or suggest one of the following two possibilities: (a) the intramolecular hydrogenbonding net-

work among the three O-H groups (see Figure 5.3) could be providing a stabilizing environment compared to

intermolecular hydrogen bonding with solvent molecules or (b) the predicted spectra for 5 with intermolec-

ular hydrogen bonding may not be significantly different from the ones obtained for 5 with intramolecular

hydrogen bonding. These later assertions require the verification of the relative stability of, and spectral
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Figure 5.8: Comparison of experimental VA, VCD, and VDF spectra with those predicted for the
(1R,10bR,1’R) diastereomer, with deuterated OH groups

predictions for, solute conformers that are hydrogen bonded to methanol solvent molecules. One approach

for determining the conformers that are hydrogen bonded to solvent molecules is to incorporate 1-3 explicit

solvent molecules hydrogen bonded to one solute molecule and undertake theoretical predictions. However,

such approaches lead to arbitrariness in the relative orientations of solvent molecules. Molecular dynamics

(MD) simulations of the solute molecule embedded in a methanol solvent bath can provide a more reliable

approach for this purpose. The vibrational band assignments for the (1R,10bR,1’R) diastereomer derived

from the animated vibrational motions in the GaussView program84 are provided within the supplementary

information of the main manuscript.126

For chiral molecules with multiple stereocenters, it has become a common practice in the literature to pre-

dict chiroptical spectra for the relative configuration known from some other methods (such as single-crystal

X-ray diffraction and/or NMR) and eliminate one of the two possible ACs using chiroptical spectroscopic

methods. If the same practice is used here for 5, and the information derived from X-ray data or the syn-

thetic scheme is imposed as a constraint, then the AC of 5 could be correctly established using any one of

the three chiroptical spectroscopic methods (ORD, ECD, or VCD). The relative configuration derived from
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Figure 5.9: SSO plots comparing experimental VA, VCD, and VDF spectra with those predicted for four
diastereomers of 5

X-ray data restricts the consideration of AC to either (1R,10bR,1’R) or (1S,10bS,1’S). ORD, ECD, and VCD

analyses individually support the AC assignment as (1R,10bR,1’R) and do not support the AC assignment

as (1S,10bS,1’S). The synthetic scheme fixes the ACs at 1 and 1’ positions to be (R), which restricts the

consideration of AC of 5 to either (1R,10bR,1’R) or (1R,10bS,1’R). Again, ORD, ECD, and VCD anal-

yses individually support the AC assignment as (1R,10bR,1’R) and do not support the AC assignment as

(1R,10bS,1’R) (vide infra).

The validity of AC derived from chiroptical spectroscopic methods in this manner is subject to the validity

of relative configuration that is started with. Therefore, diastereomer discrimination is an important objective

for which recently developed microwave chiral detection methods are being pursued.152,153 To ascertain if

the chiroptical spectroscopic methods by themselves can provide enough diastereomer discrimination and

determine the AC without depending on prior knowledge of relative configuration information, or of ACs at

some of the stereogenic centers, one has to undertake QC predictions of chiroptical spectra for all possible

diastereomers and evaluate if the correct diastereomer can be ascertained.58,69,70,154 For this purpose, I under-

took conformational analysis and QC predictions for all possible diastereomers. Due to the presence of three

chiral centers, eight diastereomers are possible for 5. Among these, four diastereomers are mirror images

of the other four, so investigations are undertaken for four diastereomers: (1R,10bR,1’R), (1R,10bR,1’R),

(1S,10bR,1’R), and (1S,10bS,1’R). The previous sections dealt with the (1R,10bR,1’R) diastereomer that is

known to represent the correct AC for 5 (vide supra). Here I enquired if, in the absence of prior knowledge on
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the AC of 5, the analyses of experimental and predicted ORD, ECD, and VCD data can determine the correct

diastereomer.

The conformational analysis for the remaining diastereomers follows that used for (1R,10bR,1’R). While

(1S,10bR,1’R) and (1S,10bS,1’R) diastereomers have a single conformation with significantly higher popula-

tions than others, the (1R,10bS,1’R) diastereomer has three conformations with significantly higher popula-

tions than others.

The population-weighted ORD values predicted for these diastereomers are compared to the experimental

ORD in Figure 5.5. It is seen that wavelength-dependent SORs of the (1S,10bR,1’R) diastereomer have the

same signs and relatively closer magnitudes to those of experimental values, and therefore (1S,10bR,1’R)

remains a viable candidate for assigning the AC of 5 based on ORD alone. For the (1R,10bS,1’R) and

(1S,10bS,1’R) diastereomers, the signs of wavelength resolved SORs are opposite to those of experimental

values, and the absolute magnitudes are comparable to the experimental magnitudes. Then, the antipodes

of these diastereomers, namely, (1S,10bR,1’S) and (1R,10bR,1’S), remain viable candidates for assigning the

AC of 5. Thus, the criterion of matching the predicted ORD with the experimental ORD alone cannot be used

as the sole criterion for assigning the unknown ACs of chiral molecules.58

The SSO plots of EA, ECD, and EDF spectra for (1R,10bS,1’R), (1S,10bR,1’R), and (1S,10bS,1’R) di-

astereomers are shown in Figure 5.7B-D, respectively, whereas individual comparisons of experimental and

predicted EA and ECD spectra are provided in the main manuscript.126 In the case of (1S,10bR,1’R), the

SSO plot shows both positive and negative extremes of larger magnitudes for SimECD. Therefore, in prin-

ciple, it becomes uncertain to decide whether this diastereomer or its antipode matches the experimental

spectra. However, the negative extreme occurs for a scale factor <1. Since predicted electronic transitions,

at the theoretical level employed, generally occur at shorter wavelengths, a scale factor >1 is preferred,

and therefore the positive extreme is considered for SimECD. The maximum SSO magnitudes for four di-

astereomers are summarized in Table 5.2. From the maximum SSO magnitudes in Table 5.2, it is seen

that the (1S,10bR,1’R) diastereomer yields positive SimECD and SimEDF values, whereas (1R,10bS,1’R)

and (1S,10bS,1’R) diastereomers yield negative SimECD and SimEDF values. The SimEDF value for the

(1S,10bS,1’R) diastereomer is not of sufficient magnitude to place reliance on the agreement. Thus, based

on SimECD and SimEDF values, (1S,10bR,1’R) and antipode of (1R,10bS,1’R) remain viable candidates for

assigning the AC of 5.

The SSO plots of VA, VCD, and VDF spectra for (1R,10bS,1’R), (1S,10bR,1’R), and (1S,10bS,1’R) di-

astereomers are shown in Figure 5.9B-D, respectively, whereas individual comparisons of experimental and

predicted VA and VCD spectra are provided in the main manuscript.126 The maximum SSO magnitudes are

summarized in Table 5.2. From Table 5.2, it is seen that the diastereomer (1S,10bR,1’R)) yields maximum
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positive SimVCD and SimVDF values. The (1R,10bS,1’R) and (1S,10bS,1’R) diastereomers yield maxi-

mum negative SimVCD and SimVDF values. Based only on the magnitudes of SimVCD, (1R,10bS,1’R),

(1S,10bR,1’R), and (1S,10bS,1’R) diastereomers have large enough magnitudes to consider the (1S,10bR,1’R)

diastereomer and the antipodes of (1R,10bS,1’R) and (1S,10bS,1’R) diastereomers as viable candidates for

AC assignment. The magnitude of SimVDF is also large enough to consider the antipode of (1S,10bS,1’R) as

a viable candidate, but those for (1R,10bS,1’R) and (1S,10bR,1’R) diastereomers are close to ∼0.4. Therefore,

the latter two would require further scrutiny for AC assignment.

It should be noted that the SimVDF value depends on the experimental reliability criterion as discussed

in section 1.3.6.2. If I considered only the experimental VCD signals with ∆A/A greater than 10 ppm as

reliable, then SimVDF values for (1R,10bS,1’R) and (1S,10bR,1’R) diastereomers come out as -0.35 and 0.36,

respectively, and their magnitudes are still close to ∼0.4. But if I considered that only the experimental VCD

signals with ∆A/A greater than 40 ppm as reliable (as has been recommended previously46), then SimVDF

values for (1R,10bS,1’R) and (1S,10bR,1’R) diastereomers drop to -0.23 and 0.16, respectively, ruling out

these two diastereomers as viable candidates. For the (1S,10bS,1’R) diastereomer, SimVDF values are -0.46

and -0.44, respectively, for 10 ppm and 40 ppm criteria, leaving its antipode in the consideration for assigning

AC. Based on SimVCD and SimVDF values alone, the antipode of the (1S,10bS,1’R) diastereomer remains a

viable candidate for assigning the AC of 5.

Thus, ORD, ECD, and VCD analyses, independently, cannot provide a unique solution to the AC of

5. A different situation emerges when I combined the results obtained from all three methods. Table 5.3

summarizes the conclusions derived from ORD comparisons and maximum SSO values derived from ECD

and VCD spectral analyses. In this table, a “Y” entry indicates that the diastereomer belonging to that

entry is a reliable candidate for the correct AC assignment; an “M” entry indicates that the antipode of the

diastereomer belonging to that entry is a reliable candidate for correct AC; entries with “U” cast doubt on

the reliability of AC assignment. The row belonging to (1R,10bR,1’R) has all Y entries, so the assignment

of AC to this diastereomer is supported independently by ORD, ECD, EDF, VCD, and VDF. This is not

the case for the other three rows. (1S,10bR,1’R) and the antipode of (1R,10bS,1’R) are not supported by

the low magnitudes of VDF, whereas the antipode of the (1S,10bS,1’R) diastereomer is not supported by

the low magnitude of EDF. However, when the conclusions from EDF and VDF analyses are combined, the

(1R,10bR,1’R) diastereomer emerges as the single reliable candidate, which is also the AC determined from

combined X-ray and synthetic analyses (vide supra).

It is important to note that if EDF and VDF are not included in Table 5.3 for assigning the AC of 5,

then four different diastereomers remain viable candidates, without offering diastereomer discrimination.

Therefore, in the case of (-)-crispine A analogue investigated here, combined similarity analysis of EDF and
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VDF spectra turned out to be essential for determining the correct diastereomer.

For chiral molecules with multiple chiral centers, the situation encountered in the current work can occur

more often than desired. To recognize new opportunities, and any limitations, chiroptical spectroscopic pre-

dictions should be undertaken for all possible diastereomers (regardless of the availability of prior knowledge

on relative configurations), as recommended previously.58,69,70,154

5.4 Conclusion

An analogue of (-)-crispine A with three stereogenic centers has been synthesized and its AC established

using the combined information derived from the synthetic scheme and single-crystal X-ray diffraction data.

Either by constraining the relative configuration to be that derived from X-ray data or by constraining the

ACs at two of the chiral centers to be those derived from the synthetic scheme, the AC of (-)-crispine A

analogue can be correctly established using any one of the three chiroptical spectroscopic methods (ORD,

ECD, or VCD). In the absence of such outside information, separate independent analysis of ORD, ECD, and

VCD does not entail a unique solution to the AC, and multiple diastereomers present themselves as viable

candidates for the AC of (-)-crispine A analogue. Combined EDF and VDF spectral analysis, however, rules

out the incorrect diastereomers. Thus, the combined EDF and VDF spectral analysis is seen as a useful

diastereomer discrimination tool.
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CHAPTER 6

The AC of an Analogue of (+)-Crispine A

This work was completed in collaboration with Professor Ibrahim Ibnusaud of the Institute for Intensive

Research in Basic Sciences at Mahatama Gandhi University, Kerala, India, Dr. Cody Covington of Austin

Peay State University, Clarksville, TN, and Professor Nathan Schley of Vanderbilt University, Nashville, TN.

This chapter has been reproduced from parts of the Spectrochimica Acta Part A article57 “How important

are the intermolecular hydrogen bonding interactions in methanol solvent for interpreting the chiroptical

properties?” with permission. My contributions to this work are: VCD measurements, ECD measurements,

ORD measurements, crystallization of compound, QC optimizations, QC spectral prediction of ECD, VCD

and ORD, vibrational band assignment, spectral similarity analyses, MD simulations, RDF calculations,

figure preparation, and revising of the manuscript.

6.1 Introduction

Two crispine A analogues and tetrahydrofuro[2,3-b]furan-3,3a(6aH)-diol, endowed with hydroxyl groups

that can participate in intramolecular hydrogen bonding, have been synthesized and experimental VCD and

ORD data have been measured in CD3OD/CH3OH solvents. The absolute configurations (ACs) of these

compounds have been determined using their synthetic schemes, supplemented wherever possible with X-

ray diffraction data. The ACs are also analyzed with quantum chemical (QC) calculations of VCD and ORD

utilizing implicit solvation as well as explicit solvation models, with the later employing classical molecular

dynamics (MD) simulations. This chapter focuses on my work for this project, which was in the chiroptical

measurements and calculations of spectra for an analogue of (+)-crispine A, 3.

When chiroptical spectroscopic measurements are undertaken in non-polar and non-hydrogen bonding

solvents (such as CCl4, CS2 etc.), the experimental observations can often be explained satisfactorily with

QC predictions in vacuum (i.e. for isolated molecules). In the case of measurements for non-aggregating

molecules undertaken in polar and non-hydrogen bonding solvents (such as CHCl3, CH2Cl2 etc.), QC calcu-

lations utilizing dielectric continuum models, such as polarizable continuum model (PCM) using the integral

equation formalism variant (IEFPCM)44,81 or conductor-like screening model (COSMO),155 for representing

the solvent, provide satisfactory predictions. The results obtained in such calculations are also referred to as

implicit solvation model predictions. However, neither vacuum nor implicit solvation model predictions may

provide satisfactory explanations of experimental observations, when hydrogen bonding solvents (such as

H2O/D2O, (CH3)2SO, CH3CN, or CH3OH/CD3OD) are used for experimental measurements.156 In the case
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Figure 6.1: Structures of compounds relative to this work

of H2O/D2O solvents, explicit placement of solvent molecules interacting with solute molecule is considered

to be essential.157,158,159,160,161 The same situation applies to (CH3)2SO solvent.162,163 The solvent influence

to a large extent depends on the functional groups in the solute molecule. For example, complications arising

from inter and intramolecular hydrogen bonding in carboxylic acids is inevitable, but such complications can

be avoided by converting the acids to corresponding to sodium salts or anhydrides, where possible,164 or to

methyl esters.124,125

The explicit placement of solvent molecules could be handled in two different ways: (a). molecular dy-

namics (MD) simulations of solute molecule in a solvent bath and utilizing the MD snap shots for QC calcu-

lations;157,158,165 (b). placing selected number of solvent molecules strategically around the solute molecules

and performing QC calculations on solute-solvent clusters. The influence of explicit solvation of CDCl3,

CD3CN and (CD3)2SO solvents on the VCD spectra has been explored by Merten and coworkers for chiral

carboxylic acids,166 alcohols,167,168 and diols.169 However, a realistic level of solvation may be difficult to

achieve for nucleic acids using either method.170

Although there are now several VCD studies investigating the influence of explicit solvation in H2O/D2O,

CDCl3, CD3CN and (CD3)2SO solvents, measurements in methanol solvent are limited. VCD investigations

of carboxylic acids,166 agathisflavone171 and cascarosides,172 explored the influence of explicit solvation

in the methanol. While carboxylic acids have characteristic interactions with solvent, agathisflavone and

cascarosides are relatively large systems that are not amenable to generalizations. Therefore, the influence
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Figure 6.2: Predominant conformation of (1S,10bS,1’R)-3 (74%)

of CH3OH/CD3OD solvent on VCD spectra is not as clear as that for H2O/ D2O/CD3CN and (CD3)2SO

solvents, especially when the solute molecule has two or more –OH groups that are in close proximity for fa-

cilitating intramolecular hydrogen bonding. In such situations, intermolecular hydrogen bonding interactions

between solute and solvent molecules may be energetically favored over intramolecular hydrogen bonding in-

teractions within the solute molecule. However, for determining the ACs it was not clear if the intermolecular

hydrogen bonding interactions would alter the VCD spectra in the mid infrared region significantly enough

to warrant modeling these interactions. The purpose of this work was to gain further understanding on this

topic.

Pyrrolo[2,1-a]isoquinoline alkaloids, such as Crispine A (Figure 6.1) and its analogues, are important

synthetic targets due to their potential antitumor activity against certain human cancer lines.127,130,131 Isola-

tion134 of, and different synthetic strategies126,133,173,174,175,176 for, crispine A analogues have been reported.

Semi-synthetic strategies for the synthesis of analogues of (-)- and (+)-crispine A, including 2, 3, and 4, have

recently been reported employing chiral 2-hydroxycitric acid lactones isolated in large amounts from tropical

plant sources.126,177 In this work, recently synthesized177 compounds 3 and 4 are used.

In a previous investigation126 on 2, an analogue of (-)-1, it was found that the experimental chiroptical

spectroscopic properties can be satisfactorily explained using QC predictions utilizing PCM for representing

the CD3OD solvent. Significantly, 2 has three hydroxyl groups close to each other facilitating intramolecular
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Figure 6.3: Experimental and predicted VA, VCD and VDF spectra for (1S,10bS,1’R)-3

hydrogen bonding. The observations on 2 raise important considerations because, if QC calculations with

PCM are adequate for satisfactorily reproducing the chiroptical properties measured in methanol solvent, then

expensive and time demanding QC calculations utilizing either MD snap shots, or solute-solvent clusters, can

be avoided. Therefore, I was led to enquire if the observations made for 2 are fortuitous, or general enough

to apply for other molecules with intramolecular hydrogen bonding. For this purpose, I have undertaken new

experimental and QC investigations on 3, while collaborators have investigated two additional compounds,

each containing two or three OH groups in close proximity for facilitating intramolecular hydrogen bonding.

Compound 3 is an analogue of (+)-1 with three hydroxyl groups. The experimental and QC predictions of

VCD and ORD for these three compounds, in association with those previously reported for 2, are utilized to
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achieve practical and useful general conclusions.

6.2 Methods

The synthesis of the analogue of (+)-crispine A used to support this work were carried out by our Indian

collaborators as been described in the literature.57,126,133 X-ray crystallography that supports this work was

conducted on this compound by Professor Schley at Vanderbilt University and is described in the full text57

after I carefully crystallized the compound. The investigation of two additional compounds by Dr. E. Santoro

while a post doctoral researcher within our lab, Andrew Puente a current PhD student in our lab, and Dr

C. Covington of Austin Peay State University helped solidify the conclusions within and are detailed in the

main manuscript.57 While I took on VCD, ECD, and ORD measurements and corresponding calculations on

the analogue of (+)-crispine A, these three collaborators undertook similar experiments. Professor McCabe

of Vanderbilt University provided me references for undertaking Radial Distribution Function (RDF) calcu-

lations. Initial optimization calculations were set up by Lee Cantrell, a current PhD student at Vanderbilt

University, while he was an undergraduate researcher in our lab. The relevant experimental parameters are

presented in the main manuscript57 and below.

SORs were measured in CH3OH solvent using a 0.5 dm quartz cell and AutoPol IV automatic polarimeter

at six discrete wavelengths (633, 589, 546, 436, 405, and 365 nm). The concentrations used for 3 was 2.9

mg/mL. The measured ORs were converted to SORs by dividing with concentration (g cc−1) and path length

(dm). The experimental VA and VCD spectra were measured in CD3OD solvent using SL3 cell with BaF2

windows and 100 µm path length and ChiralIR VCD spectrometer. The amount of sample dissolved in 100

µL solvent for VCD measurements was 1.73 mg for 3.

For each diastereomer of a given chiral compound, a conformational search with MMFF94S force field

was performed using CONFLEX program,71 within an energy window of 20 kcal/mol. All of the conformers

generated by CONFLEX were subjected to geometry optimization using B3LYP functional and 6-31G* basis

set, using Gaussian 16 program,80 to determine the most stable conformers. In the case of 3 and 4, an

additional intermediate optimization at PM6 level was carried out and the unique conformations obtained

therein were then optimized at B3LYP/6-31G* level. The unique conformers obtained at B3LYP/6-31G*

level in 5 kcal/mol range were further optimized at B3LYP/6-311++G(2d,2p) level. The unique conformers

obtained in this step in 2 kcal/mol range were further optimized at B3LYP/6-311++G(2d,2p)/PCM(CH3OH)

level, and used for VCD and ORD calculations at the same level. Gibbs free energies have been used to

derive the populations of conformers. The simulated spectra were obtained as the sum of population weighted

conformer spectra. For VCD calculations, the O-H groups of the solute molecules were replaced with O-D.

Predicted spectra were simulated using Lorentzian band profiles and 10 cm−1 bandwidth.
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Classical MD simulations for (1S,10bS,1’R)-3 were performed using Amber.178 The parameters for the

GAFF force field were assigned using Antechamber, which also assigns atomic charges using the AM1-

BCC method.178,179,180,181,182 A single solute molecule was placed in a rectangular box of 194 methanol

molecules for (1S,10bS,1’R)-3 using tleap.178 To prepare the system for a sampling run, 250 steps steepest

descent and then 750 steps conjugate gradient minimizations were performed. Next an equilibration run was

performed for 20 ns for (1S,10bS,1’R)-3 using a Langevin thermostat set to 300 K and constant pressure

periodic boundary conditions of 1 atm. For (1S,10bS,1’R)-3, a rectangular box was used with box vectors

of 26.2, 24.3, and 20.4 Å and a non-bonding cutoff of 8 Å. Simulated annealing was carried out due to the

conformational flexibility of the molecule. The system was heated to 500 K and cooled back to 300 K over

a 100 ps time frame and an additional equilibration was performed. Lastly a 20-ns run was performed under

NTP conditions and was used for analysis of hydrogen bonding. Radial distribution functions (RDFs) were

used to analyze the proximity of solvent molecules from hydroxyl and C=O groups of 3. RDF analyses were

processed using CPPTRAJ.183

6.3 Results and Discussion

The ACs of chiral compounds can be deduced from the employed synthetic scheme, X-ray crystallogra-

phy and/or chiroptical spectroscopy. The synthetic scheme177 employed for 3 suggested the AC to be

(1S,10bS,1’R). An independent verification of this AC is obtained here from X-ray diffraction.

For assigning the AC using chiroptical spectroscopy, the experimental VCD and ORD measurements are

analyzed with QC predictions of corresponding properties. Since the ACs of studied compounds have been

established using synthetic scheme/X-ray crystallographic methods, one may be tempted to limit the QC cal-

culations for the known ACs and verifying that predicted properties match the corresponding experimentally

observed properties. However, to independently determine the AC from, and to evaluate the discriminating

ability of, chiroptical spectroscopic data it was emphasized previously184 to undertake QC calculations on all

possible diastereomers of chiral compounds. Chiral molecules with multiple chiral elements can exist in di-

astereomeric forms. For a chiral molecule with “n” chiral elements, 2n diastereomers are possible. Of these,

one-half of them are mirror images of the other-half and mirror image molecules yield oppositely signed

chiroptical spectroscopic properties. For this reason, it is sufficient to predict chiroptical properties for 2n−1

non-enantiomeric diastereomers.

The first step in undertaking the theoretical chiroptical spectroscopic predictions is to investigate the

complete conformational space of a given diastereomer. For this purpose, I undertook a conformational

search for the four non-enantiomeric diastereomers of 3, using different levels of QC optimizations. These

are summarized in the main text.57 For (1S,10bS,1’R)-3, the diastereomer of 3 established from synthetic/X-
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ray methods, 1509 conformers were generated from CONFLEX. 1055 unique conformers remained following

optimization at B3LYP/6-31G* level. Of these 1055, only 14 were within 5 kcal/mol of the lowest energy

conformer. 14 unique conformers remained following optimization at B3LYP/6-311++G(2d,2p) level. These

same 14 unique conformers remained following the final optimization at the same level but with PCM for

methanol solvent included. All 14 were unique and within 2 kcal/mol of the lowest energy conformer.

Analysis of the final set of conformers helped ascertain the intramolecular hydrogen bonding in a given

diastereomer. The predominant conformer of (1S,10bS,1’R)-3, the diastereomer of 3 established from syn-

thetic/Xray methods, is displayed in Figure 6.2. Among the 14 conformers of (1S,10bS,1’R)-3, one has a

dominant population (74%) with intramolecular hydrogen bonding between two of the hydroxyl groups at a

distance of 2.2 Å. From this analysis, it is apparent that intramolecular hydrogen bonding is dominant for 3,

in the implicit solvation environment i.e. in the absence of an external environment providing intermolecular

hydrogen bonding.

The experimental VCD spectrum measured in CD3OD solvent and Boltzmann population-weighted pre-

dicted VCD spectrum at B3LYP/6- 311++G(2d,2p)/PCM(CH3OH) level for (1S,10bS,1’R)-3 are shown in

Figure 6.3. The data for the remaining diastereomers are presented in the full text.57 The visual compari-

son in Figure 6.3 reveals a very good one-to-one correspondence between experimental and predicted VCD

bands. In the VA spectra, however, some differences do exist in absorption band intensities between observed

and calculated spectra.

Diastereomer SimVA SimVCD SimVDF SI Σfg,VCD Σfg,VDF

(1R,10bR,1’R) 0.88 −0.57 −0.49 0.93 0.02 0.04
(1R,10bS,1’R) 0.85 0.51 0.24 0.92 0.74 0.55
(1S,10bR,1’R) 0.88 −0.55 −0.28 0.93 0.03 0.11
(1S,10bS,1’R) 0.88 0.58 0.55 0.93 0.80 0.77

Table 6.1: Maximum similarity overlap values for 3 over the 1710-1180 cm−1 region

The quantitative comparison between experimental and predicted spectra can be assessed from the SSO

plot. Details on SSO analysis are provided in Section 1.3.6.2. The SSO plot for (1S,10bS,1’R)-3 is shown in

Figure 6.4. The maximum similarity overlap values, extracted from SSO plots are given in Table 6.1, where

the entries for the diastereomer determined from synthetic scheme/X-ray methods are bolded.

There are two separate questions that need to be addressed from the SSO plot and the data in Table

6.1. The first question pertains to whether or not a satisfactory agreement is present between experimental
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observations and those predicted for the AC known from synthetic scheme/X-ray methods. To answer this

question, I analyzed the maximum similarity overlap values for the known AC, (1S,10bS,1’R)-3.

The VA spectra reveal some differences among absorption band intensities between experimental and

predicted spectra, as intermolecular hydrogen bonding effects appear to be more evident in experimental VA

spectra than in corresponding VCD spectra. Predicted band intensities are larger for some bands compared

to those of corresponding bands in the experimental spectra. These differences in absorption band intensities

are less transparent in SimVA values, which in general are large and less sensitive to ACs of diastereomers.

For the known AC of 3, (1S,10bS,1’R), SimVCD value is 0.58; SimVDF value is 0.55; Σ f g,VCD value is

0.80; Σ f g,V DF value is 0.77. SimVDF and Σ f g,V DF values are more sensitive to differences, in VCD as well as

VA intensities. As a result, SimVDF and Σ f g,V DF values are usually smaller than the corresponding SimVCD

values. Nevertheless, SimVDF and Σ f g,V DF values are also significant. This level of quantitative agreement,

as reflected by SimVCD, Σ f g,VCD, SimVDF and Σ f g,V DF values, is quite satisfactory for confirming the AC

determined from synthetic scheme/X-ray methods for 3. Thus, both from visual comparisons and quantitative

similarity comparisons, it can be concluded that a satisfactory reproduction of experimental VCD spectra of

3 in CD3OD solvent can be obtained with implicit solvation using PCM, and without having to use explicitly

solvated molecules, for determining the AC.

Here it is necessary to address why QC/PCM predictions, with PCM representing CH3OH solvent, satis-

factorily match the experimental VCD spectra in the ∼1700–1180 cm−1 region, even though intermolecular

hydrogen bonding is expected to be dominant in CD3OD solvent. The vibrations most effected by intermolec-

ular hydrogen bonding are those associated with C=O and O-D groups. For the C=O stretching vibration at

∼1680 cm−1, the experimental VCD band position and sign are reproduced in the QC/PCM predictions. Then

it is likely that intermolecular hydrogen bonding between C=O and CD3OD solvent may not be influencing

the VCD associated with C=O stretching. The O-D stretching vibrations, appearing in the ∼2700–2500 cm−1

region are outside the accessible region for our instrument. The predicted O-D bending vibrations are at fre-

quencies lower than ∼1000 cm−1. Specifically, for the lowest energy conformer of different compounds,

unscaled vibrational frequencies with major contribution from O-D bending motion, as viewed from vibra-

tional displacements with GaussView 6 program,84 are as follows: 905, 910, 999 cm−1 for (1R,10bR,1’R)-2;

858, 911, and 951 cm−1 for (1S,10bS,1’R)-3; 944 and 855 cm−1 for (1S,2R,10bR)-4; 863 and 889 cm−1 for

(3R,3aS,6aS)-5. Experimental VCD associated with the O-D bending vibrations, appearing in the 1150–900

cm−1 region, could not be measured because that region is overwhelmed by the solvent absorption inter-

ference. The 1500–1150 cm−1 region, normally investigated for VCD measurements in CD3OD solvent, is

mostly determined by C-H bending vibrations and C-C and C-O stretching vibrations, which appear in the

present cases to be less sensitive to intermolecular hydrogen bonding.
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Figure 6.4: SSO plot for (1S,10bS,1’R)-3

The second question, facing chiroptical spectroscopy community is whether or not different diastereomers

yield sufficiently different VCD properties for unambiguously determining the ACs of chiral compounds. To

answer this question, I compared the maximum SimVCD, SimVDF, Σ f g,VCD and Σ f g,V DF values obtained for

all diastereomers of a given compound. These four similarity values are clearly larger for (1S,10bS,1’R)-3

among the diastereomers of 3. Thus, VCD in combination with VDF and spectral similarity analysis may

be stated to provide diastereomer discrimination for this compound. This observation is encouraging for the

potential of VCD spectroscopy to independently establish the ACs.

A word of caution, however, is in order. The similarity measures for some diastereomers are not strikingly

different. If calculations were done only for one selected diastereomer, then (1S,10bS,1’S)-3, stands good

chance of being chosen for the AC assignments, because similarity measures for these diastereomers are

satisfactory. However, this diastereomer are not supported by the synthetic scheme/X-ray studies. This

observation drives home the point that one needs to be extra careful in AC assignments through a comparison

of the experimental data with those predicted for a single diastereomer. Moreover, a general assessment

of whether or not the predicted VCD spectral properties have sufficient diastereomer discrimination can

only be obtained when VCD calculations for all possible diastereomers184 are undertaken and analyzed with

experimental observations.

Combining all these observations, and similar observations for two additional compounds investigated by

collaborators, a reasonably confident statement can be stated as follows: For chiral compounds containing

two or more hydroxyl groups with favorable intramolecular hydrogen bonding, VCD spectra obtained in

CD3OD solvent in the 1700–1150 cm−1 region may in some cases be satisfactory reproduced using PCM for

representing the solvent. In this context, the possibility of predicted spectra for more than one diastereomer
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Figure 6.5: Comparison of experimental and QC predicted ORD for diastereomers of 3

satisfactorily matching the experimental VCD spectra should always be kept in mind.

As with the analysis of VCD data, there are two separate questions that need to be addressed with

ORD data. The first question pertains to whether or not a satisfactory agreement is present between ex-

perimental ORD observations and those predicted for the ACs known from synthetic scheme/X-ray meth-

ods. The experimental ORD traces measured in CH3OH solvent and predicted traces at B3LYP/6-311++G

(2d,2p)/PCM(CH3OH) level for (1S,10bS,1’R)-3 are shown in Figure 6.5. The observed SOR values vary

from +121 at 633 nm to +475 at 365 nm and these signs and large magnitudes are reproduced extremely well

by the calculations for (1S,10bS,1’R)-3.

To address why QC/PCM predictions of ORD, with PCM representing CH3OH solvent, for the known

AC of 3 satisfactorily reflect the experimental ORD data, it should be remembered that ORD and VCD are

governed by different phenomenological processes. ORD, being predominantly an electronic property, the

difference between intra and intermolecular interactions might be less important for ORD.

It is important to note that ORD by itself should not be relied upon to assign the unknown ACs because

predicted ORD traces for more than one diastereomer can reasonably reflect the experimental ORD traces.

This is evident from the comparison of experimental ORD with those predicted for all diastereomers, also in

Figure 6.5. From visual analysis, calculated ORD curves for four different diastereomers, (1S,10bS,1’R)-3,

(1R,10bS,1’R)-3, (1R,10bS,1’S)-3 and (1S,10bS,1’S)-3 (the latter two are the mirror images of (1S,10bR,1’R)

and (1R,10bR,1’R) shown in Figure 6.5), have the same sign and trend as seen in the experimental ORD for

3.

For quantitative comparison of experimental and calculated ORD curves I compared the root mean square

deviations (RMSDs) obtained for measurements at six wavelengths. Details on RMSD analysis can be found

in Section 1.3.6.3. RMSDs for (1S,10bS,1’R)-3, (1R,10bS,1’R)-3, (1R,10bS,1’S)-3 and (1S,10bS,1’S)-3 are,
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respectively, 27, 26, 91, and 33, which indicates better agreement not only for (1S,10bS,1’R)-3 (the correct

diastereomer), but also for (1R,10bS,1’R)-3 (an incorrect diastereomer). Thus, quantitative comparisons of

ORD lead to ambiguity in determining the AC of 3.

From these observations, a reasonably confident statement regarding ORD in methanol solvent can be

stated as follows: For chiral compounds containing two or more hydroxyl groups with favorable intramolec-

ular hydrogen bonding, larger magnitude ORD values obtained in CH3OH solvent may in some cases be

satisfactorily reproduced using PCM for representing the solvent, but smaller magnitude ORD values can be

difficult to reproduce. When used in isolation, the diastereomer discriminating ability of ORD can be quite

low.

Figure 6.6: Integral RDF plot of 3 with relevant atoms labeled

Some insight is gained on the intermolecular hydrogen bonding for 3 in methanol solvent using RDFs
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obtained from MD simulations. The integral RDF values as a function of distance (Figure 6.6) indicate that

there is about one methanol molecule near each hydroxyl hydrogen of 3 at a distance of 2.5 Å. A distance of

3 Å is needed for one full methanol molecule to be near O atom of hydroxyl group. However, C=O group in

3 has higher propensity for hydrogen bonding to methanol, because one methanol molecule is predicted at a

distance of 1.85 Å from the O atom of C=O.

From these results, it is clear that MD simulations indicate the presence of intermolecular hydrogen

bonding for 3 in methanol solvent. However, as mentioned already, the influence of intermolecular hydrogen

bonding in CD3OD solvent is less evident in VCD spectra in the 1800–1150 cm−1 region because the O-D

stretching and bending vibrations that are more directly influenced by intermolecular hydrogen bonding occur

outside of this region.

6.4 Conclusion

Combining all these observations, and similar observations for two additional compounds(an analogue of

crispine A, 4, and (3R,3aS,6aS)-tetrahydrofuro[2,3-b]furan-3,3a(6aH)-diol, 5) investigated by collaborators

(supra vida), it appears that for molecules containing two or more hydroxyl groups with favorable intramolec-

ular hydrogen bonding, implicit solvation model calculations utilizing PCM reproduce satisfactorily the ex-

perimental VCD properties in CD3OD solvent and ORD properties in CH3OH solvent. Explicit solvation

was not necessary to model these chiroptical properties. Nevertheless, intermolecular hydrogen bonding is

evident in methanol solvent, as reflected by the integral RDFs. The intermolecular hydrogen bonding, how-

ever, does not seem to significantly influence the VCD properties in the ∼1800–1150 cm−1 region mainly

because the most sensitive O-D stretching and bending vibrations appear outside of this region. In the case

of ORD, which is mostly governed by electronic properties, the inter- vs intra-molecular hydrogen bonding

does not appear to have a major influence in the compounds studied here.
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CHAPTER 7

Chiral Molecular Structures of Substituted Indans

This chapter has been reproduced from the ACS Omega article162 “Chiral Molecular Structures of Substituted

Indans: Ring Puckering, Rotatable Substituents, and Vibrational Circular Dichroism” with permission. My

contributions to this work are: conformational analyses, explicit systematic solvation of 1-indanol in DMSO,

QC optimizations, QC spectral prediction of VCD, spectral similarity analyses, preparation of figures and

tables, drafting the manuscript, and revising the manuscript.

7.1 Introduction

Determining the molecular structures of chiral molecules is often a challenging task. X-ray crystallography

offers the most direct approach to establish molecular structures, but its utility is restricted due to the difficulty

in obtaining good quality single crystals for the samples of interest. The second popular approach is the use

of NMR, where chiral shift reagents are needed for studying chiral molecules. Furthermore, the NMR time

scale limits the achievable information to average molecular structures. Chiroptical spectroscopy4,23 repre-

sents an important alternative to X-ray and NMR methods. Since optical transitions occur on a much faster

time scale, chiroptical spectroscopy is more appropriate for investigating the molecular conformers and is

increasingly becoming popular for probing the structures of chiral molecules. As molecular vibrational tran-

sitions are expected to be sensitive to minor structural changes, the vibrational transition-based VCD108,109

and vibrational ROA109,110 methods offer greater promise for chiral molecular structure determination. The

electronic transition-based ECD111 and ORD185 methods are also sensitive for certain structural changes.

Substituted indans have attracted interest for their chiroptical properties since early 1970s, mainly in

terms of ECD associated with n-σ*, σ -π*, π-σ*, and π-π* transitions.186,187 More recently, various jet-

cooled spectroscopies were undertaken for substituted indans, where low-frequency ring puckering modes

were investigated.188,189,190,191,192,193 In the early stages of VCD research, emphasis was placed on spectra-

structure correlations and qualitative interpretations. In this connection, the methine-hydrogen bending mode

has been suggested to generate a VCD band with its sign correlating with the AC in a series of related

compounds. This observation was further investigated194 for (S)-1-methylindan and (R)-1-methylindan-1-

d and (R)-1-aminoindan, by measuring the experimental VA and VCD spectra for neat liquid samples and

identifying the VCD associated with methine-hydrogen (or deuterium) bending mode. The sign of VCD band

associated with methine-hydrogen bending mode in these three indans was also suggested194 to correlate with

the AC.
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In recent years, the advances in VCD theory142,144,195 and QC computational methods4,196 have shifted

the focus of VCD research to interpreting the experimental VCD spectra using QC predictions of correspond-

ing spectra and deducing the chiral molecular structures therefrom. This approach has facilitated probing not

only the AC but also the molecular conformational space, in a variety of systems, containing both small

and large molecules. The availability of faster computer processors with larger memory and storage space

has led to the use of molecular dynamics (MD) for generating the geometries of solute-solvent clusters and

simulating the QC-predicted spectra for solvated species.156,157,197 Attempts to analyze the experimental chi-

roptical spectra using corresponding QC-predicted spectra have now become a routine practice.198 Recent

works have also emphasized on quantitative comparisons between experimental and calculated spectra using

the similarity index199 and SSO plots.46,52,53 The puckering of a five-membered ring common to substituted

indans can shed light on the role of ring puckering conformation on VCD spectra. The contributions to

VA and VCD spectra from the ring puckering conformations have not been identified before, and there is

a need to identify conformer-specific VA and VCD bands. Second, (R)-1-aminoindan has a freely rotatable

amino group whose influence on VCD spectra needs to be explored. A similar situation, with a freely ro-

tatable O-H group, exists for (S)-1-indanol whose experimental VA and VCD spectra in CCl4 and dimethyl

sulfoxide (DMSO) solvents were reported recently.163 In this chapter, I identified the puckering conformer-

specific VA/VCD bands in 1-methylindans and the conformational sensitivity of rotatable NH2/OH groups to

VA/VCD spectra. In addition, I carried out comparisons of the experimental and QC-predicted VA and VCD

spectra of (S)-1-methylindan, (R)-1-methylindan-1-d, (R)-1-aminoindan, and (S)-1-indanol, using quantita-

tive SSO measures. Investigations presented here on four 1-substituted indans lead to consistent conclusions

as follows: (a) the positive ring puckering of a five-membered ring, leading to a pseudoequatorial substituent

at the 1-position, dominates the contributions to VCD spectra in all molecules. Nevertheless, evidence for the

signatures of negative ring puckering, leading to a pseudoaxial substituent, is also present in the experimental

spectra. (b) Even though the rotatable NH2 and OH substituents at 1-position add additional conformational

complexity, the observed VA and VCD spectra are reproduced remarkably well by QC predictions at the op-

timized geometries. (c) Hydrogen-bonding DMSO solvent facilitates the formation of the 1-indanol/DMSO

complex, requiring exploration of numerous conformers. Even then, with proper care in probing the confor-

mational space, the experimental spectra of 1-indanol/DMSO-d6 complex are remarkably well reproduced

by QC predictions at the optimized geometries. (d) The excellent correlation of experimental spectra with

corresponding QC-predicted spectra, obtained for all four substituted indans, including for a complex with a

hydrogen bonding solvent, identifies successful pathways for future chiral molecular structure determination.
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Figure 7.1: Two conformers of (S)-1-methylindan with opposite puckering of the 5-membered ring

7.2 Methods

For all molecules studied here, an initial conformational search was conducted using CONFLEX71, unless

otherwise stated. Final optimizations were carried out using B3LYP functional34,35,47 and 6-311++G(2d,2p)

basis set,49 as implemented in the Gaussian program,72 followed by QC prediction of VA and VCD at the

same level. VCD spectra were obtained using magnetic field perturbation theory,142,144,195 as implemented in

the Gaussian 09 program.72 The QC-predicted spectral intensities were Boltzmann population-weighted us-

ing Gibbs free energies and spectra simulated using Lorentzian band profiles with 10 cm−1 band width. For all

four indan molecules considered, calculations were done for the (S) configuration. Since experimental spectra

were reported for the (R)-enantiomers of 1-methylindan-1-d and 1-aminoindan, the corresponding calculated

VCD spectra were multiplied by -1 for comparison to the experimental spectra. The comparisons between

experimental and QC-predicted spectra and similarity analysis were carried out using CDSpecTech.52,53 SSO

plots were also generated using CDSpecTech.

The experimental spectra of (S)-1-methylindan, (R)-1-methylindan-1-d, and (R)-1-aminoindan were re-

ported previously194 where all spectra were recorded for neat liquids in absorbance units, but y-axis val-

ues cannot be discerned with sufficient quantitative accuracy. The spectra for (S)-1-indanol in CCl4 and in

DMSO-d6 solvents were reported by Zehnacker et al.,163 where y-axis values were not available. These

literature experimental VA and VCD spectra were digitized using WebPlotDigitizer200 and normalized for

carrying out similarity analyses. The excessive level of absorbance in some spectral regions restricted the

analysis of experimental VCD spectra to the following regions: 925-1320 cm−1 for 1-methylindan; 920-

1345 cm−1 for methylindan-1-d; 950-1450 cm−1 for 1-aminoindan; 900-1350 cm−1 for 1-indanol in CCl4;
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and 1100-1700 cm−1 in DMSO-d6. SSO values are for these ranges are given in Table 7.3. The y-axes values

in the displayed VA and VCD spectra are those of predicted spectra in molar extinction units; VDF spectral

intensities are presented as ppm. The experimental spectral intensities were scaled to be on the same scale as

those for predicted spectra.

7.3 Results and Discussion

7.3.1 (S)-1-Methylindan

Figure 7.2: Experimental and predicted VA, VCD, and VDF spectra for (S)-1-methylindan

Relaxed energy scan162 for 1-methylindan as a function of 9-4-3-2 dihedral angle (see Figure 7.1) using

the B3LYP functional34,35,47 and 6-311++G(2d,2p) basis set,49 indicates two minima at +17 and -15°. Thus,

two conformers with opposite ring puckering angles are possible for this molecule. Positive C9-C4-C3-C2

dihedral angle leads to the methyl group to be in the pseudoequatorial position, and negative C9-C4-C3-C2

dihedral angle leads to pseudoaxial position. The energies and populations of these conformers for the iso-

lated molecule are summarized in Table 7.1. These conformers, along with atom numbering for identifying

the ring puckering angle, are shown in Figure 7.1. The conformation with a positive C9-C4-C3-C2 dihedral

angle has the lowest Gibbs energy and is expected to be present with 75% population in vacuum. The exper-

imental VA and VCD spectra obtained for the neat liquid sample are compared to the population-weighted
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Figure 7.3: SSO plots (A-F) for investigated substituted indans

QC-predicted spectra for the isolated molecule in Figure 7.2.

conf # Gibbs Energy Energy
kcal/mol

population C9-C4-C3-C2

1 −388.25842 0.0 0.75 17.0
2 −388.25741 0.63 0.25 −15.2

Table 7.1: Energies, Populations, and dihedral angle of Conformers of 1-methylindan

In Figure 7.2, the left vertical panels display predicted spectra with vibrational frequencies scaled with

0.9785 (which corresponds to maximum SSO of VCD spectra) as overlaid with experimental spectra whereas

the right vertical panels provide stacked display of predicted spectra with unscaled frequencies. Although the

experimental VA spectra are shown until 1425 cm−1, the experimental VCD was not displayed above 1320
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Figure 7.4: Comparison of individual conformer and population-weighted predicted VA (left panel) and VCD
(right panel) with corresponding experimental spectra for (S)-1-methylindan

cm−1 due to excessive absorbance present in the 1325-1425 cm−1 region. Experimental VA and VCD are

taken from Fontana et al.194 From the overlaid experimental and predicted spectra, it can be seen that the

predicted spectra faithfully reproduce the bands seen in the experimental spectra and band-by-band correla-

tion in experimental and predicted spectra can be seen. The correlation of experimental (and corresponding

unscaled predicted) VA band positions (in cm−1 units) noted from the stacked spectra is as follows: 1372

(1412), 1326 (1349), 1299 (1330), 1263 (1293), 1211 (1235), 1154 (1183), 1077 (1100), 1020 (1044), 1012

(1029), 950 (969), and 928 (950). Similarly, the correlation of experimental (and corresponding unscaled

predicted) VCD band positions is as follows: 1301 (1329), 1275 (1302), 1262 (1293), 1212 (1236), 1166

(1194), 1157 (1174), 1075 (1100), 1065 (1082), 1019 (1045), 1013 (1026), 967 (976), and 900 (910). This

comparison indicates that almost all experimental bands are satisfactorily reproduced in the predicted spectra.

The same type of correlation can also be seen in VDF spectra, as is clearly apparent from the overlaid spectra.

The similarity or agreement between experimental and predicted spectra is quantified using maximum

SimVA, SimVCD, and SimVDF values (see SSO plots in Figure 7.3A), which are respectively, 0.87, 0.65,

and 0.66 for (S)-1-methylindan. The SimVCD and SimVDF values obtained here are excellent, because

these higher magnitudes are not that routine, and for typical cases, they can be as low as 0.4.51 Achieving

a SimVCD value of +0.4 or higher is recommended for an acceptable agreement between experimental and

calculated spectra for assigning the correct molecular structures.51 Approximately the same value of SimVDF

is also recommended. This criterion was established by Dr. Polavarapu23 and Covington et al.52 while Shen

et al. proposed only a magnitude greater than 0.2 for confidence in spectral similarity.

Since there are two ring puckering conformers, it is useful to understand how the experimental spectra are

influenced by the individual conformers. The spectra predicted for individual conformers and their Boltzmann

population-weighted spectra are compared to the experimental spectra in Figure 7.4. Experimental VA and

VCD are taken from Fontana et al.194 The predicted frequencies are scaled with 0.9785 (which corresponds
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to maximum SSO of VCD spectra).

From this comparison, it can be seen that the major VA and VCD spectral features seen in the experimental

spectra have counterparts in those predicted for the conformation with a positive puckering angle (#1 in Table

7.1). However, it is important to note that the presence of both conformers is required for reproducing

the experimental positive-negative bisignate VCD couplet (positive at 1075 and negative at 1065 cm−1),

with positive VCD mostly coming from conformer 1 and negative VCD mostly coming from conformer

2. Similarly, the presence of both conformers is required for reproducing the experimental weak negative-

positive bisignate VCD couplet (negative at 1166 and positive at 1157 cm−1), with negative VCD mostly

coming from conformer 1 and positive VCD coming from conformer 2. This information on conformer-

specific VCD bands is useful for future investigations on temperature-dependent conformer equilibrium and

associated thermodynamic parameters.

7.3.2 (R)-1-Methylindan-1-d

Figure 7.5: Experimental and predicted VA, VCD, and VDF spectra for (R)-1-methylindan-d

Note that the substitution of hydrogen atom with deuterium does not alter the conformational space or

the optimized geometries. However, Gibbs energies and hence populations of conformers can be different
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Figure 7.6: Comparison of individual conformer and population-weighted predicted VA (left panel) and VCD
(right panel) with corresponding experimental spectra for (R)-1-methylindan-1-d

upon deuterium substitution. The energies, populations, and ring puckering angles for the two conformers

are summarized in Table 7.2.

The deuterium substitution has changed the populations of the two conformers only slightly. The con-

former with the positive 9-4-3-2 dihedral angle is expected to be present with 74% population (as opposed to

75% in 1-methylindan) in vacuum. The experimental VA and VCD spectra obtained for the neat liquid sam-

ple are compared to the population-weighted QC-predicted spectra for isolated molecules in Figure 7.5. In

the left vertical panels of Figure 7.5, predicted spectra with vibrational frequencies scaled with 0.978 (which

corresponds to the maximum SSO of VCD spectra) are overlaid on experimental spectra. In the right vertical

panels of Figure 7.5, predicted spectra with unscaled vibrational frequencies are stacked above experimental

spectra and individual band peak positions are labeled. Experimental VA and VCD are taken from Fontana

et al.194 Although the experimental VA spectra are shown until 1425 cm−1, the experimental VCD was not

displayed above 1345 cm−1 due to excessive absorbance present for the 1375 cm−1 band. As with (S)-1-

methylindan, it can be seen that the predicted spectra faithfully reproduce the bands seen in the experimental

spectra for (R)-1-methylindan-1-d, and band-by-band correlation in experimental and predicted spectra can

be seen. The correlation of experimental (and corresponding unscaled predicted) VA band positions noted

from the stacked spectra is as follows: 1375 (1413), 1307 (1340), 1259 (1291), 1196 (1220), 1155 (1179),

1083 (1105), 1020 (1042), 971 (979), and 942 (960). Similarly, the experimental (and the corresponding un-

scaled predicted) VCD band positions are as follows: 1296 (1324), 1266 (1293), 1202 (1223), 1171 (1193),

1098 (1121), 1072 (1091), 1023 (1041), 971 (979), and 941 (960). This comparison indicates that almost all

of the experimental bands are satisfactorily reproduced in the predicted spectra. The same type of correlation

is apparent in the overlaid VDF spectra.

The agreement between experimental and predicted spectra is quantified using maximum SimVA, SimVCD,

and SimVDF values (see SSO plots in Figure 7.3B), which are, respectively, 0.92, 0.72, and 0.66. These val-
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conf # Gibbs Energy Energy
kcal/mol

population C9-C4-C3-C2

1 −388.26188 0.0 0.74 17.0
2 −388.2609 0.61 0.26 −15.2

Table 7.2: Energies, Populations, and dihedral angle of Conformers of 1-methylindan-1-d

ues are even better than those for (S)-1-methylindan (see the comparison in Table 7.3) and reflect the excellent

agreement between experimental and predicted spectra.

As with (S)-1-methylindan, the role of two individual conformer contributions to the experimental spec-

tra of (R)-1-methylindan-1-d can be analyzed. For this purpose, the predicted spectra for two individual

conformers and their population-weighted average are compared to the experimental spectra in Figure 7.6.

The predicted frequencies are scaled with 0.978 (which corresponds to the maximum SSO of VCD spectra).

The dominant VCD features seen in the experimental spectrum are clearly present in the predicted spectrum

of conformer with a positive puckering angle (#1 in Table 7.2). For example, the dominant positive-negative

bisignate VCD couplet with positive VCD at 1098 cm−1 and negative VCD at 1072 cm−1 originates pre-

dominantly from conformer #1. It is of interest to note that the signs of intense VCD bands of conformer #2

are opposite to those of conformer #1. As a result, the experimental intensities of bisignate VCD couplets

(1296(-)/1266(+) and 1202(-)/1171(+)) of (R)-1-methylindan-1-d can be seen to result from a significant re-

duction of the VCD band intensities of conformer #1 by the opposing contributions from conformer #2. As

with (S)-1-methylindan, this information on conformer specific VCD bands is useful for future investigations

on temperature-dependent conformer equilibrium and associated thermodynamic parameters.

7.3.3 (R)-1-aminoindan

The energies, populations, and ring puckering angles for the six conformers of 1-aminoindan are summarized

in Table 7.4. The structures are displayed in Figure 7.7. Conformers 5, 3, and 1, with pseudoequatorial

orientation (positive ring puckering angle) contribute to 80% of the population. Conformers 6, 4, and 2, with

negative C9-C-4-C3-C2 dihedral angle with pseudoaxial orientation contribute to 20% of the population.

Thus, as with 1-methylindans, the pseudoequatorial orientation is predicted to be the dominant contributor to

vibrational spectra.

The experimental VA and VCD spectra obtained for the neat liquid sample are compared to the population-
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Molecule SimVA SimVCD SimVDF

(S)-1-methylindan 0.87 0.65 0.66
(R)-1-methylindan-1-d 0.92 0.72 0.66

(R)-1-aminoindan 0.89 0.60 0.47
(S)-1-indanol in CCl4 0.94 0.63 0.62

(S)-1-indanol in DMSO-d6 0.89 0.61 0.66

Table 7.3: Maximum SSO Values in Similarity Analysis for Substituted Indans

Figure 7.7: Six conformers of (S)-1-aminoindan

weighted QC-predicted spectra for isolated molecules in Figure 7.8. The predicted VA and VCD spectra of

individual conformers are presented by Johnson et al.162 In the left vertical panels of Figure 7.8, predicted

spectra with vibrational frequencies scaled with 0.977 (which corresponds to maximum SSO of VCD spec-

tra) are overlaid on experimental spectra. In the right vertical panels of Figure 7.8, predicted spectra with

unscaled vibrational frequencies are stacked above experimental spectra and individual band peak positions

are labeled. Experimental VA and VCD are taken from Fontana et al.194 The experimental region above

1450 cm−1 is associated with excessive absorbance and not displayed. As with (S)-1-methylindan and (R)-

methylindan-1-d, it can be seen that the predicted spectra faithfully reproduce the vibrational bands seen in

the experimental spectra.

The correlation of experimental (and corresponding unscaled predicted) VA band positions noted from the

stacked spectra is as follows: 1377 (1413), 1317 (1349), 1296 (1327), 1259 (1293), 1215 (1240), 1184 (1204),
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Figure 7.8: Experimental and predicted VA, VCD, and VDF spectra for (R)-1-aminoindan

1153 (1175), 1121 (1141), 1101 (1120), 1070 (1080), 1019 (1044), 971 (985), and 953 (956). Similarly, the

correlation of experimental (and corresponding unscaled predicted) VCD band positions is as follows: 1378

(1413), 1274 (1303), 1259 (1288), 1223 (1243), 1179 (1207), 1121 (1144), and 948 (959). Quantification

of the agreement between experimental and predicted spectra can be gleaned from SSO plot (see Figure

7.3C and Table 7.3), where the maximum SimVA, SimVCD, and SimVDF values are, respectively, 0.89,

0.60, and 0.47. The SimVCD and SimVDF magnitudes for 1-aminoindan are slightly smaller than those for

1-methylindan and 1-methylindan-1-d, which is probably because of the additional conformational degrees

of freedom arising from the NH2 group (each of the two puckered ring conformers is associated with three

different orientations of the NH2 group). Nevertheless, the agreement between experimental and predicted

VA and VCD spectra of 1-aminoindan is remarkably good.

It is useful to note that the liquid-phase experimental spectra are satisfactorily reproduced by gas-phase

calculations for 1-methylindan, 1-methylindan-1-d, and 1-aminoindan. This observation raises the relevance

of solute-solute interactions in condensed media. Although polarizable continuum model (PCM)44 calcula-

tions might not be useful for shining light on this issue, liquid-phase MD simulations might be able to.201
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conf # Energy
kcal/mol

population C9-C4-C3-C2 C9-C1-N-H1 C9-C1-N-H2

5 0.00 0.43 17.1 65.9 −174.8
3 0.18 0.32 16.8 −70.3 48.8
4 0.98 0.08 −13.7 −64.8 51.7
6 1.10 0.07 −14.4 55.9 175.2
2 1.18 0.06 −16.0 −172.7 −54.2
1 1.28 0.05 16.6 179.8 −63.0

Table 7.4: Energies, Populations, and dihedral angle of Conformers of 1-aminoindan

7.3.4 (S)-1-Indanol in Nonhydrogen-bonding Solvent CCl4

Whereas six stable conformations were found for 1-aminoindan, only four initial conformations of different

energies were generated by CONFLEX.71 To avoid missing the remaining two conformations, I manually

recreated the six conformations and optimized their geometries at B3LYP/6- 311++G(2d,2p) level, followed

by VA and VCD calculations at the same level of theory. These six conformers are identical to those reported

recently by Zehnacker et al.163 The geometries of conformers for (S)-1-indanol were also optimized, with

PCM representing CCl4 solvent at B3LYP/6-311++G- (2d,2p) level, followed by VA and VCD calculations

at the same level of theory. The use of PCM has only a minor influence on conformational populations and

predicted spectra, as already pointed out by Zehnacker et al. For this reason, the comparison of experimental

spectra is restricted to the QC predicted spectra obtained with PCM (see Table 7.5, Figures 9 and 3).

conf # Energy
kcal/mol

population C9-C4-C3-C2 C9-C1-O-H

5 0.00 0.33 16.5 54.6
4 0.27 0.21 −12.9 38.3
6 0.45 0.16 −14.5 −47.2
3 0.59 0.12 15.7 −76.8
1 0.62 0.12 16.1 −167.3
2 1.01 0.06 −14.9 −176.1

Table 7.5: Energies, Populations, and dihedral angle of Conformers of 1-indanol in CCl4

The experimental VA, VCD, and VDF spectra obtained for (S)-1-indanol in CCl4 are compared to the
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Figure 7.9: Experimental and predicted VA, VCD, and VDF spectra for (S)-1-indanol

populationweighted QC-predicted spectra, with PCM representing the solvent environment, in Figure 7.9. In

the left vertical panels of Figure 7.9, predicted spectra with vibrational frequencies scaled with 0.98 (which

corresponds to the maximum SSO of VCD spectra) are overlaid on experimental spectra. In the right vertical

panels of Figure 7.9, predicted spectra with unscaled vibrational frequencies are stacked above experimen-

tal spectra and individual band peak positions are labeled. Experimental VA and VCD are taken from Le

Barbu-Debus et al163 with permission from the Royal Society of Chemistry. There is a good correlation

of experimental (and predicted) bands, which in VA spectra is as follows: 1605 (1640), 1475 (1506), 1458

(1492), 1381 (1420), 1324 (1352), 1205 (1252), 1178 (1206), 1148 (1173), 1092 (1109), 1046 (1064), 1017

(1027), and 952 (964) and that in VCD is as follows: 1465 (1508), 1384 (1422), 1303 (1337), 1270 (1303),

1246 (1275), 1212 (1224), 1181 (1205), 1134 (1155), 1088 (1106), 1055 (1072), 1024 (1040), and 960 (966).

The overlaid VA and VCD spectra show an excellent match in the 1350-900 cm−1 region of the experi-

mental spectrum. But neither VA nor VCD has a good match in the 1350-1450 cm−1 region of the experi-

mental spectrum, mainly because the predicted VA spectrum has very large intensity at 1420 cm−1 compared

to that of the corresponding experimental VA band at 1381 cm−1. The same discrepancy appears between the

corresponding predicted VCD at 1422 cm−1 and experimental VCD at 1384 cm−1. The maximum SimVA,
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SimVCD, and SimVDF values obtained, for the 900-1700 cm−1 region of the experimental spectrum (Figure

7.3D and Table 7.3), are 0.86, 0.43, and 0.36, respectively. Of these, SimVCD and SimVDF values are not

as large as those seen for (S)-1-methylindan, (R)-1-methylindan-1-d, or (R)-1-aminoindan. The reason for

lower SSO values for (S)-1-indanol in CCl4 is due to the mismatch of the large intensities associated with the

predicted band at 1420 cm−1. Both absorption and VCD intensities predicted at 1420 cm−1 are significantly

higher than the corresponding intensities observed in the experiment. If the region of similarity analysis is re-

stricted to 900-1350 cm−1 region of the experimental spectra, then the SimVA, SimVCD, and SimVDF values

increase to 0.94, 0.63, and 0.62, respectively (see Figure 7.3E), which are better than those for 1-aminoindan

and closer to those of 1-methylindans (see Table 7.3). The higher VA and VCD intensities predicted at 1420

cm−1 originate from coupled O-H and C-H bending motions at 1-position.

VA and VCD spectra of (S)-1-indanol in CCl4 have been analyzed previously by Zehnacker et al.163

They reported predicted spectra using the B3LYP functional and 6-31++G(d,p) basis set and adopting two

different approaches: (1) conventional static optimized geometries, nuclear velocity perturbation (NVP) the-

ory202,203,204 for calculating VCD, and PCM for representing the CCl4 solvent. This approach was referred

to as static optimized geometry method. (2) Ab initio molecular dynamics for capturing the dynamical be-

havior of solute configurations, optimizing the geometries of snapshots extracted from the MD trajectories

and NVP theory for predicting VCD. This approach was referred to as first principle molecular dynamics

(FPMD) method. The analysis of Zehnacker et al. was limited to qualitative visual comparison of selected

VCD bands. Their focus was on large intensities predicted for the 1420 cm−1 band and incorrect relative

intensities predicted for the negative doublet at 1200 cm−1. Although these discrepancies were considered

to have been corrected in their FPMD calculations,163 the following negative points in the FPMD predic-

tions can be noticed: the predicted spectrum in the FPMD approach did not show bands corresponding to

the experimental positive VCD doublet at 1088 and 1055 cm−1 ; the FPMD-predicted spectrum also did not

reproduce the experimental negative VCD band at 1465 cm−1 (instead the FPMD-predicted spectrum showed

a negative VCD couplet; positive on the higher frequency side and negative on the lower frequency side) in

the 1425-1475 cm−1 region. Thus, although FPMD calculations may have appeared to have corrected the

deficiencies associated with the predicted band intensities at 1420 and 1200 cm−1 , two other regions (1000-

1100 and 1400-1500 cm−1) of the experimental spectra were negatively influenced. As a result, the overall

spectral similarity between FPMD-predicted and experimental VCD spectra of (S)-1-indanol in CCl4 appears

less than desired.

The current simulated spectra at the B3LYP/6-311+ +G(2d,2p) level, using conventional static optimized

geometries, match the experimental spectra in the 1350-900 cm−1 region (see Table 7.3 and Figure 7.3E,

and overlaid spectra in Figure 7.9) and also the 1450-1480 cm−1 region very well. The discrepancy associ-
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ated with higher intensities predicted for the 1420 cm−1 band of (S)-1-indanol in CCl4 (compared with the

corresponding experimental intensities), however, remains to be resolved.

It appears then that, identifying a method to correct for the overestimated intensities predicted for 1420

cm−1 band for 1-indanol in CCl4, without negatively influencing other regions of the spectra, will be useful.

Different directions were pursued for this purpose.

First, I followed the recent findings of Nicu et al.,205 where the overestimated intensities in the 1160-1380

cm−1 region for vibrations involving COH bending in 3-methyl-1-(methyldiphenylsilyl)-1-phenylbutan-1-ol

could be satisfactorily corrected by averaging over the spectra obtained for thermal fluctuations in C-O-H

angle. Taking cues from this study, I changed the C-O-H angle in the fully optimized geometries of 1-

indanol conformers in three steps of +2° increment each and three steps of -2° increment each and performed

constrained geometry optimizations. Some of the resulting geometries with positive increments were found

to have imaginary frequencies. The Gibbs energy-derived Boltzmann population-weighted spectra, including

those of additional C-O-H angle variations that did not have imaginary frequencies, are then compared to

the experimental spectra and similarity analyses performed. Unfortunately, these results (SimVA = 0.80,

SimVCD = 0.40, and SimVDF = 0.36 for the 900-1700 cm−1 region;162) also did not provide improvement

over the spectra shown in Figure 7.9 and Table 7.3. Second, individual conformer spectra indicate that out of

the four lowest energy conformers, two of the conformers (C5 and C4) make dominant contributions to VA

intensity and three conformers (C5, C4, and C3) make dominant contributions to VCD intensity at 1420 cm−1.

The C6 conformer does not contribute to this band. Assuming that Boltzmann populations determined from

Gibbs energies may not be reflecting the actual populations in the experiment, I considered the following:

(a) the populations derived from electronic energies; (b) equal populations for all six conformers, and (c)

the influence of increasing the population of C6 and decreasing C4. With these altered populations, spectra

were simulated for each case and similarity analysis carried out. The spectra derived from populations with

electronic energies yielded slightly inferior similarity values (SimVA = 0.84, SimVCD = 0.41, and SimVDF =

0.36) for the 900-1700 cm−1 region. The simulated spectra with equal populations yielded lower intensities

for the 1420 cm−1 band and improved overall quantitative similarity for the 900-1700 cm−1 region in VA

and VCD spectra slightly (SimVA = 0.87 and SimVCD = 0.48), but SimVDF has decreased from 0.36 to

0.28. When the population of C6 was increased and that of C4 decreased, via the combination C5(0.29),

C6(0.27), C3(0.14), C4(0.1), C2(0.1), and C1(0.1), the predicted intensities of the 1420 cm−1 band were

lowered and some improvement was found for the similarity values for the 900-1700 cm−1 region (SimVA =

0.88, SimVCD = 0.46, and SimVDF = 0.40) compared to those in Table 7.3. It turned out to be difficult to

improve the similarity values further without negatively influencing the VCD doublet at 1088 and 1055 cm−1.

Thus, a satisfactory procedure for fully correcting the overestimated intensities of the 1420 cm−1 band of 1-
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indanol in CCl4, without negatively influencing other regions of spectra, remained elusive. Even if a different

combination of populations happens to improve the similarity values, the task of finding experimental proof

for such hypothesized populations remains to be undertaken.

7.3.5 (S)-1-Indanol in Hydrogen-bonding Solvent, DMSO-d6

Figure 7.10: Different conformers of (S)-1-indanol-DMSO complexes

To analyze the experimental spectra of (S)-1-indanol obtained in DMSO-d6 solvent, two different cal-

culations are undertaken: (a) one set of calculations is carried out with PCM representing the DMSO sol-

vent. However, PCM cannot realistically represent the solute-solvent interactions, especially when hydrogen

bonding is involved.69 (b) DMSO solvent has very high propensity for forming hydrogen bonds with solute

molecules containing O-H and N-H groups, and in such cases, successful reproduction of experimental spec-

tra by the predicted spectra without incorporating explicit solvent molecules becomes a challenge. For this

reason, an explicit DMSO molecule is added in two different orientations to each of the six conformations

of (S)-1-indanol. These complexes are optimized at B3LYP/6-311++G(2d,2p) level with PCM represent-

ing DMSO solvent environment. The complexed DMSO molecule in each of the optimized structures is

then rotated to 90, 180, and 270° around the hydrogen bond to explore the conformational space of the 1-

indanol/DMSO complex. This process led to investigating a total of 48 conformers. The optimized 30 lowest

energy structures at B3LYP/6-311++G(2d,2p) level, with PCM representing DMSO solvent environment, are

used for VA and VCD calculations on the 1-indianol/DMSO-d6 complex at the same level of theory, and none

of these structures had imaginary vibrational frequencies. The energies, populations, and dihedral angles as-
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Figure 7.11: Comparison of experimental and predicted VA, VCD, and VDF spectra for (S)-1-indanol-
DMSO-d6

sociated with these 30 conformers are presented in Table 7.6 and conformer structures displayed in Figure

7.10.

Table 7.6 lists some conformers with nearly the same C9-C4-C3-C2 and C9-C1-O-H dihedral angles. For

example, the five lowest energy conformers (#18, #14, #38, #16, and #12) have nearly the same C9-C4-C3-

C2 and C9-C1-O-H dihedral angles, making one wonder if they are in fact distinctly separate conformers. In

this connection, it is useful to note that the orientation of DMSO molecules can be different even for the same

C9-C4-C3-C2 and C9-C1-O-H dihedral angles. For this reason, an additional dihedral angle C1-O···O-S,

relating the C1-O bond of the parent molecule to the S-O bond of the solvent molecule is also included in

Table 7.5. With the three dihedral angles listed, one can identify the differences in conformers that have the

C9- C4-C3-C2 and C9-C1-O-H dihedral angles. However, even with the use of these three dihedral angles,

the two higher energy structures #41 and #43 do not appear to be significantly different. But they are in

fact different in terms of the inversion at S atom of the solvent molecule (see Figure 7.10). It is important

to note that (S)-1-indanol/DMSO complexes adopt both positive and negative ring puckering angles for the

five-membered ring, with 77% population contribution coming from the conformers with positive ring puck-

ering angle. Also, since O-H group can have free rotation around C-O bond, the hydrogen-bonded DMSO
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conf # Energy
kcal/mol

population C9-C4-C3-C2 C9-C1-O-H C1-O···O=S

18 0.00 0.11 16.46 −156.29 −78.0
14 0.19 0.08 16.46 −157.57 −91.8
38 0.20 0.08 16.44 −157.22 −63.5
16 0.32 0.07 16.47 −156.33 111.8
12 0.40 0.06 16.44 −156.31 144.5
35 0.42 0.06 16.40 −98.20 85.7
13 0.46 0.05 16.48 −158.42 97.8
54 0.57 0.04 16.31 59.84 −110.4
61 0.70 0.03 −14.25 −74.15 105
56 0.70 0.03 16.40 60.81 −173.6
32 0.71 0.03 16.38 −97.05 99.1
11 0.71 0.03 16.47 −157.76 −107.8
34 0.78 0.03 16.21 −83.62 −97.3
62 0.86 0.03 −14.11 −73.60 −129
21 0.87 0.03 −14.52 −169.88 −89.3
22 0.89 0.03 −14.55 −170.44 157.8
24 1.01 0.02 −14.47 −170.72 105.2
67 1.04 0.02 −14.32 −73.53 147.8
51 1.06 0.02 16.32 58.73 5.3
52 1.07 0.02 16.27 59.56 −102.2
57 1.17 0.02 16.43 58.51 95.5
64 1.18 0.02 −14.12 −74.14 −115.7
58 1.18 0.02 16.37 59.00 −5.1
23 1.19 0.02 −14.59 −170.75 140.2
53 1.21 0.01 16.41 58.85 112.2
42 1.33 0.01 −13.02 54.90 −101.1
65 1.35 0.01 −14.28 −73.85 111
41 1.48 0.01 −13.42 55.67 175.3
44 1.57 0.01 −13.21 55.06 126.2
43 1.76 0.01 −13.57 57.49 178.1

Table 7.6: Energies, Populations, and dihedral angle of Conformers of 1-indanol in DMSO-d6

molecule is in a different relative orientation with respect to the parent molecule. This should not be viewed

as a hydrogen-bonded DMSO molecule rotating with O-H group; instead, this could be viewed as a different

DMSO molecule from the solvent bath hydrogen bonding to O-H in a different orientation. The experi-

mental VA and VCD spectra of 1-indanol in DMSO-d6 solvent are compared to the population-weighted

QC-predicted spectra for 1-indanol/DMSO-d6 complex in Figure 7.11, and SSO plots are displayed in Figure

7.3F. The left vertical panels display overlaid spectra after scaling the calculated vibrational frequencies with

0.9825, whereas the right vertical panels display stacked spectra with unscaled frequencies and labeled band
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positions. Experimental VA and VCD are taken from Le Barbu-Debus et al163 with permission from the

Royal Society of Chemistry. The excellent correlation between experimental and predicted spectra features

is surprising, given that modeling hydrogen bonding interactions with the solvent is often challenging.69 The

correlation of experimental (and predicted) spectra is as follows. In VA spectra: 1602 (1633), 1476 (1488),

1457 (1456), 1323 (1332), 1284 (1316), 1261 (1284), 1209 (1225), 1178 (1204), 1151 (1172), and 1101

(1109); in VCD spectra: 1479 (1509), 1466 (1491), 1418 (1453), 1300 (1356), 1289 (1319), 1266 (1283),

1212 (1227), 1182 (1204), 1136 (1160), and 1101 (1109). Of these, there are three places where some dif-

ferences are apparent: The weak positive VCD band at 1300 cm−1 seen in the experimental spectrum does

not match in sign with the predicted VCD at 1356 cm−1 . The weak negative experimental VCD band at

1289 cm−1 is not as well developed as the corresponding predicted negative VCD at 1319 cm−1 . The weak

positive VCD band seen in the experimental spectrum at 1241 cm−1 is not resolved in the predicted spec-

trum. Except for the differences associated with weak bands mentioned above, the overlaid VA and VCD

spectra show good match in the entire 1700-1100 cm−1 region of the experimental spectrum. The quantifi-

cation of this match is reflected in a similarity analysis (see Figure 7.3H and Table 7.3), which yields 0.89,

0.61, and 0.66 for SimVA, SimVCD, and SimVDF, respectively. The SimVCD and SimVDF values obtained

here are better than those for 1-aminoindan and 1-indanol in CCl4. Also, the SimVDF value obtained for

1-indanol/DMSO-d6 complex is larger than that for 1-aminoindan and as high as that for 1-methylindan and

1-methylindan-1-d. VA and VCD spectra of (S)-1-indanol in DMSO-d6 have been analyzed previously by

Zehnacker et al.163 They reported predicted spectra using NVP theory, B3LYP functional, and 6- 31++G(d,p)

basis set adopting different approaches: (1) conventional static optimized geometries and PCM representing

the DMSO solvent continuum; (2) conventional static optimized geometries for 1:1 indanol/DMSO complex

and PCM representing the DMSO solvent continuum; (3) conventional static optimized geometries for 1:2

indanol/ DMSO complex and PCM representing the DMSO solvent continuum; and (4) FPMD for capturing

the dynamical behavior of 1-indanol in a box of DMSO solvent molecules, optimizing the geometries of

snapshots extracted from the MD trajectories. Optimization of snapshots from FPMD trajectories resulted

in both pseudoequatorial and pseudoaxial conformers and provided improved comparison between predicted

and experimental VCD spectra, although disagreement (resulting from a large negative doublet in the pre-

dicted spectrum) in the region around 1300 cm−1 still persisted. The main point leading to the differences

in the previous and present results can be associated with the following aspect: in the previous conventional

static optimized geometry calculations,163 only four major geometries of the 1:1 indanol/DMSO complex, all

with pseudoequatorial orientation of O-H group, were considered for VCD predictions on 1-indanol/DMSO-

d6 complex. This is different from the current finding that nearly 30 different static geometries (with 77%

population coming from pseudoequatorial conformers and 23% from pseudoaxial) are needed to describe the
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1-indanol/ DMSO conformational space. The critical point to recognize here is that rotating the O-H group

around C-O bond and complexing a DMSO molecule in each of the new O-H orientations is important for

exploring the conformational space of the 1-indanol/DMSO complex. With these precautions, the present

conventional static optimized geometry calculations can be seen to be a successful (see Table 7.3, Figure 7.3

and overlaid spectra in Figure 7.11) alternative to FPMD simulations in reproducing the experimental VCD

spectra in the 1700-1100 cm−1 region of the 1-indanol/ DMSO-d6 complex. This observation should not be

interpreted as discouraging the general use of MD simulations, because the analyses of solution-phase spectra

using MD geometries have certainly helped in many situations.156,157,197

7.4 Conclusion

(S)-1-Methylindan, and (R)-1-methylindan-1-d have just two conformations resulting from opposite ring

puckering angles. Ring puckering conformer populations that result in pseudoequatorial vs pseudoaxial sub-

stituent are in the ratio of 80:20. Ring puckering conformer-specific VCD bands could be clearly identified

in the experimental spectra of 1-methylindans, and pseudoaxial contribution is important for reproducing the

experimental spectra. (R)-1-Aminoindan and (S)-1-indanol in CCl4 have six conformations, resulting from

the rotation of the NH2/OH substituent for each of the two ring puckering conformations. On the contrary,

(S)-1-indanol in DMSO has numerous hydrogen-bonded conformations with 80% arising from ring puckering

that results in the pseudoequatorial substituent and 20% from the pseudoaxial substituent. The QC-predicted

spectra for the minimum energy geometry optimized conformers of (S)-1-methylindan, (R)-1-methylindan-

1-d, (R)-1-aminoindan, and (S)-1-indanol in CCl4 and (S)-1-indanol/DMSO-d6 complex are found to be in

excellent agreement with corresponding experimental VA and VCD spectra. The methods to correct overesti-

mated VA and VCD intensities for the 1420 cm−1 band of 1-indanol in CCl4, without negatively influencing

other regions of spectra, however, remain to be identified.
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CHAPTER 8

The Vibrational ROA of (1S)-camphor

This work was completed in collaboration with Professor Malgorzata Baranska of Jagiellonian University,

Krakow, Poland. This chapter has been reproduced from the Journal of Raman Spectroscopy article206 “Vi-

brational Raman optical activity of camphor: The importance of electric-dipole—electric-quadrupole po-

larizability contribution” with permission. My contributions to this work are: measurement of ROA, QC

optimizations, QC spectral prediction of ROA, vibrational band assignment, spectral similarity analyses,

preparation of figures and tables, drafting the manuscript, revising the manuscript, and recognizing the bands

with predominant δ 2
k contributions.

8.1 Introduction

Raman optical activity (ROA) is the measurement of differential intensity of Raman scattering between right

and left circularly polarized light.23,24,109,110 The experimental vibrational Raman and ROA spectral inten-

sities depend on various experimental parameters, including the incident laser power density, and therefore

cannot be quantitatively compared with the intensities calculated using QC methods. However, dimensionless

CID, the ratio of ROA spectrum to corresponding Raman spectrum, eliminates the dependence on experi-

mental parameters when both ROA and Raman spectra are measured simultaneously and permits quantitative

comparisons in the analysis of QC predictions. In this work, the importance of the electric-dipole-electric-

quadrupole polarizability contribution to ROA and CID of (1S)-camphor is examined. Additionally, the

importance of these polarizability contributions for (1S,4R)-(+)-fenchone and dimethyloxirane are also in-

vestigated. ROA originates from the products of the normal coordinate derivatives of three polarizability

tensors. For detailed information on the equations governing the Raman, ROA, and CID see section 1.3.4.

For camphor (Figure 8.1) and related molecules, the depolarized ICP VROA spectra in CS2 solvent in

the 2,000–80 cm−1 region were reported by Barron very early on, where the emphasis was on explaining the

observed VROA couplets.207 The predicted ROA spectra of camphor were reported by Bour et al.,208 with

an emphasis on the use of transition polarizability model for predicting induced resonance vibrational ROA.

The importance of the electric-dipole—magnetic-dipole polarizability and the electric-dipole—electric-

quadrupole polarizability tensor contributions was assessed experimentally from a combination of different

vibrational ROA measurements: (a) polarized and depolarized ICP ROA measurements and (b) depolarized

ICP and backscattering DCPI or 180° backscattering SCP vibrational ROA measurements.

In the right angle scattering geometry, the coefficient a3 in Equation 1.14 is zero for depolarized ICP
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Figure 8.1: (1S)-camphor with carbon atom-labeled skeletal structure and its 3D depiction

ROA; also, the ratio a4/a5 becomes -3 in depolarized ICP ROA and 7 in polarized ICP ROA. In the approxi-

mation that ω−1ᾱkḠ′
k contribution to polarized ICP ROA is negligible, the ratio of polarized to depolarized

ICP ROA will reduce to 2 when δ 2
k = γ2

k and 6/8 when δ 2
k = -γ2

k .209,210,211,212,213,214 As the ratio of polar-

ized to depolarized ICP ROA for most of the vibrational bands in the experimental spectra for trans-pinane,

(+)-α-phenylethylamine, (+)-3-methylcyclohexanone, (-)-α-phellandrene, and α-pinene was found to be be-

tween 2 and 1, Barron et al.209 emphasized that “electric-quadrupole contributions, although smaller than

magnetic dipole contributions, are still usually significant.” For menthyl chloride, this experimental ratio was

found to be ∼2 for nearly all bands,214 indicating that δ 2
k ∼ γ2

k . In the experimental spectra of menthol and

neomenthol, some bands were to found to exhibit a ratio of 2, whereas others exhibited a ratio of ∼1.214

In the experimental spectra of thioneomenthol, some bands were found to have larger intensities in depo-

larized ICP ROA than in polarized ICP ROA.214 Based on these observations, Barron et al. have suggested

that “depolarized vibrational ROA as large as, or larger than, polarized indicates a dominant contribution

from the electric-quadrupole mechanism of opposite sign to that from the magnetic dipole mechanism.” The

overlap between heteroatom Rydberg p orbitals and orbitals on other parts of the molecule was considered

to be a source for larger electric-quadrupole contributions in these molecules. In the experimental spectra

of dimethyloxirane,210 depolarized ICP VROA associated with the antisymmetric ring deformation band at

722 cm−1 was found to have the opposite sign and approximately half the magnitude as that in the polarized

ICP VROA, a situation representing δ 2
k = 6γ2

k . The depolarized ICP VROA associated with the symmetric

ring deformation band of dimethyloxirane at 813 cm−1 was found to have the same sign and approximate
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magnitude as that in polarized ICP ROA. This observation was considered to represent roughly equal contri-

butions from ω−1γ2
k and ω−1δ 2

k with opposite signs, or predominantly the ω−1γ2
k contribution. Here again,

Rydberg orbitals were thought to be responsible for the dominance of ω−1δ 2
k contribution. Even though QC

vibrational ROA predictions for dimethyloxirane were undertaken,211 individual contributions from ω−1γ2
k

and ω−1δ 2
k were not analyzed. Although the depolarized ICP VROA sign associated with antisymmetric

ring deformation mode at 722 cm−1 of dimethyloxirane was reproduced in separate measurements,210,211,212

that reported a few years later213 showed opposite sign with weaker intensity compared with those reported

earlier.210,211,212 This latter observation213 leaves uncertainty regarding the experimental depolarized VROA

sign associated with the antisymmetric ring deformation band at 722 cm−1 of dimethyloxirane.

The coefficient a3 in Equation 1.14 is zero for SCP and DCPI VROA in 180° backscattering geome-

try (as it is in right angle depolarized ICP ROA), but the ratio a4/a5 becomes +3 for both (as opposed to

-3 in right angle depolarized ICP ROA). As a result, the comparison of right angle depolarized ICP ROA

with backscattering DCPI ROA or 180° backscattering SCP ROA spectra provided an opportunity to extract

two ROA invariants, ω−1γ2
k k and ω−1δ 2

k k . Che and Nafie215 isolated these two VROA invariants from

the experimental ICP and DCPI VROA spectra for (-)-α-pinene and (+)-trans-pinane. They concluded that

“the electric-quadrupole invariant contributes at a level at least three times smaller than the magnetic dipole

anisotropic invariant, the influence of the electric-quadrupole scattering mechanism for the molecules consid-

ered in this paper is relatively minor and nearly unimportant.” In the bond polarizability model, using axially

symmetric bonds,209,216,217 ROA equations simplify due to the emerging relations therein as γ2
k = δ 2

k and

ᾱkḠ′
k = 0. These predictions were also analyzed215 by Che and Nafie for (-)-α-pinene and (+)-trans-pinane.

Because different scattering geometries adopt different scattering cones, and ROA measurement efficien-

cies differ among different scattering cones, Hecht indicated218 that isolation of invariant contributions from

experimental data should be limited to single vibrational bands and not for the entire spectrum.

From ICP and DCPI ROA measurements carried out for some terpenes,219 including camphor, it was

concluded that “the magnetic dipole scattering contribution is, on average, approximately an order of magni-

tude more important than the electric-quadrupole contribution, and that the anisotropic magnetic-dipole ROA

invariant is two to three times larger than the corresponding electric-quadrupole ROA invariant.”

The relative importance of ω−1γ2
k and ω−1δ 2

k terms to vibrational ROA spectra has been discussed in

other places as well.220,221,222,223,224,225,226 The contributions from the ROA invariants in various conformers

of heptasilane were theoretically investigated by Liégeois,222 where they found that ω−1γ2
k and ω−1δ 2

k terms

are of similar order of magnitude for some conformers; for the TGTG’ conformer, the intensity of the mode

at 481 cm−1 was dominated by the ω−1δ 2
k term and ω−1γ2

k term dominated that at 585 cm−1. In an article

advancing a simplified method for vibrational ROA calculations,223 Zuber et al. stated that “Indeed, previous
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VROA calculations224 on a large set of small chiral molecules show that the quadrupole term contributes

to less than 20% of the total vibrational ROA intensity in the back and depolarized right angle scattering

measurements and less than 8% in the polarized right angle setup” and chose not to include the ω−1δ 2
k term

in their simplified method. These views were also expressed in an article that focused on efficient calculation

of ROA tensors with analytical gradients and fragmentation.225 Luber et al. have reviewed226 some of the

existing vibrational ROA papers and noted the varying conclusions on the relative importance of ω−1δ 2
k term.

In an attempt to derive a conclusion on the relative importance of ω−1γ2
k and ω−1δ 2

k terms based on statistical

analysis, Luber et al. have undertaken QC VROA calculations for a large number of molecules. Their

statistical analysis led to the conclusion that “the vanishing electric-dipole—electric-quadrupole contribution

is found to be a general feature for all vibrations of the organic molecules studied, which do not involve C–H

stretching modes, and especially when the backscattering and polarized experimental setups are employed.”

The factor of 3 larger coefficient associated with the ω−1γ2
k term in SCP, DCPI, and depolarized ICP ROA

renders the ω−1δ 2
k term relatively smaller. Therefore, in order for ω−1δ 2

k to be dominant, the magnitude of

ω−1δ 2
k itself should be at least three times larger than that of ω−1γ2

k , especially for situations where a4ω−1γ2
k

and a5ω−1δ 2
k terms have opposite signs. Polavarapu et al. have investigated227 the SCP backscattering

vibrational ROA spectra of five terpenes and displayed the simulated spectra using the following equations

for ROA activities, Pk, and Raman activities, Sk:

Pk =
2π

λ
×16× (3ω

−1
γ

2
k +ω

−1
δ

2
k ) = Pk(γ

2
k )+Pk(δ

2
k ), (8.1)

Sk = 2× (45ᾱ
2
k +7β

2
k ). (8.2)

In Equation 9.1, Pk(γ
2
k ) and Pk(δ

2
k ) were referred227 to, respectively, as “γ2

k and δ 2
k contributions” to

vibrational ROA and were displayed separately. The γ2
k and δ 2

k contributions from individual vibrations were

not analyzed,227 but the overall spectral displays indicated that latter are generally smaller than the former.

Even though the individual experimental vibrational ROA bands were analyzed in the past using the

corresponding theoretical predictions, the specific cases of experimental VROA bands originating from the

dominating δ 2
k contributions have not yet been identified using corresponding QC predictions. In this work,

I reported the first observation that δ 2
k contribution to certain vibrational bands below 2,000 cm−1 have

unique importance, using the experimental VROA measurements and corresponding QC predictions for (1S)-

(-)-camphor. The experimental VROA intensity associated with 1,125 cm−1 band of camphor cannot be

reproduced in the predicted QC VROA spectra without the inclusion of the δ 2
k contribution. This observation

prompted us to also analyze the predicted QC ROA predictions for individual vibrations of dimethyloxirane,
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α-pinene, and fenchone and compare them with corresponding previously reported experimental vibrational

ROA spectra for assessing the importance of δ 2
k contributions.

8.2 Methods

Professor Baranska and Dr. Zajac allowed me personal and extended access to their ROA spectrometer in

Krakow, Poland to undertake the ROA and Raman measurements with a 532 nm wavelength laser source and

the relevant experimental parameters are presented in the main manuscript206 and below. A special thanks is

warranted here for Dr Covington and his production of CDSpecTech52,53 while a graduate student in our lab.

Without this software and the ease in which it allowed viewing δ 2
k contributions to ROA, I would likely never

have noticed the ROA bands that lead to this work.

The experimental Raman and VROA spectra of (-)-camphor were measured in CCl4, at a concentration

of 181 mg/ml, using commercially available ChiralRaman Spectrometer (Biotools, Jupiter, FL). Vibrational

ROA and Raman spectra were measured simultaneously in SCP backscattering with a 532-nm laser source

using 1,000 mW power, although the power density at the sample is unknown. The instrument was calibrated

with a one minute ROA measurement for a neat liquid sample of alpha-pinene. Signal averaging was done

for 72 hours. The experimental spectra shown here are solvent spectra subtracted.

The single conformer of (1R)-camphor was optimized at various levels of theory (Table 8.1). Vibrational

Raman and ROA spectral intensities were calculated using the same level of theory as that employed for ge-

ometry optimization, using Gaussian16 program,80 with PCM representing the CCl4 solvent. CDSpecTech52

was used to simulate all theoretical vibrational Raman and ROA spectra, including the separate γ2
k and δ 2

k

contributions 9.1 using Lorentzian band shapes. The same program was used for the similarity overlap anal-

ysis. Predicted VROA spectra for (R)-configuration of camphor have been multiplied by -1 to match the

absolute configuration of the sample used for experimental measurements.

8.3 Results and Discussion

The vibrational Raman, ROA, and CID spectra of (1S)-(-)-camphor (Figure 8.2) were analyzed in two regions,

from ∼1,800–900 cm−1 and from ∼730–505 cm−1. Due to the interference from solvent vibrational bands in

the region between 900 and 730 cm−1 and in the region below ∼505 cm−1 , these regions are excluded from

the analysis in the current work. QC calculations were carried out using three different density functionals and

a variety of basis sets, as summarized in Table 8.1. Dispersion corrections were also included in some of the

calculations. However, the displayed spectra are limited to those predicted at B3PW91/aug-cc-PVDZ/PCM

(CCl4) level, for illustration purposes.

Considering the 1,800–900 cm−1 region, the QC predicted spectrum in this region is seen to match the
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Level
Denoted

as

Functional Basis Set Dispersion

A B3LYP 6-311++G(2d,2p) No
B B3LYP 6-311++G(2d,2p) Yes
C B3LYP aug-cc-pVDZ No
D B3LYP aug-cc-pVDZ Yes
E B3LYP aug-cc-pVTZ No
F B3LYP aug-cc-pVTZ Yes
G B3PW91 6-311++G(2d,2p) No
H B3PW91 aug-cc-pVDZ No
I B3PW91 aug-cc-pVDZ Yes
J B3PW91 aug-cc-pVTZ No
K B3PW91 aug-cc-pVTZ No
L wB97x aug-cc-pVDZ No
M wB97x aug-cc-pVDZ Yes
N wB97x aug-cc-pVTZ Yes
P wB97x 6-311++G(2d,2p) Yes

Table 8.1: Various levels of theory (and their designations) used for optimization and QC predicted spectra
of (1S)-(-)-camphor

experimental spectrum qualitatively (Figures 3 and 4). Predicted band positions were scaled by 0.989, which

corresponds to the x-axis scale factor that yields the maximum SimROA value. Although calculated positions

for most of the vibrational bands closely match the experimental band positions, there is some disparity in the

C=O stretching band position among the experimental and predicted spectra. Despite this mismatch for the

C=O band position, the similarity overlap between experimental and predicted spectra is still quite high.206

Because C=O band position is far removed from the next closest vibrational band, the similarity analysis was

be limited to the 1,550–900 cm−1 region. The omission of C=O stretching band from the similarity overlap

calculation does not influence the final conclusions but does increase the similarity overlap magnitudes. The

SSO plot is shown in Figure 8.5, and the similarity overlap values are summarized in Table 8.3.

In the 730–505 cm−1 range also, the QC predicted spectra matched the experimental Raman, ROA, and

CID both qualitatively and quantitatively. This is seen from the similarity overlap values shown in Table 8.2

and the overlaid and stacked spectra, as well as the SSO plot in Johnson et al.206 This region provides further

support for the satisfactory predictions of the QC methods used.

In the 1,550–900 cm−1 region, there are three negative VROA bands that appear in the experimental

vibrational ROA spectrum at 1,125, 1,013, and 955 cm−1 that are identified to be dominated by the δ 2
k
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Level SimRaman SimROA SimCID

A 0.82 0.84 0.92
B 0.83 0.87 0.93
C 0.84 0.88 0.93
D 0.84 0.88 0.92
E 0.83 0.84 0.92
F 0.84 0.87 0.93
G 0.82 0.88 0.92
H 0.84 0.89 0.91
I 0.84 0.89 0.90
J 0.84 0.88 0.92
K 0.84 0.90 0.92
L 0.85 0.88 0.87
M 0.85 0.91 0.92
N 0.84 0.89 0.93
P 0.84 0.87 0.92

Table 8.2: Maximum similarity overlap between experimental and QC predicted vibrational Raman, ROA,
and CID spectra for (1S)-(-)-camphor at various levels of theory in the 730-505 cm−1

Level SimRaman SimROA SimCID

A 0.84 0.49 0.66
B 0.85 0.49 0.67
C 0.91 0.65 0.76
D 0.92 0.65 0.75
E 0.85 0.52 0.69
F 0.86 0.52 0.70
G 0.92 0.70 0.79
H 0.94 0.77 0.77
I 0.94 0.74 0.75
J 0.94 0.76 0.81
K 0.95 0.77 0.80
L 0.89 0.59 0.61
M 0.92 0.75 0.69
N 0.94 0.73 0.71
P 0.93 0.70 0.69

Table 8.3: Maximum similarity overlap between experimental and QC predicted vibrational Raman, ROA,
and CID spectra for (1S)-(-)-camphor at various levels of theory in the 1550-900 cm−1
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Figure 8.2: Experimental vibrational Raman and ROA of (-)-camphor in CCl4. The ROA bands marked with
* are identified as having dominating δ 2

k contributions

contribution. These bands are marked with a * in Figures 2 and 4. There is also a positive vibrational

ROA couplet in the experimental spectrum between 1,030 and 1,050 cm−1, where the positive signal at

1,030 cm−1 correlates to a positive band that is only apparent in the predicted δ 2
k contribution. The bands

referred to above are highlighted with vertical dashed lines in Figure 8.6, where the spectra are displayed in

the 1,150–900 cm−1 region on an expanded x-axis scale. The importance of δ 2
k contributions can be more

easily recognized in the CID spectra shown in Figure 8.7, where the simulated γ2
k and δ 2

k contributions in the

1,150–900 cm−1 region are displayed separately. Predicted band positions for Figures 6 and 7 were scaled

by 0.989, which corresponds to the x-axis scale factor that yields the maximum SimROA value. When the

δ 2
k contributions were excluded in simulating the spectra, the negative VROA band seen in the experimental

spectrum at 1,125 cm−1 does not appear at all in the simulated spectra. This is considered to be the first case

of a band in the vibrational ROA experimental region below 2,000 cm−1 to be clearly identified as arising

from the electric-dipole—electric-quadrupole polarizability tensor contribution using QC calculations. The

dominance of δ 2
k contribution for above-mentioned experimental VROA bands of (1S)-camphor can also be
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Figure 8.3: Experimental vibrational Raman, ROA, and CID spectra of (-)-camphor overlaid with simulated
spectra for (1S)-camphor
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Figure 8.4: Experimental vibrational Raman, ROA, and CID spectra of (-)-camphor stacked with simulated
spectra for (1S)-camphor. The ROA bands marked with * are identified as having dominating δ 2

k contributions
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Figure 8.5: Spectral similarity overlap plot of (1S)-(-)-camphor

Level - at 1125 + at 1030 - at 1013 - at 955

A Yes Yes No Yes
B Yes Yes No Yes
C Yes Yes No* Yes
D Yes Yes No* Yes
E Yes Yes No* Yes
F Yes Yes No Yes
G Yes Yes Yes Yes
H Yes Yes Yes Yes
I Yes Yes Yes Yes
J Yes Yes Yes Yes
K Yes Yes Yes Yes
L Yes Yes No* Yes
M Yes Yes No* Yes
N Yes Yes No* Yes
P Yes Yes No* Yes

Table 8.4: Validation of calculated δ 2
k as the predominant contribution towards experimental ROA bands for

(1S)-(-)-camphor at various levels of theory

seen from the QC predicted values of the invariants, ω−1ᾱkḠ′
k, ω−1γ2

k , and ω−1δ 2
k , summarized by Johnson

et al.206

The VROA signals that are identified to be originating predominantly from the δ 2
k contributions are con-

firmed by the predictions at most levels of theory investigated in this work. Table 8.4 enumerates the levels

of theory that showed significant δ 2
k contributions corresponding to each of the above-mentioned VROA
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Figure 8.6: Experimental vibrational ROA spectrum (bottom trace) of (-)-camphor stacked with simulated
spectra for (1S)-camphor displaying separate contributions from δ 2

k (top trace), γ2
k (second trace from the top)

and total (third trace from the top)

bands. It can be seen from Table 8.4 that at all levels of theory used to investigate the VROA spectrum of

camphor, the VROA bands at 1,125, 1,030, and 955 cm−1 are always predominantly of δ 2
k origin. Although

the negative band at 1,013 cm−1 is generally reproduced at each level of theory, its dominance from the γ2
k

or δ 2
k contributions is somewhat ambiguous. The calculations using B3PW91 functional predict this band

to be coming predominantly from δ 2
k contributions, whereas those using wB97x functional indicate the pre-

dominance from the γ2
k contributions (despite the presence of significant δ 2

k contributions to this band). The

calculations using B3LYP functional generally attribute this band to the γ2
k contribution, with significant δ 2

k

contribution depending on the basis set.

GaussView84 was utilized to visualize the vibrational mode associated with a particular wavenumber. The

analysis of vibrations responsible for VROA bands that had predominant δ 2
k contribution is as follows: The

negative band at 1,125 cm−1 arises from CH3 bending of the methyl group attached to C1 and CH2 bending

of C3. This band is particularly interesting as it does not appear at all in the simulated γ2
k contribution

spectra as can be seen in Figures 6 and 7. The vibrational mode associated with the positive couplet, seen

in the experimental region of 1,030–1,050 cm−1, is due to a CH bend at C4 and CH2 bending at C5 and

C6. Although the couplet does not appear in the overall predicted vibrational ROA, the positive part of

it is only apparent in the δ 2
k contribution. The negative band at 1,013 cm−1 comes from CH3 bending at
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Figure 8.7: Experimental CID spectrum (bottom trace) of (-)-camphor stacked with simulated spectra for
(1S)-camphor displaying separate contributions from δ 2

k (top trace), γ2
k (second trace from the top) and total

(third trace from the top)

the methyl groups attached at C1 and C7, CH2 bending at C3, C5, and C6, and CH bending at C4. The

complexity of this vibrational mode may have something to do with the discrepancy among different levels

of theory as to whether γ2
k or δ 2

k contribution is dominant for this vibration. The negative signal at 955 cm−1

in the experimental VROA originates from CH3 bending of the methyl groups attached at C1 and C7 and CH

bending at C4.

In Figure 8.8, the similarity between experimental spectra of camphor and predicted γ2
k contributions

(excluding δ 2
k contribution) is shown as SSO plot. Even though γ2

k contribution alone provides sufficient

similarity with the experimental spectra, the SimROA and SimCID values are lower at every level of theory

investigated when the δ 2
k contributions were not included (Table 8.5). When δ 2

k contributions are included,

the SimROA and SimCID values increased in individual calculations by up to ∼12%, whereas the average

increases in SimROA and SimCID values are ∼9.0% (Table 8.5).

The current observations identifying the importance of δ 2
k contributions in camphor prompted us to ver-

ify whether or not this situation occurs also in other molecules. For this purpose, I have selected a few

additional molecules, (2R,3R)-dimethyloxirane, (1S,5S)-(+)-α-pinene, and (1S,4R)-(+)-fenchone, all with a

single conformation, and analyzed their QC predictions. The invariants, ω−1ᾱkḠ′
k, ω−1γ2

k , and ω−1δ 2
k , for
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Figure 8.8: Spectral similarity overlap between experimental vibrational ROA spectrum and predicted γ2
k

contribution spectrum for (1S)-(-)-camphor

Level SimROA SimROA
from
γ2

k
alone

%
Increase
of
SimROA

SimCID SimCID
from
γ2

k
alone

%
Increase
of
SimCID

A 0.49 0.47 5.7 0.66 0.62 6.5
B 0.49 0.46 6.3 0.67 0.64 6.2
C 0.65 0.60 8.5 0.76 0.69 10.2
D 0.65 0.59 9.3 0.75 0.68 9.7
E 0.52 0.49 6.5 0.69 0.64 7.3
F 0.52 0.48 6.9 0.70 0.65 6.9
G 0.70 0.64 8.8 0.79 0.71 10.4
H 0.77 0.69 10.9 0.77 0.69 12.4
I 0.74 0.67 11.4 0.75 0.67 11.9
J 0.76 0.69 9.7 0.81 0.73 11.0
K 0.77 0.70 10.5 0.80 0.72 11.3
L 0.59 0.54 8.2 0.61 0.56 7.9
M 0.75 0.68 9.8 0.69 0.63 9.0
N 0.73 0.67 9.5 0.71 0.66 7.6
P 0.70 0.64 8.7 0.69 0.64 7.2

Table 8.5: Maximum similarity between experimental and QC predicted ROA and CID spectra with and
without the δ 2

k contributions for (1S)-(-)-camphor at various levels of theory in the 1550-900 cm−1 range

all vibrations of these molecules are summarized by Johnson et al.206 and the vibrational modes for which

|δ 2
k |>|3γ2

k |are highlighted in bold text. For dimethyloxirane, α-pinene, and fenchone, I presented the pre-

dictions using two different density functionals, namely, B3LYP and B3PW91. Some of the predictions vary
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among these two levels of theory, so only the modes for which the predictions are consistent at both levels of

theory have been focus upon.

For dimethyloxirane, the antisymmetric ring deformation mode (at 741 cm−1 in B3LYP/6-311++G(2d,2p)

calculation and 762 cm−1 in B3PW91/aug-cc-pVDZ calculation) is predicted to have |δ 2
k |>|3γ2

k |. The

symmetric ring deformation mode (at 814 cm−1 in B3LYP/6-311++G(2d,2p) calculation and 824 cm−1 in

B3PW91/aug-cc-pVDZ calculation) is predicted to have |δ 2
k |∼|2γ2

k |. The simulated polarized ICP ROA bands

for these two modes have opposite signs, whereas those for depolarized ICP ROA bands have the same signs.

These predictions match the early prognostications210 based on the analysis of the experimental ratio for

right angle polarized and depolarized ICP ROA (vide supra). However, some uncertainty remains with the

experimental VROA sign associated with the antisymmetric ring deformation mode at ∼722 cm−1 , because,

unlike in earlier measurements,210,211,212 it was not reproduced in a later measurement.213 Regardless of this

sign uncertainty, the symmetric and antisymmetric ring deformation modes of dimethyloxiane do have dom-

inating electric-dipole—electric-quadrupole polarizability contribution, as originally suggested.210 It should

also be noted that there are some vibrational modes of dimethyloxirane for which |δ 2
k |∼|γ2

k |, and therefore,

δ 2
k contributions cannot be generally ignored for dimethyloxirane.

For α-pinene, predictions at B3PW91/aug-cc-pVDZ level indicate a few vibrational modes that exhibit

|δ 2
k |>|3γ2

k |. However, the VROA bands associated with each of these modes are overlapped by those associ-

ated with one or more modes in the immediate vicinity. As a consequence, it becomes difficult to experimen-

tally resolve or identify the bands that have dominant δ 2
k contribution in α-pinene. Nevertheless, there are

some vibrational modes of α-pinene for which |δ 2
k |∼|γ2

k |, and therefore, δ 2
k contributions cannot be generally

ignored for α-pinene as well.

For (1S,4R)-(+)-fenchone, the C=O stretching mode (at 1,793 cm−1 in B3LYP/aug-cc-pVDZ and 1,813

cm−1 in B3PW91/aug-cc-pVDZ) is predicted to have |δ 2
k |>|3γ2

k |. The positive experimental vibrational ROA

observed227 for this band at ∼1,740 cm−1 is weak, but the observed sign is reproduced in the simulated spec-

trum from δ 2
k contribution but not in simulated spectrum from γ2

k contribution. A lower wavenumber mode

(232 cm−1 in B3LYP/aug-cc-pVDZ calculation and 228 cm−1 in B3PW91/aug-cc-pVDZ calculation) also

has |δ 2
k |>|3γ2

k |. A close inspection of the experimental VROA spectrum indicates that the negative VROA

at ∼229 cm−1 can only be reproduced in simulated spectrum from δ 2
k contribution and not in the simulated

spectrum from γ2
k contribution. Therefore, the C=O stretching vibrational band and a low wavenumber band

at ∼230 cm−1 of fenchone can also be counted as the confirmed examples of dominant δ 2
k contribution.
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8.4 Conclusion

Analysis of the experimental VROA and CID spectra of (-)-camphor with corresponding predicted spectra

at multiple levels of theory indicated that a few VROA bands of (1S)-(-)-camphor in the 1,150–900 cm−1

region have dominant electric-dipole—electricquadrupole polarizability contributions. The similarity over-

lap between experimental and predicted spectra increased by up to ∼12%, when electric-dipole—electric-

quadrupole polarizability contributions are included in the simulation of VROA spectra, and these increases

are present at all levels of theory examined. When the electric-dipole—electric-quadrupole polarizability

contributions were excluded in simulating the VROA spectra, the negative band seen in the experimental

spectrum of (-)-camphor at 1,125 cm−1 does not appear at all in the simulated spectra. Two vibrational

bands of fenchone at ∼1,740 and 220 cm−1 are also confirmed to be originating from dominating electric-

dipole—electric-quadrupole polarizability contribution. The symmetric and antisymmetric ring deformation

modes of dimethyloxirane also have dominating electric-dipole—electric-quadrupole polarizability contribu-

tion. These are considered to be the first cases of bands in the typical VROA experimental region to be clearly

identified as arising from the dominant electric-dipole—electricquadrupole polarizability contribution. These

observations establish the importance of the electric-dipole—electric-quadrupole polarizability contribution

to vibrational ROA and CID spectra. For experimentally identifying the dominant electric-dipole—electric-

quadrupole polarizability contributions, it is important to analyze the experimental VROA spectra with corre-

sponding predicted spectra from electric-dipole—magnetic-dipole and electric-dipole—electric-quadrupole

polarizability contributions separately.
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CHAPTER 9

Chiral Molecular Structure Determination from VOA and Molecular Formula

This chapter has been reproduced from the Journal of Physical Chemistry A article55 “Chiral Molecular

Structure Determination for a Desired Compound Just from Its Molecular Formula and Vibrational Optical

Activity Spectra” with permission. My contributions to this work are: conformational analyses, QC opti-

mizations, QC spectral prediction of VCD and ROA, spectral similarity analyses, cross correlation analyses,

preparation of figures and tables, drafting the manuscript, and revising the manuscript.

9.1 Introduction

For any new synthesized compound, the first step in its characterization constitutes the determination of its

molecular formula, which is commonly achieved through elemental analysis. In the next step, the functional

groups present in that compound can be determined using a variety of experimental methods. There are

several commonly used organic reactions that can establish the presence of different functional groups. Spec-

troscopically, the functional groups in a given compound can be identified through characteristic vibrational

bands present in its infrared spectrum and characteristic chemical shifts in its NMR spectrum. Recently, it

was reported that molecular formula, as well as functional groups that are likely to be present in a given

compound, can be identified from the data obtained using rotational spectroscopy.228 A computer assisted

approach to detect the presence/absence of 16 functional groups from the experimental infrared spectra was

also reported.229

Molecular structure determination, another important step, is relevant and often vital across all fields of

chemistry. Crystal structure determination using X-ray diffraction remains the first choice, but most com-

pounds are not amenable for obtaining good quality crystals. For determining the unknown molecular struc-

tures of non-crystalline achiral compounds, NMR is often the preferred choice. A more recent entry for

molecular structure determination is the cryo-EM method.230 When it comes to chiral compounds, the de-

termination of molecular structure is more challenging than that for achiral molecules because one has to

determine the absolute configurations (ACs) associated with individual chiral elements. In this context, NMR

methods are being used for determining the relative ACs, and different chiroptical spectroscopic methods4

are being utilized for determining the ACs.

In the context of determining the molecular structure of a desired chiral compound, I addressed the fol-

lowing question: is it possible to uniquely determine the chiral molecular structure when only its molecular

formula and experimental vibrational optical activity (VOA) spectra are provided? VOA23,108,109,110 encom-
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passes vibrational circular dichroism (VCD) and vibrational Raman optical activity (ROA), both of which

probe vibrational transitions of chiral molecules. VCD is the differential absorption of left and right circu-

larly polarized infrared light. ROA is the differential vibrational Raman scattering of left and right circularly

polarized visible light.

The approach to addressing the above mentioned question is as follows. (1) Measure the experimen-

tal VOA spectra for a desired compound with known molecular formula. (2) Generate all possible chiral

structural isomers associated with that molecular formula. (3) Predict VOA spectra for all possible chiral

structural isomers and analyze their similarity with each other (referred to as cross-correlations). (4) Analyze

the similarity of predicted VOA spectra for all possible chiral structural isomers with experimental spectra

of a desired compound. (5) Assess if a unique chiral molecular structure can be identified for the desired

compound from this analysis.

Using different test molecules, I arrived at the proof-of-concept conclusion that it is feasible to uniquely

determine the chiral molecular structure of a desired compound from only the knowledge of its molecular

formula and VOA spectra. In complex cases, the information on functional groups contained in the desired

compound will be helpful. These observations pave the way for a new paradigm in chiral molecular structure

determination and identify its limitations.

9.2 Methods

Figure 9.1: Chiral structural isomers with molecular formula C4H8O

Three compounds, (2R,3R)-(+)-dimethyloxirane211,213 (C4H8O), (S)-(+)-epichlorohydrin,231,232,233 also

known as (+)-2-(chloromethyl)oxirane, (C3H5ClO), and (R)-(+)-3-methylcyclopentanone234,235 (C6H10O),

whose VCD and ROA spectra have been investigated before were selected as the desired compounds for
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Figure 9.2: Chiral structural isomers with molecular formula C3H5ClO

the current studies. Recently detected N-hydroxyoxaziridine236,237 (also known as 2-hydroxyoxaziridine, or

1,2-oxaziridin-2-ol), a chiral structural isomer of nitromethane (CH3NO2), is also examined.

Among the available computer algorithms for generating non-isomorphic chemical structures238 associ-

ated with a given molecular formula, MOLGEN239 is widely used. It may be noted that MOLGEN does

not recognize chirality and E/Z isomerism. As a result, manual intervention is needed for (a) discarding the

achiral structural isomers, (b) incorporation of diastereomers in the presence of multiple stereocenters, and

(c) taking E/Z isomerism, wherever appropriate, into account.

I used the MOLGEN program to generate possible structural isomers associated with the molecular

formulae C4H8O, C3H5ClO, C6H10O, and CH3NO2. For the molecular formulae C4H8O, C3H5ClO, and

CH3NO2, the above mentioned process resulted in, respectively, 6, 9, and 4 unique chiral structural isomers

(Figures 1-3). For C6H10O, however, greater than 800 unique chiral structural isomers were found. This

large number necessitated devising means to reduce the number of structural isomers to a reasonable subset

for enabling practical investigations. To this end, chiral structural isomers of C6H10O containing a C=O bond

and/or a five-membered ring were selected, which resulted in 75 chiral structural isomers (Figure 9.4). The

chemical names of all structural isomers were derived using the ChemDraw program and summarized in

114



Figure 9.3: Chiral structural isomers with molecular formula CH3NO2

Tables in the main text.55

All of the unique chiral structural isomers associated with each molecular formula were subjected to full

conformational search using the CONFLEX program71 with a built-in MMFF94s240 force field.

For the molecular formula C4H8O, the geometries of all conformers associated with each of the structural

isomers 1-6 were optimized using the B3LYP functional35,34 and 6-311++G(2d,2p) basis set241,242,243 for

isolated molecules (labeled as B3LYP/6-311++G(2d,2p)) or with polarizable continuum model (PCM)44,81

representing the CCl4 solvent, labeled as B3LYP/6-311++G(2d,2p)/PCM(CCl4). The numbers of predom-

inant conformers associated with each of these structural isomers are, respectively, 9, 2, 2, 3, 1, and 1.

The fully optimized geometries were used to predict VOA spectra at the same level as that used for ge-

ometry optimization. Experimental ROA spectra for the desired compound, (2R,3R)-(+)-dimethyloxirane,

were measured by Polavarapu et al.213 for a neat liquid sample using incident circular polarization (ICP)

and depolarized 90° scattering geometry with 488 nm incident laser wavelength.211,213 The predicted ROA

spectra for all chiral structural isomers were obtained at the B3LYP/6-311++G(2d,2p) level using the same

scattering geometry and incident laser wavelength. Even though theoretical methods to predict VOA spec-

tra for neat liquids are available now,200,244 for the present ROA analysis, I considered in vacuo prediction

adequate. Experimental VCD spectra were measured by Black et al.211 for (2R,3R)-(+)-dimethyloxirane in

CCl4 and CS2 solvents. Predicted VCD spectra were obtained with PCM representing the CCl4 solvent at the

B3LYP/6-311++G(2d,2p)/PCM(CCl4) level.

For the molecular formula C3H5ClO, the geometries of all conformers associated with each of the chiral

structural isomers 1-9 were optimized at the B3LYP/6-311++G(2d,2p)/PCM(CCl4) level followed by ROA

and VCD predictions at the same level. The numbers of predominant conformers of structures 1-9 are,

respectively, 5, 3, 2, 3, 1, 1, 1, 1, and 2. The experimental ROA spectra of the desired compound, (S)-(+)-

epichlorohydrin (also known as 2-(chloromethyl)oxirane), were obtained using scattered circular polarization

(SCP) and unpolarized 180° backscattering geometry with 532 nm incident laser wavelength by Tommasini

et al.233 The predicted ROA spectra for all structural isomers 1-9 were obtained with PCM representing

the CCl4 solvent using the same scattering geometry and incident laser wavelength. Experimental VCD of
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Figure 9.4: Chiral structural isomers with molecular formula C6H10O containing a C=O group and/or a five-
membered ring
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Figure 9.5: Predicted VA (left) and VCD (right) spectra of the six chiral structural isomers with molecular
formula C4H8O and the experimental spectra of (2R,3R)-(+)-dimethyloxirane

(S)-(+)-epichlorohydrin was measured by Wang et al.231

For the molecular formula C6H10O, the geometries of all conformers associated with 75 chiral struc-

tural isomers were optimized at B3LYP/6-311++G(2d,2p) and B3LYP/6-311++G(2d,2p)/PCM(CCl4) lev-

els. Individual structural isomers exhibited different numbers of low-energy conformers, ranging from 1

to 27.55 Experimental ROA spectra for the desired compound, (R)-(+)-3-methylcyclopentanone, were mea-

sured by Polavarapu et al.235 for the neat liquid using ICP and depolarized 90° scattering geometry with

488 nm incident laser wavelength. The predicted ROA spectra were obtained for all 75 chiral structural

isomers at the B3LYP/6-311++G(2d,2p) level using the same scattering geometry and incident laser wave-

length. Experimental VCD spectra were measured14 for (R)-(+)-3-methylcyclopentanone in CCl4. Exper-

imental VCD of (R)-(+)-3-methylcyclopentanone was measured by He et al.234 Predicted VCD spectra for

all 75 chiral structural isomers were obtained with PCM representing the CCl4 solvent at the B3LYP/6-

311++G(2d,2p)/PCM(CCl4) level.

For the molecular formula CH3NO2, the geometries of all conformers associated with each of the four

chiral structural isomers were optimized at the B3LYP/6-311++G(2d,2p) level, followed by ROA and VCD

predictions at the same level. The numbers of predominant conformers associated with structural isomers

1-4 are, respectively, 2, 2, 2, and 1. The predicted ROA spectra for the four chiral structural isomers were

obtained with 532 nm incident laser wavelength for SCP and unpolarized 180° backscattering geometry. All

geometry optimizations and spectral predictions were undertaken using the Gaussian 16 program.80 Recent

developments203 allowed the inclusion of anharmonic contributions and explicit solvent influence for spectral

117



Figure 9.6: Predicted Raman (left) and ROA (right) spectra of the six chiral structural isomers with molecular
formula C4H8O and the experimental spectra of (2R,3R)-(+)-dimethyloxirane

predictions. These contributions were not included in the present analyses. The predicted spectrum for each of

the structural isomers was obtained as the sum of population-weighted spectra of its conformers using Gibbs

energies. Experimental VCD and ROA spectra for (2R,3R)-(+)-dimethyloxirane, (S)-(+)-epichlorohydrin,

and (R)-(+)-3-methylcyclopentanone were digitized using WebPlotDigitizer.200 The predicted spectra for all

investigated chiral structural isomers associated with a given molecular formula are compared quantitatively

with each other (referred to as cross-correlations) and with the experimental spectra of the desired compounds.

Quantitative similarities of vibrational absorption (VA), VCD, vibrational dissymmetry factor (VDF), Raman,

ROA, and circular intensity difference (CID) are determined by calculating spectral similarity overlap (SSO)

as a function of frequency scale factor, using the CDSpecTech program.52,53 The Tanimoto’s similarity func-

tion,82 as suggested by Shen et al.50 and labeled as the Sim function,57 was used for the SSO calculations.

The range for SSO values of VA and Raman spectra is 0-1, where 1 indicates perfect spectral similarity and

0 indicates no spectral similarity. The range for SSO values of VCD, VDF, ROA, and CID spectra is -1 to

+1. A value of +1 indicates perfect agreement with the spectra of the structure used for calculations, and -1

indicates perfect agreement with the spectra of enantiomeric structure used for calculations.57,126 The SSO

is generally maximized at a frequency scale factor that aligns the most intense bands in the predicted and

experimental spectra. A vibrational mode with strong VA intensity may not be associated with strong Ra-

man intensity or vice versa. For this reason, a frequency scale factor that maximizes SSO in VA spectra can
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Figure 9.7: Predicted Raman and ROA (left), VA and VCD (right) spectra for structural isomer #6 and the
experimental spectra of (2R,3R)-(+)-dimethyloxirane

be slightly different from that maximizing SSO in Raman spectra. The same explanation holds for slightly

different scale factors normally seen for maximizing SSO in VA and VCD spectra and in Raman and ROA

spectra.

Previously it was suggested,51 based on investigations on a variety of molecules, that in order for two

different spectra to be considered reliably similar, a Sim value of at least 0.4 is needed. This criterion was

established by Dr. Polavarapu23 and Covington et al.52 Some laboratories have suggested a lower threshold

(∼0.2),50 but these studies confirmed that a reliability threshold of 0.4 provides better structural discrimi-

nation. It is important to have a reliable SimVA value to accompany the corresponding reliable SimVCD

value. Similarly, a reliable SimVDF value should accompany the corresponding reliable SimVCD value. In

other words, reliable SimVA, SimVCD, and SimVDF values should all be greater than the reliability threshold

for stringent discrimination among structural isomers. Likewise, reliable SimRaman, SimROA, and SimCID

values should all be greater than the reliability threshold.

9.3 Results and Discussion

9.3.1 C4H8O

The main work55 summarizes the chemical names and the number of conformations of each of the six chiral

structural isomers of C4H8O. Predicted VCD and ROA spectra of these structural isomers are displayed in
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Figure 9.8: Predicted VA (left) and VCD (right) spectra of the nine chiral structural isomers with molecular
formula C3H5ClO and the experimental spectra of (S)-(+)-epichlorohydrin

Figures 5 and 6, along with the experimental spectra of the desired compound (2R,3R)-(+)-dimethyloxirane.

The experimental VA and VCD spectra obtained in CCl4 and CS2 solvents were combined to present the

spectra in the 1500-700 cm-1 region. Experimental VA and VCD spectra were adapted with permission from

J. Am. Chem. Soc. 1990, 112, 1479-1489.211 Experimental Raman and ROA spectra were measured as a neat

liquid with ICP 90° depolarized scattering geometry and 488 nm laser source and adapted with permission

from J. Phys. Chem. A. 1993, 97, 1793-1799.213

Visual comparison of VA and VCD spectra in Figure 9.5 clearly indicates a close resemblance of the

experimental spectra to the predicted spectra for structure #6. The same is true for Raman and ROA spectra

in Figure 9.6. However, visual comparison and analysis of many different spectra can be time consuming,

stressful, and biased. For this reason, a simpler and quantifiable analysis is preferred. Sim values for the

predicted spectra of structural isomers of C4H8O with each other are presented by Johnson et al.55 Each

structure is a perfect match with itself for each type of spectra, leading to the diagonal Sim values of 1.

The off-diagonal Sim values (representing cross-correlations) represent the similarity between the spectra

of different structural isomers. The Sim values at or above the reliability threshold magnitude of 0.4 are

highlighted.55 It can be seen that no two structural isomers of C4H8O have large enough values for SimVCD,

SimVDF, SimROA, or SimCID for significant similarity. This observation bodes well for identifying the

correct chiral molecular structure from VOA spectra of compounds with molecular formula C4H8O. VA

or Raman spectra by themselves, however, would not be adequate for discrimination among the structural

isomers of C4H8O because in several instances, SimVA or SimRaman values are greater than 0.4.

The Sim values for the predicted spectra of structural isomers of C4H8O, obtained using the experimental

spectra of the desired compound (2R,3R)-(+)-dimethyloxirane, are listed in Table 9.1. A comparison of these
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Figure 9.9: Predicted Raman (left) and ROA (right) spectra of the nine chiral structural isomers with molec-
ular formula C3H5ClO and the experimental spectra of (S)-(+)-epichlorohydrin

Structure SimVA SimVCD SimVDF SimRaman SimROA SimCID

1 0.34 −0.08 −0.19 0.33 0.05 0.11
2 0.30 −0.10 −0.12 0.50 −0.24 −0.44
3 0.23 −0.19 −0.23 0.63 0.24 0.22
4 0.59 0.19 0.11 0.69 0.14 0.18
5 0.55 −0.12 −0.13 0.50 −0.06 −0.10
6 0.67 0.67 0.58 0.91 0.45 0.48

Table 9.1: Similarity compared to the corresponding experimental measurements of (2R,3R)-(+)-
dimethyloxirane

values indicates the following. (1) SimVA, SimVCD, SimVDF, SimRaman, SimROA, and SimCID values are

all above the reliable threshold only for one structural isomer, #6, which in fact is the correct structure for

(2R,3R)-(+)-dimethyloxirane. Thus, VCD and/or ROA spectra can be considered to be uniquely associated

with chiral structural isomers of C4H8O. (2) SimCID value for structural isomer #2 is greater than the relia-

bility threshold but the corresponding SimROA value is not. Such instances are not considered reliable. (3)

VA and Raman spectra by themselves are not suitable for discrimination among different structural isomers

of C4H8O. This is because five structural isomers (#2, 3, 4, 5, and 6) have SimRaman magnitudes greater

than the threshold value, and three structural isomers (#4, 5, and 6) have SimVA magnitudes greater than the
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Figure 9.10: Predicted Raman and ROA (left), VA, and VCD (right) spectra for structural isomer #4 and the
experimental spectra of (S)-(+)-epichlorohydrin

threshold value.

The strong similarity between the predicted spectra for structural isomer #6 and the experimental spectra

of the desired compound, (2R,3R)-(+)-dimethyloxirane, can be clearly seen in the overlaid spectra in Figure

9.7. The QC predicted Raman and ROA spectra were simulated for structure #6 with molecular formula

C4H8O at the B3LYP/6-311++G(2d,2p) level in vacuo with 488 nm incident light and band positions scaled

by 0.969, which corresponds to the x-axis scale factor that yields the maximum SimROA value. A few

features in ROA spectra at ∼1100, ∼800-900, and ∼100 cm−1 have mismatching intensities, which may be

corrected at higher theoretical level calculations. The QC predicted VA and VCD spectra were simulated

for structure #6 with molecular formula C4H8O at the B3LYP/6-311++G(2d,2p)/PCM(CCl4) level and band

positions scaled by 0.979, which corresponds to the x-axis scale factor that yields the maximum SimVCD

value.

9.3.2 C3H5ClO

The main work55 summarizes the chemical names and the number of conformations of each of the nine chiral

structural isomers with molecular formula C3H5ClO. The predicted VCD and ROA spectra for these structural

isomers are displayed in Figures 8 and 9, along with the experimental spectra of the desired compound (S)-
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Figure 9.11: Predicted VA and VCD spectra of nine selected chiral structural isomers with molecular formula
C6H10O and the experimental spectra of (R)-(+)-3-methylcyclopentanone

(+)-epichlorohydrin. Experimental VA and VCD spectra were adapted with permission from J. Phys. Chem.

A. 2000, 104, 6189-6196.231 Experimental Raman and ROA spectra were measured in CCl4 solvent with SCP

180° unpolarized scattering geometry and 532 nm laser light. The experimental Raman and ROA spectra

below 800 cm−1 are not used due to interference from solvent Raman bands. Experimental Raman and ROA

spectra were adapted with permission from J. Chem. Theory Comput. 2014, 10, 5520-5527.233

The SimVA, SimVCD, and SimVDF values for the predicted spectra of nine structural isomers, comparing

their spectra with each other, and the corresponding SimRaman, SimROA, and SimCID values are given in

Johnson et al.55 The off-diagonal Sim values above the reliability threshold magnitude of 0.4 are once again

highlighted. The following observations can be noted from the cross-correlation Sim values. (1) As can be

seen, there is no significant similarity between ROA or CID spectra of the structural isomers, indicating the

uniqueness of ROA spectra for chiral structure discrimination of structural isomers with molecular formula

C3H5ClO. (2) Structural isomers 5 and 8 have SimVCD magnitude of >0.4, but the corresponding SimVDF

is <0.4. Similarly, structural isomers 8 and 9 have SimVDF magnitudes of >0.4, but the corresponding

SimVCD values are <0.4. It should be noted that when both SimVCD and SimVDF are not simultaneously

greater than the reliability threshold, the individual magnitudes of SimVCD and SimVDF should not be used

with confidence. This criterion is needed to identify the uniqueness of the VCD spectra for chiral struc-

ture discrimination of structural isomers with molecular formula C3H5ClO. (3) There are several structural

isomers of C3H5ClO for which the cross-correlation SimVA or SimRaman magnitudes are greater than the re-
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Figure 9.12: Predicted Raman and ROA spectra of nine selected chiral structural isomers with molecular
formula C6H10O and the experimental spectra of (R)-(+)-3-methylcyclopentanone

liability threshold. Therefore, VA and Raman spectra by themselves would not be adequate for discrimination

among structural isomers of C3H5ClO.

Structure SimVA SimVCD SimVDF SimRaman SimROA SimCID

1 0.30 0.16 0.21 0.80 0.25 0.22
2 0.26 −0.09 −0.13 0.67 0.27 0.25
3 0.21 0.07 0.11 0.72 −0.16 −0.16
4 0.79 0.59 0.63 0.90 0.61 0.53
5 0.18 −0.07 −0.31 0.50 0.32 0.32
6 0.15 −0.13 −0.14 0.43 0.23 0.16
7 0.45 0.16 0.05 0.81 −0.14 −0.08
8 0.54 −0.19 −0.24 0.75 −0.34 −0.24
9 0.43 0.13 0.20 0.71 −0.22 −0.16

Table 9.2: Similarity of each chiral structural isomer compared to the corresponding experimental measure-
ments of (S)-(+)-epichlorohydrin

The Sim values for the predicted spectra of chiral structural isomers of C3H5ClO, obtained using the

experimental spectra of the desired compound (S)-(+)-epichlorohydrin, are given in Table 9.2, where the Sim

values larger than the reliability threshold are bolded. From a comparison of these values, the following
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Figure 9.13: Predicted Raman and ROA (left), VA, and VCD (right) spectra for structural isomer #16 and the
experimental spectra of (R)-(+)-3-methylcyclopentanone

points can be noted. (1) The magnitudes of SimVA, SimVCD, SimVDF, SimRaman, SimROA, and SimCID

values are all above the reliability threshold only for structure #4, which in fact is the correct structure for

(S)-(+)-epichlorohydrin. Thus, VCD and/or ROA spectra can be considered to be uniquely associated with

chiral structural isomers of C3H5ClO, as also seen for C4H8O. (2) VA and Raman spectra by themselves do

not provide enough discrimination for structural isomers of C3H5ClO. This is because all structural isomers

of C3H5ClO have SimRaman magnitudes greater than the threshold value, and four structural isomers (#4,

#7, #8, and #9) have SimVA magnitudes greater than the threshold value.

The strong similarity between the predicted spectra for structural isomer #4 and the experimental spectra

of (S)-(+)-epichlorohydrin can also be seen visually in the overlaid spectra (Figure 9.10). The QC predicted

Raman and ROA spectra are simulated from the Boltzmann weighted spectra of all 3 conformers of structural

isomer #4 with molecular formula C3H5ClO at the B3LYP/6-311++G(2d,2p)/PCM(CCl4) level with 532 nm

incident light and band positions scaled by 0.985, which corresponds to the x-axis scale factor that yields

the maximum SimROA value. QC predicted VA and VCD spectra of #4 were simulated from the same level

of theory and band positions scaled by 0.977, which corresponds to the x-axis scale factor that yields the

maximum SimVCD value.
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Figure 9.14: Predicted VA (left) and VCD (right) spectra of the four chiral structural isomers (#1-4) with
molecular formula CH3NO2

9.3.3 C6H10O

The main text55 summarizes the chemical names and the number of conformations of each of the 75 chiral

structural isomers with molecular formula C6H10O. The predicted VCD and ROA spectra for nine selected

structural isomers with higher similarity are displayed in Figures 11 and 12, along with the experimental

spectra of the desired compound (R)-(+)-3-methylcyclopentanone. Experimental VA and VCD spectra were

measured in CCl4 and adapted with permission from J. Phys. Chem. B. 2004, 108, 20451-20457.234 Ex-

perimental Raman and ROA spectra were measured for the neat liquid sample with ICP 90° depolarized

scattering geometry and 488 nm laser wavelength and adapted with permission from J. Phys. Chem. A. 1993,

97, 11211-11215.235

It is not practical to present the cross-correlation table for chiral structural isomers of C6H10O due to its

large size (76 rows), nor the table comparing similarity of structural isomers to the experiment for the same

reason. Therefore, I have restricted this discussion to the Sim values in Table 4 of Johnson et al.55 obtained

for 75 chiral structural isomers of C6H10O, using the experimental spectra of the desired compound, (R)-(+)-

3-methylcyclopentanone. From a comparison of these values, the following observations can be noted. (1)

Only one structural isomer #16, which happens to be the correct structure of (R)-(+)-3-methylcyclopentanone,

has similarity overlap magnitudes satisfying the reliability threshold for all Sim values (SimVA, SimVCD,

SimVDF, SimRaman, SimROA, and SimCID). (2) Structural isomer #10 has Sim values satisfying the thresh-

old for SimVCD, and SimVDF but not for SimVA. Here, it should be noted that a reasonable similarity in
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Figure 9.15: Predicted Raman (left) and ROA (right) spectra of the four chiral structural isomers (#1-4) with
molecular formula CH3NO2

VCD spectra should not be viewed with confidence unless the corresponding VA spectrum has a strong sim-

ilarity. Moreover, SimROA and SimCID values for this structural isomer are quite low, ruling out #10 as

a possible structure. This observation also indicates that ROA appears to provide better discrimination for

structural isomers of C6H10O and maybe more generally so because ROA spectra are measured and analyzed

in a wider vibrational spectral region than VCD. Importantly, it is recommended to use both ROA and VCD

spectra simultaneously for unknown structural determination. (3) Multiple structural isomers of C6H10O have

significant SimVA and SimRaman values with the experimental spectra of (R)-(+)-3-methylcyclopentanone,

emphasizing the inadequacy of VA/Raman spectra for discrimination of structural isomers of C6H10O.

The markedly low SimVCD, SimVDF, SimROA, and SimCID values for all examined structural isomers,

except for #16, provide further confidence that VOA spectra can be considered to be uniquely associated

with chiral structural isomers of C6H10O. The strong similarity between the predicted spectra for #16 and

the experimental spectra for the desired compound, (R)-(+)-3-methylcyclopentanone, can be visually seen

in the overlaid spectra in Figure 9.13. QC predicted Raman and ROA spectra were simulated from the

Boltzmann weighted spectra of both conformers of structural isomer #16 with molecular formula C6H10O at

the B3LYP/6-311++G(2d,2p) level in vacuo with 488 nm incident light and vibrational frequencies scaled by

0.976, which corresponds to the x-axis scale factor that yields the maximum SimROA value. QC predicted

VA and VCD were simulated at the same level, with PCM for CCl4 solvent, and scaled by 0.9965 which

corresponds to the x-axis scale factor that yields the maximum SimVCD value.
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9.3.4 CH3NO2

N-Hydroxyoxaziridine (also known as 1,2-oxaziridin-2-ol) was only recently detected231 in the gas phase of

subliming binary ices of methane and nitrogen dioxide through tunable vacuum ultraviolet photoionization

reflectron time-of-flight mass spectrometer.236,237 Johnson et al.55 summarizes the chemical names and the

number of conformations of each of the four chiral structural isomers with molecular formula CH3NO2. The

predicted VCD and ROA spectra corresponding to these structural isomers are displayed in Figures 14 and 15.

Without experimental VCD or ROA spectra to compare to the simulated spectra, the validity and accuracy of

the predicted VCD and ROA spectra cannot be known. However, cross-correlation of the similarities among

the predicted spectra for these structural isomers can show the level of similarity among the predicted spectra

for structural isomers of CH3NO2.

Johnson et al.55 summarizes the similarities among the predicted spectra of four chiral structural isomers

of CH3NO2 when compared to one another. Although structural isomers #1 and #4 have cross-correlation

SimVCD and SimVDF magnitudes larger than the reliability threshold, the corresponding SimVA value is

below the threshold. Also, the cross-correlation SimROA and SimCID magnitudes for structural isomers

#1 and #4 are well below the reliability threshold. It is important to note that no single pair of structural

isomers gives significant spectral similarity values for all SimVA, SimVCD, SimVDF, SimRaman, SimROA,

and SimCID parameters. Thus, VOA spectra of structural isomers of CH3NO2 can also be considered to be

uniquely characteristic of the respective structures.

Visual comparison in Figures 14 and 15 indicates that ROA spectra provide better chiral structure dis-

crimination than VCD among the structural isomers of CH3NO2, which is also reflected in Sim values. Then,

it is reasonable to suggest that when ROA spectral measurements become available for the elusive enantiomer

of N-hydroxyoxaziridine, the predicted ROA spectra for all chiral structural isomers with molecular formula

CH3NO2 are sufficiently different to allow for the assignment of its AC.

9.4 Conclusion

Examination of the predicted VOA spectra for all chiral structural isomers of C4H8O indicates that the cor-

rect structure of the desired compound, (2R,3R)-(+)-dimethyloxirane, can be readily determined just from

its molecular formula and experimental VOA spectra. The same conclusion is obtained for determining

the structure of another desired compound, (S)-(+)-epichlorohydrin, just from its molecular formula and the

experimental VOA spectra. For the desired compound, (R)-(+)-3-methylcyclopentanone, with molecular for-

mula C6H10O, only the structural isomers containing C=O double bond and/or five-membered ring structure

were considered to overcome the complexity in analysis. A comparison of the VOA spectra for the resulting

75 structural isomers is still cumbersome. It may be noted that the analysis for C6H10O would have been
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much simpler if I had excluded the heterocyclic five-membered rings, but I did not do that in the interest

of generality. Yet, the quantitative comparison of the predicted VOA spectra with experimental spectra of

(R)-(+)-3-methylcyclopentanone led to the correct structure determination. One might consider restricting

the structural isomers to those containing the C=O group or five-membered ring as a limitation of the current

approach when molecular formulae with a large number of atoms are involved. However, several methods

are now able to adequately assign, besides the molecular formula, the correct functional groups. Therefore,

with currently available methods, restricting the analysis of structural isomers to those with known functional

groups need not be viewed as a limitation.

As evidenced by the cross-correlation of spectral similarities among all chiral structures of C4H8O,

C3H5ClO, and CH3NO2, an unknown compound with known molecular formula should have uniquely iden-

tifiable VOA spectra. It is noteworthy that either similarities of VA, VCD, and VDF combination or of

Raman, ROA and CID combination alone may correctly predict the structural isomer corresponding to the

desired compound. However, one might encounter some ambiguities when only one of these two combina-

tions is utilized. Therefore, it is strongly recommended that both ROA and VCD spectra be used simultane-

ously and similarities for VA, VCD, VDF, Raman, ROA, and CID combination be used for unknown chiral

molecular structure determination. This recommendation falls in line with the suggestion of using multiple

methods51,58,141 to add further confidence to the final assessments.

The current proof-of-concept study shows that if an unknown compound with known molecular formula

can be isolated and its VOA spectra measured, the chiral molecular structure of that unknown compound

could readily be discerned. The steps involved in this approach include the measurement of experimental

VOA spectra for a desired chiral compound with known molecular formula and then predicting the VOA

spectra for all chiral structural isomers associated with that molecular formula. Similarity analysis of the

predicted VOA spectra for all possible chiral structural isomers among each other and with experimental

spectra of a desired compound can lead to the identification of a unique chiral molecular structure for the

desired compound.

A bottleneck in the current approach is the generation of all possible chiral structural isomers associated

with a given molecular formula. The available structure generator programs can be used to generate structural

isomers, but the identification of E/Z isomerism, chirality, and diastereomers need to be handled manually.

For the molecular formulae where the number of associated chiral structural isomers is less than ∼100, as may

be the case for most medium size molecules, the procedure demonstrated in this article can be applied readily.

However, for the molecular formulae representing larger size molecules, the number of chiral structural

isomers associated with such molecular formulae can become impractically large. In such cases, if the number

of chiral structural isomers can be pared down to a practical level by making use of the known information
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on functional groups, ring types and their sizes, etc., then I anticipate that the approach presented here can

be readily applied to larger size molecules. Keeping this limitation in mind, the observations reported in this

article should pave the way for a new paradigm in chiral molecular structure determination.
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CHAPTER 10

Conclusions

I have been fortunate in my years at Vanderbilt University to encounter many unique natural products and

small synthetic molecules. I have been able to undertake measurements on the chiroptical properties of

many of these compounds, including two trips to Poland for ROA measurements. I have also spent years

performing calculations on these various natural products and small synthetic molecules. The veracity of

those results depend as much upon the model and methods one utilizes as it does the complexity of the system

one is investigating. However, the computational cost should not be the deciding factor or justification in not

pursuing a particular problem. There are a wide variety of computational methods available, and even more

clever ways to tease out desired details with thoughtful design of the investigation.

The determination of the AC of inuloxin C was made possible by the concerted investigation of inuloxin

C with its acetylated derivative. Electronic circular dichroism, EDF, and ORD could not sufficiently discrimi-

nate amongst the eight diastereomers of inuloxin C, or its derivative, but the combined results clearly establish

the AC of both. This result identified a pathway for determining the ACs of chiral compounds with multiple

stereogenic centers whether relative configurations of the molecule are known or not. For inuloxin D and E,

the assignments of AC were made possible through careful analysis of chiroptical properties of acetylated

inuloxin D. ECD and ORD were used to assign two of the 4 stereocenters, while carbonyl stretching vibra-

tions were used to ascertain the AC of a third stereocenter. Utilizing the differences of VCD spectra between

epimers (see Figure 3.4) allows for the determination of the final stereocenter and the AC assignment of

acetylated inuloxin D, and, by extension, that of inuloxins D and E. This firmly established the usefulness at

examining stereochemically unaltered derivatives of compounds for investigation of their ACs. It also high-

lights the failure to directly determine the AC of two of these compounds through chiroptical methods. The

incorporation of larger basis sets, grid sizes, or anharmonicity will likely serve to improve similar calculations

in the future.

In the study on the ladderanoic acids, the AC was already established by X-ray crystallography and ORD.

My investigation of these showed not only could the AC of these ladderanes be established independently

with ROA, but that ROA (but not VCD) calculations on monomers can adequately reproduce experimental

spectra even when dimer formation is likely. This itself leads to an immense reduction in the computational

cost necessary for ROA calculations on dimer forming molecules. It will be beneficial to use VCD in a similar

manner, although in this case VCD prediction on the monomer conformations were not sufficient for repro-

ducing the experimental spectra of either ladderanoic acid. Converting the acids into methyl esters or sodium

131



salts shows some promise in simplifying not only the calculations, but also the experiments by preventing

dimerization. However, having a method of accurately predicting VCD spectra of dimer forming compounds

on monomer conformations would be useful as well, as then the compound examined needs no experimental

modifications such as esterification. To this end, I speculate that in some cases of dimer forming compounds,

the monomer conformations can be hydrogen bonded to formic acid, the simplest carboxylic acid, for QC

prediction of chiroptical properties. This would not increase the conformational space considered for the cal-

culations, and would better model the interactions at the carboxylic acid group of dimer forming compounds.

This method would likely work well with compounds such as the ladderanoic acids where the carboxylic acid

group is not near a stereogenic center or other source of chirality, but may be less useful when carboxylic

acid groups are in close proximity to a stereocenter.

Determination of the AC of an analogue of (-)-crispine A utilized ORD, ECD, and VCD. However, it is

only when the dissymmetry factor spectra (EDF and VDF) are included that one can reliably assign the AC,

establishing dissymmetry factor spectral analysis as a useful tool in diastereomer discrimination. Having this

additional tool in our toolbox provides additional spectroscopic data, and thus confidence in QC predictions of

chiroptical properties, especially in cases where we are limited to certain chiroptical methods. For example,

when ROA is not available due to the sample fluorescing, the addition of EDF and VDF data may provide

enough information to determine the AC of the compound.

Generally it is expected that when hydrogen bonding solvents are used, explicit solvent molecules or MD

simulations are necessary. However, I measured the VCD of this analogue of (-)-crispine A in deuterated

methanol and obtained useful results from QC prediction of the VCD without including explicit methanol

solvent molecules. This lead to a multi-pronged investigation of compounds in methanol solvent. For my

part in this investigation, I measured and analyzed ORD, ECD, and VCD of an analogue of (+)-crispine A in

methanol solvent, while collaborators investigated two other compounds. These compounds had known ACs

through their synthetic schemes, however I was able to show that for molecules with two or more hydroxyl

groups with favorable intramolecular hydrogen bonding, explicit solvation is not necessary to satisfactorily

reproduce VCD and ORD properties. This can lead to large reduction in computation cost through avoiding

cumbersome MD simulations, processing, and the additional solvent molecules that would typically be in-

cluded in the QC optimizations and spectral predictions. However, it is important to note that the low energy

optimized intramolecular hydrogen bonding conformations may not be the low energy conformers that exist

in hydrogen bonding solvent. In these cases, we can expect that the general skeleton of the low energy con-

formers are accurate, but the atoms participating in H bonding, and adjacent atoms, may not accurately reflect

the true low energy conformers in solution. Thus, this is a useful method for quickly establishing the AC of

a hydrogen bonding compound, but accurately gauging the conformational space of the compound would
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likely require inclusion of explicit solvent molecules. When explicit solvation is necessary for reproducing

the experimental VCD, such as with 1-indanol in DMSO, I showed that systematically adding explicit solvent

molecules to each conformation of 1-indanol allowed for good reproduction of experimental VCD. The pre-

diction of VCD appeared even better than similar predictions made utilizing MD for explicit solvation. This

is not to say that MD does not have a place in the prediction of chiroptical properties, but that in some cases

systematic placement of solvent molecules can reproduce chiroptical properties as well as or better than MD

approaches, at a significantly reduced computational cost. Ultimately this provides a fast and efficient method

for predicting chiroptical properties when explicit solvent molecules are necessary for accurate predictions.

This method also should accurately model the conformational space of the solute-solvent complex, where

additional accuracy can be obtained by including more intervals of rotation in the process of systematically

solvating the compound.

In seeking to reduce computational costs, sometimes one can overreach. The QC prediction of ROA is

outlined in section 1.3.4 and chapter 8. Some suggestions of lesser importance of the δ 2
k contribution to

ROA from QC predictions, as predominant δ 2
k had not been seen in QC predicted ROA. I identified several

ROA bands of (1S)-camphor that arose predominantly from the δ 2
k contribution. While not including the δ 2

k

contribution will generally lead to a satisfactory reproduction, in every level of theory examined for the ROA

of (1S)-camphor, the similarity between experimental and predicted ROA was larger when including the δ 2
k

term, on average by 9%. The inclusion of δ 2
k term does not significantly increase computational cost, while

it may significantly improve the similarity between experimental and QC predicted ROA spectra. Ultimately,

the results from my study on the ROA of (1S)-camphor established the δ 2
k contribution to be unavoidable for

the QC interpretation of ROA and that its inclusion can increase the similarity between predicted ROA and

corresponding experimental ROA measurements.

If feasible and timely, all QC calculations would proceed with the highest accuracy possible. However,

there are many concessions worth making at times. The most obvious is that generally quantum chemists

utilize implicit solvation formalisms to model solvent effects of non-hydrogen bonding solvents. This works

extremely well, and the inclusion of explicit solvation would likely only increase the cost of doing the cal-

culation, not its accuracy. In several of my investigations, there is a choice to be made between time and

accuracy. When I established the importance of the δ 2
k contribution to ROA with many different QC levels

of theory, I was examining a molecule with only a single conformation. While I did see significant increases

with the similarity of my predicted ROA and CID to the corresponding experimental spectra at every level of

theory examined, I can understand why someone investigating a more flexible molecule or more complicated

system may opt to reduce their computational time by ignoring the δ 2
k contribution to ROA. Their results

will be less accurate but likely still accurate enough for confident assignments of AC for a compound. In a
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similar fashion, this is why I accepted the loss of accuracy for the analogues of (-)- and (+)-crispine A by

allowing their intramolecular hydrogen bonding to account H-bonding interactions, as these compounds were

large, flexible, and had several hydrogen bonding groups. However, with 1-indanol, a small molecule with

only a few conformations and one H-bonding group, it was no problem to explicitly solvate the system to

obtain very accurate, and yet still quick, results. Similarly, for studying the ladderanoic acids, modeling the

dimer formation of compounds with such immense conformational spaces would increase the accuracy of

my results. However, considering how long it took to even perform a reduced conformational search on the

monomer units, I do not believe I would have been able to complete my study on the ladderanoic acids within

my time at Vanderbilt if I had included dimeric structures. Of course, this loss of accuracy limited my study

to ORD and ROA analyses, despite having nice experimental VCD spectra for each ladderane. I suspect that

utilizing a formic acid cap on dimer forming structures such as the ladderanoic acids would better model the

system than just examining monomer conformations, and allow for VCD analysis, although likely still with

some loss of accuracy or discrepancies. Luckily, some loss of accuracy in QC predictions is acceptable. As-

suming one can correctly identify the chemical formula of a compound, which can readily be accomplished

with routine methods such as mass spectrometry, then the vibrational optical activity spectra can be expected

to uniquely identify the compound amongst all other compounds with the same chemical formula as I estab-

lished in chapter 9 with my work on chiral molecular structure determination for a desired compound just

from its molecular formula and VOA spectra.55 The inclusion of ratio spectra (EDF, VDF, CID) allows for

better discrimination amongst diastereomers while increasing the confidence in the assessments made. All

of these findings come together to allow for quick and accurate determination of a compound, its absolute

configuration, and often additional structural information.

While these methods are widely applicable to many areas, the pharmaceutical industry would benefit

greatly from applying these practices in the process of drug screening and synthesis. For example, if we

imagine that a drug company is interested in a hypothetical oily compound that they recently isolated and

exhibited anti-tumor properties. This hypothetical compound contains four hydroxyl groups and is soluble

in only methanol. After rudimentary analysis, such as mass spectrometry or NMR, the scientists working

for this drug company might be able to determine the structure of the compound, except the configuration at

each of the stereocenters. Suppose there are five stereocenters, then that will result in 16 non-enantiomeric

diastereomers to investigate. ECD measurements can be carried out and ECD spectral predictions made for

each diastereomer. In this hypothetical situation, even though there are four hydroxyl groups in this com-

pound, they are in close proximity to each other and explicit solvation for calculations was not modeled.57,162

Suppose the ECD data alone rules out only two of the diastereomers from low similarity. By extending ECD

analysis to include EDF, which does not require additional computational time, suppose eight diastereomers
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and their enantiomers are eliminated as possible contenders for the correct compound.126 At this point, the

diastereomers with the largest similarity to the experimental ECD and EDF are the most likely configurations

for the AC. If there is only a couple with large similarity with ECD and EDF, it may be worthwhile for the syn-

thetic chemist to attempt synthesizing these diastereomers for direct experimental comparisons of ECD and

EDF. Suppose, however, that eight remaining diastereomers share similar levels of spectral similarity overlap

with the experimental ECD and EDF, then further analysis may be a more efficient route at determining the

AC of the compound. There are several options which can be considered. The compound can be altered, such

as through acetylation or esterification; if the alteration leaves the compound unaltered stereochemically, then

ECD and EDF analysis of this derivative and the original compound can be combined to reduce the number of

diastereomers that are possible contenders for the AC, as in the cases of acetylated inuloxin C and acetylated

inuloxin D.56,58 Besides utilizing stereochemically unaltered derivatives for this investigation, the scientists

could instead use the difference spectra of epimers to gain insight to the AC or configuration at a particular

stereocenter, as in the case of acetylated inuloxin D.56 While ECD spectroscopy is more commonly used in

general, by using vibrational optical activity instead of or in conjunction with ECD, the diastereomer with the

correct AC might be uniquely identified.55 Seemingly, the scientists could likely use only VCD or ROA along

with their corresponding ratio spectrum to determine the AC of the compound,55 although in academic re-

search the use of multiple chiroptical methods is recommended for confidence.55,56,85 Suppose the synthetic

chemist is able to successfully synthesize the expected diastereomer (or few most likely diastereomers), then

direct experimental comparison of whichever chiroptical properties measured can also provide confidence

in the assignment of AC. Utilizing some, all, or even just one of these techniques will reduce the work the

synthetic chemist must do to unambiguously determine the configuration of this or any compound of interest.

Computational investigation on even small chiral molecules is not always as straightforward as predict-

ing chiroptical spectra and comparing them to the corresponding experimental spectra. There are limits to

computational methods. These limits will depend on the properties or information that is desired as well as

the system of interest. Orbital free DFT was used in 2009 to calculate the energy of over one million atoms

in only 5 hours245 and linear scaling DFT was used to calculate the energy of over two million atoms in

2010 in just under 2 hours.246 However in each of these cases, the energy calculations were done on bulk

matter of a single element, which is not particularly interesting to the chemist. The latter calculation also

required over 4000 cores to compute so quickly. While these computations demonstrate that modified DFT

can be scaled up significantly for bulk calculations, I imagine that parallel communication between the cores

becomes a bottleneck for these types of calculations as they scale up further. A more intriguing calculation

is the QC energy optimization of a large carbohydrate formed from 26 D-glucose residues and containing

546 atoms which showed great reproduction of the X-ray crystal structure.247 Schnupf et al. were able to
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perform such a large optimization by utilizing a smaller basis set for less-essential atom interactions while

maintaining a larger basis set for critical aspects of the calculation. However, if chemically accurate calcula-

tions of chiroptical properties are desired, using this reduced basis set method will likely be insufficient for

reproducing experimental data, especially for a compound with over one hundred stereocenters. The largest

compound I have investigated is [3]-ladderanoic acid with 54 atoms. While larger compounds can be used

for prediction of chiroptical properties, the limit comes down to two predominant factors, the number of

stereogenic elements and flexibility of the compound. Since a compound with n stereocenters will have up

to 1
2 ∗2n diastereomers worth investigating, compounds with more stereocenters become exponentially more

challenging. Flexible compounds lead to larger conformational spaces. The computational time needed for

predicting chiroptical properties increases roughly proportionally with the amount of conformers examined.

To this end, I expect that compounds with approximately 250 atoms are the extent to which meaningful and

accurate QC predictions of chiroptical properties can be carried out currently. Particularly contrived com-

pounds or systems could have twice as many atoms incorporated in the successful prediction of chiroptical

properties. There is no doubt that computational power will continue to grow. The models used in the pre-

diction of chiroptical properties will continue to be improved. Clever methods for reducing the complexity

of the system will continue to emerge. The prediction of chiroptical properties will ultimately be limited

by the conformational space of a system, the number of sources of chirality a system contains, the accuracy

desired, and the time one can or is willing to spend. It is my dream to one day see accurate QC predictions of

chiroptical properties on systems with thousands of atoms like whole proteins.
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