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Abstract

Cyclic peptides are a class of molecules that has shown antimicrobial poten-
tial. These are complex compounds to investigate with their large confor-
mational space and multiple chiral centers. A technique that can be used
to investigate both conformational preferences and absolute configuration
(AC) is vibrational circular dichroism (VCD). To extract information from
the experimental VCD spectra a comparison with calculated spectra is often
needed and this is the focus of this thesis: the calculation of VCD spectra.

The VCD spectra are very sensitive to small structural changes, and
to accurately calculate the spectra, all important conformers need to be
identified. The first part of this thesis has been to establish a reliable
computational protocol using meta-dynamics to sample the conformational
space and ab initio methods to calculate the spectra for cyclic peptides.

Using our protocol, we have investigated if VCD alone can determine
the AC of cyclic tetra- and hexapeptides. We show that it is possible to
determine the AC of the cyclic peptides with two chiral centers while for the
peptides with three and four chiral centers, VCD is at best able to reduce
the number of possible ACs and further investigation with other techniques
is needed.

Further, we investigated four cyclic hexapeptides with antimicrobial po-
tential. These peptides, in contrast to the ones used for validating the pro-
tocol, consist of several amino acids with long and positively charged side
chains. For these peptides, a molecular dynamics based approach provided
VCD spectra in better agreement with experiment than our protocol. Rea-
sons for this may be the lack of atomistic detail in the solvent model used
during the conformational search and insufficient description of dispersion
interactions during the meta-dynamics simulation.
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The following abbreviations are used in the text. They are all defined in

the text, but this list allows for easy reference.

CC

CI
CVs
DFT
DFTB
ECD
ECP
FWHM
GBSA
GC
GGA
GTOs
IR

KS
LDA
LJ
MD
MM
MP2
MP4
MTD
NMR
PCM
PES
PWs
QM
QM/MM
RMSD
ROA
SAS

coupled cluster

Configuration interaction

collective variables
density-functional theory

density functional based tight-binding
electronic circular dichroism
effective core potential

full width at half maximum
generalized Born with surface area
generic Z-matrix crossing
generalized gradient approximation
Gaussian type orbitals

infrared

Kohn—Sham

local density approximation
Lennard—-Jones

molecular dynamics

molecular mechanics
Mgller-Plesset 2nd order
Mgller-Plesset 4th order
meta-dynamics

nuclear magnetic resonance
polarizable continuum model
potential energy surface

plane waves

quantum mechanics

quantum mechanics / molecular mechanics
root-mean square deviation
Raman optical activity

surface accessible surface
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SCF
SCRF
SES
STOs
VCD
XC
vdW
7ZPVC

self-consistent field
self-consistent reaction field
surface excluded surface

Slater type orbitals

vibrational circular dichroism
exchange-correlation

van der Waals

zero-point vibrational correction



Introduction

Spectroscopy is the study of how light interacts with matter and concerns
phenomena such as absorption, emission and scattering of light by matter.
In chemistry, spectroscopy is used to extract information about a molecular
system such as what elements are present, the structure of the molecule
and intermolecular interactions within the molecule. One widely used type
of spectroscopy is Infrared (IR) spectroscopy. While other types of spec-
troscopies, such as nuclear magnetic resonance (NMR) and different types
of X-ray spectroscopy detect individual atoms specifically, IR can identify
bonds present in a molecule and is ideal for detecting functional groups in

organic molecules and peptides.
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Figure 1. Illustration of the vibrational states of a molecule with a har-
monic and exact potential. Ry is the equilibrium geometry and n = 0
enumerates the vibrational states belonging to the electronic ground state.

Even at 0K, molecules are not rigid. Bonds and angles between atoms
in the molecule oscillate and these oscillations are termed molecular vibra-
tions . A molecule can be in different vibrational states and following the
laws of quantum mechanics (QM) the energy of these states is quantified



where the lowest energy state is called the ground vibrational state, shown
as n = 0 in Figure 1. In IR spectroscopy the light shined on the sample
results in vibrational excitations in the molecule, moving from n = 0 to
n =1 (or higher) in Figure 1, IR is also called vibrational spectroscopy.
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Figure 2. Illustration of absorption of light in IR spectroscopy. Ip(v) and
I(v) are the intensity of the incoming and transmitted light, respectively,
with frequency v.

IR spectroscopy measures the absorption of light due to vibrational exi-
tations. Light with a given intensity, I, at a given frequency or wavenumber,
v, is shined on the sample; some of the light is absorbed and induces vi-
brations in the sample. The transmitted light is measured as illustrated in
Figure 2. The IR spectrometer measures the transmitted light over a range
of different frequencies and the generated IR spectrum is the absorption as
a function of the frequencies, as shown in Figure 3 where the absorption,

A(v), is calculated as

Alw) = ~logy . (1)

Molecules are either chiral or achiral. An achiral molecule is identical

to its mirror image. Chiral molecules, on the other hand, are not identical
to their mirror image (Figure 4). A molecule can be defined as chiral if its
mirror image cannot be superimposed on itself . A typical chiral molecule
has a carbon as the chiral center surrounded by four different side groups as
alanine, shown in Figure 4. The two forms of alanine have identical bond
lengths and angles but they cannot be superimposed on each other. The two
forms are enantiomers and the chiral center can be specified by the letter
R for rectus (right) or S for sinister (left) according to the Cahn-Ingold-
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Figure 3. Calculated IR spectrum of of Alanine in vacuum. The spectrum
is calculated using the computational protocol validated in Paper I using
CREST ™ for the conformational search and B3LYP " /6-31+G*">'" for
energies, geometry optimizations and spectral properties.
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Figure 4. Both enantiomers of Alanine: the one with R configuration to
the left and the one with S configuration to the right.

Prelog system ' ~. To determine the absolute configuration is to determine
the spatial arrangement of the atoms of a chiral molecular entity (or group)
and its stereochemical description e.g. R or S.'” There are other systems
to classify the chiral center, such as the method using L and D suggested
by Fischer.'" The latter approach is commonly used for amino acids, sugars
and peptides, but is less general than the R and S system that will be used
throughout this thesis.

Although chiral molecules may have different functions in a biologi-
cal system, they share most of their physical properties, including melt-
ing points, molecular weights and bond angles and distances. Since IR
spectroscopy gives information about bond lengths and bond angles, two
enantiomers with the same bond lengths, bond angles and dihedral angles
have an identical IR spectrum. Hence, other types of spectroscopies have



to be used to distinguish two enantiomers.

By letting the linearly polarized light (Figure 5a) used for IR pass
through an optical device, the light can be converted into circular polar-
ized light. Circularly polarized light exists in two forms: left circularly
polarized light (Figure 5b) and right circularly polarized light (Figure 5c¢).
While linearly polarized light waves oscillates sinusoidally in a plane con-
taining the propagation direction, the circularly polarized light waves rotate
helically about the propagation direction as illustrated in Figure 5.

(a) Linearly polarized (b) Left circularly polar- (c) Right circularly polar-

light. ized light as defined from ized light as defined from
the point of view of the re- the point of view of the re-
ceiver. ceiver.

Figure 5. Illustrations of linearly and left- and right-circularly polar-
ized light. The illustration of linearly polarized light is from Chattopad-
hyay and Bharti ~ while the circularly polarized light illustrations are from
Wikipedia: Circular Polarization

Absorption, or scattering, of circularly polarized light can be measured
and the corresponding spectroscopies are called vibrational optical activ-
ity (VOA). VOA can broadly be defined as the difference in interaction
between left and right circularly polarized light with a molecular assem-
bly undergoing vibrational transitions“. The chiroptical analogue of IR is
named vibrational circular dichroism (VCD). Another type of VOA is Ra-
man Optical Activity (ROA). ROA measures the scattering of circularly
polarized light and is a complementary technique to VCD. In a sample con-
sisting of randomly organized achiral molecules, the interaction with left or
right circularly polarized light will be the same. If a sample consists of ran-
domly organized chiral molecules, on the other hand, the interaction with
left or right circularly polarized light will differ. Hence, VOA can be used to
distinguish between enantiomers. In the papers included in this thesis, the
only VOA method used is VCD. But, ROA is pointed out as a reasonable
choice for further investigation of the compounds.



IR measures the absorption of linearly polarized light as

A= (A +AR) 2)

while VCD measures the difference in absorption of left circularly polarized
light (Az) and right circularly polarized light (Ar) as

AA=A; — Ap. (3)

The resulting VCD spectrum is obtained by measuring the difference in ab-
sorption over a range of frequencies. For two enantiomers, the difference in
absorbance is equal in magnitude at each light frequency but with opposite
sign. Hence, the VCD spectra of two enantiomers are mirror images of each
other as shown in Figure 6. The frequency range measured depends on the
detector, but in general it is possible to measure VCD from approximately
600 cm ™! to 14 000 cm ™!, while the fundamental vibrations, defined in Sec-
tion 3.2, are in the frequency range up to 4000 cm™'.” In this thesis, cyclic
peptides are investigated and information about the C=0O stretches in the
amide I region (1800-1600 cm™!)'", the N-H bending and C-N stretching
in the amide II region (1600-1480 cm~1)'" and more complex backbone

and side group vibrations in the amide III region (1350-1250 cm™!)'" are

considered.
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Figure 6. Calculated VCD spectra of R (red) and S (purple) Alanine
in vacuum. The spectra are calculated using the computational protocol
validated in Paper I using CREST " for the conformational search and
B3LYP " /6-31+G* "'V for energies, geometry optimizations and spectral
properties.



As seen from Figure 6 the sign of the bands is unique for the chiral
element and for distinguishing the enantiomers. However, it is not possible
to connect the sign of the VCD absorption a priori to one of the two enan-
tiomers. To extract such information from the measured spectra a compar-
ison with spectra simulated with electronic structure methods is important
and this is the focus of this thesis: the simulation of VCD spectra.

Cyclic oligopeptides are a class of molecules that has shown potential
as next-generation antibiotics and these are the class of compounds inves-
tigated in the papers included in this thesis. While alanine has one chiral
atom, cyclic oligopeptides consist of several amino acids, with the possibil-
ity of multiple chiral centers. The flexibility of cyclic oligopeptides further
complicates the simulation of their spectra. While IR spectroscopy measures
the absorbance and the scattering intensity, VCD measures the difference in
absorbance which makes VCD much more sensitive to molecular structure
than its parent method.

These small changes in geometry are usually referred to as confor-
mational changes. Conformations are the three-dimensional structures a
molecule can adopt. Traditionally, conformations of a molecule are defined
as those arrangements of the atoms in space that can be interconverted
by only rotation of single bonds. © Since small distortions in bond lengths
and bond angles often accompany conformational changes, the traditional
definition is relaxed to also include these distortions. The set of possible
conformers of a molecule is called its conformational space.

In Figure 7 two different conformers of Cyclo(Boc-Cys-Pro-Gly-Cys-
OMe) investigated in Paper I and Paper II are shown and in Figure 8 their
corresponding IR and VCD spectra are shown. Although the differences in
geometry are rather large between the two conformers, the differences in
their IR spectra are small. The differences in the VCD spectra, on the
other hand, are quite large. Not only the intensity of the bands differ, but
also the signs. This has two consequences relevant for the work done in this
thesis: first, to extract information about the chiral elements, the simulated
spectra needs to be based on the relevant conformers present in the sample.
Hence, the preferred conformations have to be identified. The other con-
sequence is that if the conformers are needed to predict the spectra, also
information about the conformers of the molecule can be extracted from the

spectrum.



(a) Flat conformer. (b) U-shaped conformer

Figure 7. Two different conformers of Cyclo(Boc-Cys-Pro-Gly-Cys-OMe)
where all chiral elements have the same configuration. The illustrations
are made with data from Paper I.
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Figure 8. Calculated IR and VCD spectra of the two different conformers
of Cyclo(Boc-Cys-Pro-Gly-Cys-OMe) shown in Figure 7. All chiral ele-
ments have the same configuration for the two conformers. The spectra
are simulated with data used in Paper I.

Although VCD has been widely used to investigate flexible molecules in
recent years '’ ', there is a need for a more systematic approach to sample
the conformational space and for robust approaches to simulate the spectra
of flexible molecules with multiple chiral centres. The aim of this thesis is
to establish a reliable protocol to calculate VCD spectra of flexible cyclic
oligopeptides and then use the protocol in combination with experimental
available data to extract information about cyclic peptides such as their
absolute configuration and information about their preferred conformations.
Most of the work has been focused on establishing a reliable approach to



explore the conformational space and ensure that the relevant conformers
are included in the simulated spectra.

To serve as a background to the methods used in the papers, the follow-
ing chapters are written with the hope that they will be useful for a student
entering the field of VOA. Some basic knowledge of spectroscopy and quan-
tum mechanics is assumed and the chapters are written to fit the knowledge
level of a student starting their master studies. The order of the chapters is
such that it is structured in the same way as the pipeline to simulate VCD
spectra: First, approaches to sample the conformational space are presented
in Chapter 1, then an introduction to electronic structure theory used to
predict accurate geometries and energies is given in Chapter 2, followed
by the theory needed to simulate VCD spectra using electronic structure
methods, summarized in Chapter 3. In Chapter 4 a summary of the work is
given together with a perspective on possible directions on future research.



Chapter 1

Conformational Search

There are different methods available to sample the conformational space
and among them we find systematic searches® ', molecular dynamics
(MD) '© and meta-dynamics (MTD)"". For small molecules with only a
few non-rigid dihedral angles, a systematic scan changing these variables
can be a straightforward task. But for larger systems, with hundreds of
dihedral angles, like the cyclic peptides investigated in the papers included
in this thesis, it is a time consuming and error-prone task and it is common
to simulate the system over time and analyse the changes that occur, e.g.
with MD and MTD.

To run a MD or MTD simulation, a description of the particles and the
interactions between them is needed. This can be done by molecular me-
chanics (MM), semi-empirical methods or quantum mechanics (QM). In MM
the smallest particle is the atoms while in QM methods it is the electrons
and nuclei. Hence, for a given molecular system, MM is a computationally
much cheaper method than QM but also, in general, less accurate since
it ignores the electrons. Semi-empirical methods are in between MM and
QM, both when it comes to computational cost and, in general, accuracy.
In Paper III, the MD simulations are performed with the computation-
ally cheaper MM and the first section in this chapter is devoted to MM
before it is shown how Newton’s laws of motion can be used to simulate
a molecular system over time, first with MD and then with MTD. The
MTD simulations performed in the papers included in this thesis uses a
tight-binding DFT method to describe the molecular system. To give the
general outline of MD and MTD, the description of the molecular system
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itself is not necessary and in this chapter MTD is presented (Section 1.3),
while details about tight-binding DFT are given in the next chapter (Sec-
tion 2.3.3.3). The MTD simulations in the papers included in this thesis are
performed with the conformer-rotamer ensemble sampling tool (CREST).
Details about CREST are given in the last section of this chapter.

1.1 Molecular mechanics

In molecular mechanics, the electronic motion is ignored and the energy is
described by functions of the nuclear coordinates and parameters such as
bond lengths, bond angles and charges. By ignoring the electrons and only
taking the parameterized atoms into account, properties depending on the
electron density of a molecule, such as ECD and NMR, cannot be provided.
However, molecular mechanics is an acceptable compromise between com-
putational cost and accuracy to do calculations on systems of thousands
atoms and for sampling large ensembles of conformers.

The explicit expression for the energy in MM is given by a so-called force
field. The force field consists of an algorithm and a collection of necessary
parameters to calculate the energy. The force field algorithm is written as
the sum of different energy terms and all force fields have at least three
bonded energy terms; bond stretching, angle bending and dihedral angles,
and two non-bonded terms; electrostatics and van der Waals interactions:

E = Ebond + Eangle + Edihedral + Eel + EvdVV . (11)
%/_/
Bonded Non-bonded

Some common force fields are AMBER “/, CHARMM " and OPLS, "'~
which are all developed with the aim of studying biomolecular systems.
Different force fields might differ in both their description of the energy
terms in Equation 1.1 and how they are parameterized. In Paper III the
RSFF1”" and the OPLS-AA/L"" force fields are used and these are chosen
as examples in this section. In the following, the functional description
of each energy term is presented and different approaches to obtain the
parameters are given.

The simplest way to model the bond stretching term and the angle

bending is to use the harmonic potential and they are given as
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1
Epond = Y She(R— Ro)? (1.2)
bonds
Eangle = Z k@ 0 — 6p)* (1.3)
angles

where k; and ky are the force constants, R and 6 are the bond lengths and
angles and Ry and 6y are the equilibrium bond lengths and angles. The
harmonic approximation is simple and only valid for small displacements.
To also be able to describe large displacements, the Morse potential can al-
ternatively be used. However, in many force field and in both OPLS-AA /L
and RSFF1, the harmonic approximation is used because it is computation-
ally more efficient and most displacements in bond lengths and angles in
molecules are small from the equilibrium geometry at room temperature.

Since a rather large amount of energy is needed to create displacements
in bond lengths and angles, most of the variation in structure and relative
energies are due to the interactions between the dihedral angles and the
non-bonded interactions. '© The rotation of a bond can lead to rather large
displacement from the equilibrium geometry and using harmonic potentials
as for bond lengths and angles is not a good choice. Another consideration
that has to be taken into account is the periodicity of the angle, i.e. that
when a bond is rotated 360° the energy should return to the same value.
To account for this, dihedral angles are in most cases written as cosine series
expansions, and one functional form is

Edinedral = Y Z V + cos(nw — )] (1.4)
dihedrals n= 0

where V,, is the rotational barrier with periodicity @, w is the dihedral
angle, and ~y is the phase factor. In both OPLS-AA /L and RSFF1, variants
of Equation 1.4 are used. The number of terms included depends on the
type of dihedral that is modeled. In the case of ethylene, the periodicity
has to be 180° and this can be modeled by N=2 where V; and V; are zero.

The electrostatic energy between nuclei J and I is usually modeled by
the Coulomb expression



12 CHAPTER 1. CONFORMATIONAL SEARCH

q14J
eRry

Eel =
I<J

(1.5)

where q; and ¢; are the partial atomic charge on nuclei I and J, Ry is
the distance between nuclei I and J, and ¢ the effective dielectric constant.
The partial atomic charge is restricted to the nuclear center and gives the
possibility of unequal distribution of the charge in a molecule. In both
OPLS-AA/L and RSFF1 the a-carbon in an amino acid has a partial charge
of 0.14 while the g-carbon has a partial charge of -0.15. The electrostatic
contribution is included for all pairs of atoms separated by three or more
bonds. The interaction between atoms that are closer, atoms one and two
bonds apart, is already included in Epong and Eapgle. In the case where
atoms are three bonds apart, the particular Fq term is scaled by a factor
of 0.5 while interactions between atom pairs further apart are not scaled.

The van der Waals interactions are usually modeled by the Lennard-
Jones potential:

orr\ " ory\°
Braw = 46; [(RIJ) <R1J> ] (1.6)
where o7; is the collision parameter and €7y is the depth of the minimum,
written as: o7y = \/or7075 and €75 = (/erregy. As for the electrostatic
contribution, only interactions between atoms separated by three bonds or
more are included and interactions involving atoms three bonds apart are
scaled.

The parameters for the bond lengths, the angles and the dihedral angles
are usually derived from electronic structure methods. This is also the case
for the non-bonded electrostatic interactions where a common approach is
to fit them to the electrostatic potential derived from the electronic wave
function.”” The van der Waals interactions on the other hand, is demand-
ing to calculate with electronic structure methods. These parameters are
therefore usually determined by fitting to experimental data. The OPLS-
AA/L van der Waals parameters are derived by running a number of Monte
Carlo simulations and fit them to experimental data on heat of vaporization,
molecular volume and C—C radial distribution functions.

The difference between OPLS/AA-L and RSFF1 are the parameters
used for the dihedrals. RSFF1 is developed for proteins and the dihe-
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dral parameters for the backbone and the side chains are, in contrast to
OPLS/AA-L, residue-specific.”" These residue-specific parameters are ob-
tained by fitting each residue to data from the protein coil library”® as
described by Jiang, Zhou and Wu

Not only is the type of element important in the parameterization, also
the environment has to be taken into account. Both the neighbouring atoms
and the type of molecule the atom is in might influence the parameteriztion.
As mention above, in OPLS-AA /L and RSFF1"", the a- and the S-carbon
have different partial charge. Most force fields have a range of different
atomtypes for each atom: OPLS has in total more than 800 different atom-
types parameterized, mainly different atomtypes of C, H, O and N but also
the halogens, alkali metals and some other elements are available.”
With classical approaches to calculate the energies and the forces in place,
the next chapters describes how this can be used to investigate how the

molecular system evolves in time.

1.2 Molecular dynamics

The basic idea behind MD simulations is to propagate a representative
system over time. In molecular systems, nuclei are heavy enough to be clas-
sically described and their movement can be described by Newton’s second
law. Newton’s second law says that the acceleration a; on atom I with the

mass my along direction x; experiencing a force F; can be written as

Px;_ Fr
dt2 - mr

aj = (1.7)

where ay, x; and F; are vectors containing x-, y- and z-components. Thus,
the change in position of the atoms (x7) can be calculated by integrating the
force F; over time. In a realistic model of a system consisting of many atoms,
the force acting on each atom will change whenever the atoms position is
changed or when any other atom it interacts with changes position. This
gives rise to the many-body problem and Equation 1.7 cannot be solved
analytically. '® A common approach is therefore to use numerical integration
with a finite time step At. There are many algorithms for solving the
equation of motion with a finite time step. The algorithm most widely used
to solve the equation of motion is the Verlet algorithm where the position
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x(t) and the acceleration a(t) at time ¢ is used together with the position
at the previous time step x(¢t — At) to calculate the next position x(t + At)
as

x(t + At) = 2x(t) — x(t — At) + At?a(t). (1.8)

The Verlet algorithm is straightforward to implement and only a modest
use of memory is needed. “*” The next position is determined by the current
position. Hence, it is not a self-starting algorithm and other approaches has
to be used for the very first step.”” Another drawback is that the velocities
are not explicitly given. Many MD simulations are performed with constant
temperature and since the temperature is related to the kinetic energy,
which again is related to the velocities, a common approach to control the
temperature is to scale the velocities of each particle at each step.

There are several versions of the Verlet algorithm or related algorithms
such as the velocity Verlet algorithm, the leap-frog algorithm and Beeman’s
algorithm. '® The leap-frog uses the following relationships

x@+A®:x@+wU+%AOAt (1.9)

v@+Aﬂ:v@—%Aﬂ+a@At (1.10)

In contrast to the Verlet algorithm, the leap-frog algorithm gives the
velocities explicitly. The downside of the leap-frog algorithm is that the
position and velocity is not given at the same time: the positions are calcu-
lated at ¢, t + At, t +2At, etc., while the velocities are calculated at ¢+ %At,
t+ %At, t+ %At ete. As a result, the kinetic energy contribution, which
depends on the velocities, and the potential energy, which depends on the
positions, cannot be determined at the same time. In Paper III leap-frog
as implemented in the GROMACS MD software™" is the time propagation
algorithm used.

Another important aspect of a MD simulation is the time step. The
time step is determined by the fastest process in the system. Rotation and
vibration in a molecule typically have a frequency in the range 3-3300 cm ™!
which correspond to a time step in the order of femtoseconds or less.”” To

sample the conformational space for cyclic peptides in Paper III, a total
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simulation time of 1 us is needed. Using a time step of 1 femtosecond for
this simulation requires 10° steps. The vibrations are faster processes than
the rotations and the vibrations involving hydrogen are typically the fastest
ones. Since these vibrations have little impact on many properties, a com-
mon approach to save computational time is to fix bonds lengths involving
hydrogen. Depending on the algorithm used to solve the equation of mo-
tion, different constraint algorithms are available, SHAKE "~ (Verlet) and
LINCS  (leap-frog) are two example and in Paper ITI LINCS is used. En-
forcing the bond length constraints typically allows for 2 or 3 times longer
time steps and in Paper III a time step of 2 femtoseconds is used which
reduses the computational effort by one half compared wit using 1 femtosec-
ond.

1.3 Meta-dynamics

In this work, MD is used as a tool to find all relevant conformers. For the
result of the MD simulation to be meaningful, the simulation time has to be
long enough to visit all energetically relevant configurations. In practice this
is not always possible. One frequent problem is when two relevant config-
urations are separated by a high energy barrier and the transition between
the two states only takes place when some rare fluctuation of the system
occurs. In such case, a long simulation time is needed to ensure that this
rare state is reached. In other words, it is computationally demanding. An
approach developed to overcome the high energy barriers without increas-
ing the simulation time is meta-dynamics (MTD)". In the papers included
in this thesis, MTD as implemented in CREST *” is used and serves as an
example in the following.

As in MD, MTD uses Newtons equation of motion to calculate forces to
change the position of the atoms for a given time step. But, in contrast to a
MD simulation, a MTD simulation "remembers" the configurations visited
on the PES and 'fills" the PES such that the system is discouraged to
revisit those configurations (Figure 1.1). This "filling" is done by adding a
history-dependent bias potential (or a force) that acts on selected degrees of
freedom referred to as collective variables (CVs). " By introducing the bias
potential, the sampling of rare events to overcome high energy barriers by
pushing the system away from a local minimum are accelerated. In CREST
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Simulation time

| /\' A \\ N //
\ Y v

Reaction coordinate Reaction coordinate Reaction coordinate

Energy
Energy
Energy

Figure 1.1. Ilustration of a MTD simulation for a one-dimensional po-
tential energy surface and how the bias potential is "filling" the potential
energy surface to avoid revisiting of previous configurations. The figure is
inspired by those by Grimme" and Barducci, Bonomi and Parrinello

the bias potential is given as

n
A2
Epias = »_ ke * (1.11)
=1

where n is the number of reference structures, k; is a positive constant
discouraging the system to return to previous points, a the parameter that
determines the width of the bias potential and A; the CVs.

A critical point of the MTD is the choice of CV, which is in many cases
not straightforward to identify. However, some guidelines exist: first, the
CVs should distinguish between the initial and final state and describe all
relevant intermediates. Secondly, the CVs should include all slow modes of
the system, the variables defined as slow are those that cannot be sampled
satisfactorily within the timescale of the simulation. Lastly, there should be
a limited number of CVs.

Frequently used CVs are among others bond lengths, angles and dihedral
angles, dipole moment and the number of hydrogen bonds.” In CREST,
the root-mean square deviation (RMSD) of atomic Cartesian coordinates is

used and the CVs are given as

N
1
A=\ 5 (R~ R (1.12)
J=1
where N is the number of atoms, R is the component of Cartesian space
vector of atom J and erf is the corresponding atom J in the reference

structure. In some cases, N does not run over all atoms in the system.
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When investigating a catalyzed chemical reactions, excluding the atoms
in the catalyst from the RMSD would help by only pushing the starting
configuration of the substrate towards the product.*

In addition to running several MTD simulations, CREST runs MD sim-
ulations and compare the conformers in the MTD and MD ensembles. In
the next section, more details about CREST is given.

1.4 Conformer-Rotamer Ensemble Sampling Tool

In the papers included in this thesis, the MTD simulations are performed
using the conformer-rotamer ensemble sampling tool (CREST). The aim
of CREST is to set up an automated routine that can be used as an ex-
ploratory and screening tool for systems containing hundreds of atoms.”
This routine, illustrated in Figure 1.2, includes three different methods to
sample conformers; MTD sampling, MD sampling and a generic Z-matrix
crossing (GC) procedure.

x 12 X6
Different bias potential Energetically favored conformers
A A
[ | |
MTD MD GC
Overcome large energy barriers Include also rotamers Complete the ensemble

Reaction coordinate

Temporary conformer and rotamer

Yes ensemble.

New energetically favored conformer?

No

[ Very tight geometry optimization. }

Determine unique conformers.

Final, energy ranked conformer and
rotamer ensemble

Figure 1.2. Illustration of the automated CREST routine.
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In CREST, both a classical force field and a tight-binding DFT method
are available for calculating the forces for the MTD and MD part. In the
papers included in this thesis, the tight-binding DFT method (Section 2.4)
is used for calculations performed with CREST. The CREST routine starts
with 12 MTD simulations with different bias potentials before a MD simula-
tion around the 6 MTD conformers lowest in energy is done. To help further
complete the conformer ensemble, the GC procedure, illustrated in Figure
1.3, is included. This procedure is particularly useful for larger molecules
with many weakly coupled rotatable functional groups, e.g. alkyl chains.
This algorithm uses internal coordinates (Z-matrix, R) and includes new
structures according to

Rnew - Rref + (Rz - Rj) (113)

where Ryew is the energetically lowest-lying conformer and (R; — R;) is
the pairwise structural difference between conformers i and j. In this way,
structural differences like a methyl rotation or flipping of a proline ring
can be added to a reference structure and new rotamers and/or conformers

Difference
Ri-R
)

added to the final conformer ensemble.

o
Difference
Difference Ri-Ri
Ri-R;

Conformer Reference conformer
Conformer j +
(Ri—Ry)

New conformer

Figure 1.3. Illustration of how the generic z-matrix crossing compares
two and two conformers, i and j, in the ensemble and add the difference
between every two conformers to a reference conformer to create a new
conformer.

The whole MTD, MD and GC procedure is done at least twice and
up to five times in the case where either the MD or the GC finds a new
conformer lower in energy than the one in the ensemble found with MTD.
The final energy ranked ensemble serves as a starting point for more accurate
calculations discussed in Chapter 2 and 3.



Chapter 2

Electronic structure theory

In the first chapter, the molecular system was described by molecular me-
chanics and it was shown how this simple description was useful in MD sim-
ulations to find relevant conformers. But, MM does not explicitly describe
the electrons, which is needed to accurately calculate geometries, energies,
IR and VCD properties. In this chapter, methods to describe molecular sys-
tems, including electrons, by solving the equation of quantum mechanics,
are described.

In the first section, the non-relativistic and time-independent version of
the Schrédinger equation is presented and it is shown how this equation gives
rise to the potential energy surface (PES) by using the Born-Oppenheimer
approximation. Thereafter the Hartree-Fock approximation is discussed
before turning to density functional theory (DFT), tight-binding density
functional theory (DFTB), basis sets and solvent modeling. The last section
of this chapter is devoted to geometry optimizations.

2.1 The time-independent Schrodinger equation

The energy F of a system can be determined by solving the eigenvalue prob-
lem stated by the Schrodinger equation. In this thesis, the non-relativistic
and time-independent Schrédinger equation is used,

HYU = EU (2.1)

19
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where the Hamiltonian consist of a kinetic part, T, and a potential part V.
For a molecule, the kinetic part can be divided in a kinetic operator for the
electrons, 7., and one for the nuclei, 7. The potential energy operator can
be represented by a term describing the electron-electron repulsion, Vee, the
electron-nuclei attraction, ‘7en and the nuclear-nuclear repulsion, Vnn and
the total Hamiltonian of a molecular system can thus be written as

H=T+V=Ty+T.+ Ve + Von + Van. (2.2)

In addition to work with the time independent version of the Schrédinger
equation and not including relativistic effects, the nuclei are treated as point
charges and the two kinetic contributions are given as

. "1
T.=-Y §v§ (2.3)
=1
. Yoo,
Tn=->) TMIVI (2.4)

I=1
with n number of electrons, N number of nucleus, M; the mass of nuclei
I, and the Laplacian operators V7 and V% are the second derivatives with
respect to the coordinates of the ith electron and the Ith nucleus.

The potential parts of the Hamiltonian are given as

‘766 - Z Z 7 (2 5)
i=1j>i Y
R n N ZI
Ven=—>_>" - (2.6)
i=1I=1""%

hv=3 3

where 7;; is the distance between electrons i and j, r;; the distance between

(2.7)

electron ¢ and nucleus I, Z; the charge of nucleus I, and Rjy; the distance
between nuclei I and J. Equation 2.3-2.7 is given in atomic units where the
magnitude of the electron mass, the reduced Planck constant, the Coulomb
constant and the electron charge are one. Atomic units are used throughout
the thesis, if not specified otherwise.
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An electron has a mass of 9.1 x 1073! kg while protons and neutrons
have a mass of approximately 1.7 x 10727 kg. This means that the nuclei
are at least 1800 times heavier than an electron and due to the large dif-
ference in mass, the electron has a much higher kinetic energy and moves
much faster than the nuclei. The Born-Oppenheimer approximation makes
use of this and states that due to the difference in mass, the motion of the
electrons can be separated from the motion of the nuclei and the electrons
can be considered moving in the field of the fixed nuclei.”” Within this ap-
proximation, the wave function can be written as a product of the electronic
wave function ¥, and the nuclear wave function ¥ where the nuclear wave
function only depends on the nuclear coordinates and the electronic wave
function depends on the electronic coordinates and only parametrically on
the nuclear coordinates

U(R,7) = Uo(r; R)Un(R). (2.8)

In a similar manner, also the Hamiltonian can be divided in a nuclear

A

part (7},) and an electronic part

He=T.+ Vee + Ve + Vivw. (2.9)

In Equation 2.9 also the nuclear-nuclear repulsion is included, VNN, but
this term is a constant for a given molecular geometry and will just add
to an operator eigenvalue (F) and not affect the eigenfunctions (V). The
electronic Schrodinger equation can be written as

ﬁe\ye(r;R) = Ee(R)\IJe(T;R) (2‘10)

where the electronic energy, E.(R), when solved for a number of different
geometries, creates the PES. The Born-Oppenheimer approximation is usu-
ally a good approximation but there are exceptions. For example, when
the solutions are close in energy. Another example is VCD, a complete the-
oretical description of VCD is not possible within the Born-Oppenheimer
approximation which is discussed in more details in Chapter 3.

Equation 2.10 can only be solved exact for one electron systems and
in order to use the equation for more complex molecular systems other

approximations and numerical methods have to be introduced. A starting
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point for more sophisticated methods is the Hartree-Fock approximation
which uses the variational principle to approximate a ground-state wave

function.

2.2 The Hartree-Fock approximation

The essence of the Hartree-Fock method is to replace the many-electron
problem with a one-electron problem where the electron-electron repulsion
is treated in an average way. According to the Pauli principle, the wave
function has to be antisymmetric: the wave function must change sign when
the coordinates of two electrons are interchanged.”” In Hartree-Fock, the

simplest antisymmetric wave function, a Slater determinant, is used:

Yi(x1) Pa(x1) o0 Pa(x1)
e (211)

i) o(n) - n(a)
1

where T is the normalization factor for a system with n electrons, 1, is
the one-electron wave function for electron n, including a spatial and a spin
part, and x,, is the spatial and the spin coordinates for electron n.

The Hartree-Fock method make use of the variational principle stating
that the expectation value of the Hamiltonian is an upper bound to the
exact ground-state energy "~ and that the best wave function is the one that
gives the lowest possible energy.”” The one-electron wave functions v; can

be written as a linear combination of basis functions x4

M
Yi =Y CiaXa (2.12)
a=1

where the M is the total number of basis functions and ¢;, are the expan-
sion coefficients. By applying the variational principle an optimal set of
expansion coeflicients is obtain by minimizing the energy.

By describing the wave function in Equation 2.10 by a Slater determi-
nant (Equation 2.11) and minimizing the energy in line with the variational
principle, the electronic Schrédinger equation (Equation 2.10) can be re-
duced to Hartree-Fock equations on the form
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foi = e, (2.13)
In the Hartree-Fock equation, f is the one-electron Fock operator given
as
N
A 1 Zr
=_-V2— E 2L 4 HE 2.14
f 2 et ‘7’ — R[| v ( )

where vHF'| the Hartree-Fock potential, is the average potential electron i
experiences due to the other electrons. The Hartree-Fock potential is the
sum of the Coulumb operator J and the exchange operator K

=T - K=Y "(J; - K)). (2.15)

The Coulomb operator describes the electron-electron repulsion while
the exchange operator does not have a simple classical interpretation, but
arises due to the antisymmetry requirement of the wave function. The
exchange operator is defined by its effect when operating on a one-electron
wave function and for a better comparison, also the Coulomb operator is

here given operating on the one-electron wave function ;:

by = | [ 016) | ) (2.16)

=7

Rty = | [ 1) =y () | () (217)

Because the Coulomb and exchange operators, and hence the Fock op-
erators depend on all one-electron wave functions, all the 1; with j # ¢
need are needed to determine ;. The equation is solved with an iterative
procedure, which makes Hartree-Fock a self-consistent field (SCF) method.
Starting from an initial guess, new one-electron wave functions are calcu-
lated until the one-electron functions no longer change, or more exactly;
changes are smaller than a pre-established threshold.

The Hartree-Fock method is able to describe the majority of the elec-
tronic energy and gives a good estimate of the ground-state wave function.
However, the approach describes the electrons moving in an average field
generated by all other electrons and this description does not account for
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electron correlation. There are several different methods to include elec-
tron correlation, e.g configuration interaction (CI), coupled cluster (CC)
and Mgller-Plesset perturbation theory of different order (MP2 and MP4).
These methods are all wave-function based methods and use the Hartree-
Fock wave function as a starting point and improve by including excited
determinants to different extent. However, in this thesis, none of these
methods are used, only Density Functional Theory (DFT), and only this
method is therefore described in the next section.

2.3 Density functional theory

While wave function-based methods like CC, CI and MP2 systematically im-
prove upon Hartree-Fock by including more and more excited determinants
in the wave function, DFT replaces the wave function with the electron
density. The great advantage is that the computational cost can be held
at a decent level. But, DFT does not systematically improve accuracy in
the same way as CI and CC. In the following, the fundamentals of DFT,
the Hohenberg-Kohn theorems and Kohn-Sham theory are presented. The
last section is devoted to the different DFT functionals; how to model the
exchange-correlation part.

2.3.1 The Hohenberg-Kohn theorems

The idea behind DFT is to express the energy FE[p(r)] of an electronic system
in terms of the density p(r). While a wave function of a n electron system
contains 3n variables, the density only depends on the 3 spatial coordinates
independently of the number of electron. The first formal proof that the
electron density determines the properties of a molecule was given by Hohen-
berg and Kohn in 1964."" They proved that there cannot exist two different
external potentials which describe the same electron density. Hence, the
electron density uniquely defines the external potential, the Hamiltonian,
the wave function, and indeed all properties of the molecule.

Furthermore, to determine the electron density Hohenberg and Kohn
formulated a variational theorem for the energy functional.”" This theorem
allows the best ground-state electron density to be determined by starting
from a trial density and minimizing the energy in an analogues manner as
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in Hartree-Fock.

2.3.2 Kohn-Sham density functional theory

With the Hohenberg-Kohn theorems, the energy can be expressed in
terms of the density and written as the sum of the kinetic part T'[p(r)],
the electron-electron interaction We.[p(r)] and the external potential

Veatlp(r)]

Elp(r)] = Tlp(r)] + Wee[p(r)] + Vear[p(r)] (2.18)

where only one of them, V.,¢[p(r)], is known exactly. The external poten-
tial contains the nuclear-electron attraction and is in the absence of other
external potentials given by

Ve _ s [0, 2.19
calpr)] = =3 [ (BT (2.19)

Although T'[p(r)] and Wee[p(r)] are exact, they are also unknown. In
1965 Kohn and Sham proposed to use a model system consisting of non-
interacting electrons, thus represented exactly using a single Slater deter-
minant."” The drawback is that orbitals are re-introduced, which increases
the number of variables of a system with n electrons from 3 to 3n. Despite
this increase in the number of variables, the kinetic part is still easy to cal-
culate and it gives a reasonably accurate kinetic energy, leaving just a small
correction to the exact kinetic energy. For the electron-electron interaction,
part of it can be described by the Coulomb repulsion as J[p(r)] as

)= 1 [ [ 20

The correction to the kinetic energy and remaining part of the electron-
electron interactions is combined and denoted the exchange-correlation en-
ergy formally given as:

Exelp(r)] = (Tlp(r)] = Ts[p(r)]) + Weelp(r)] = Jp(r)]) (2.21)

where Ts[p(r)] is the kinetic energy of the non-interaction system. Combin-
ing Equation 2.18 and Equation 2.21 gives
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Elp(r)] = Ts[p(r)] + Jlp(r)] + Vear[p(r)] + Exelp(r)]. (2.22)

In this system with non-interacting electrons moving in an external po-
tential, the Hamiltonian is separable and the one electron Kohn-Sham or-
bitals 1;(r) can be determined by the Kohn-Sham equation

( - %V2 + ”eff(r)>¢z‘(7") = e;1;(7) (2.23)

where the effective potential is

teg () = v () + 3 P00 e, (220)

From the Kohn-Sham orbitals, the electron density can be calculated as

p(r) = bi(r) . (2.25)
=1

As for Hartree-Fock (Section 2.2), the Kohn-Sham approach is a SCF
method. First, a set of initial Kohn-Sham orbitals are used as input. Sec-
ondly, a new set of Kohn-Sham orbitals are obtained by solving Equation
2.23 using an approximate exchange-correlation functional E,.[p(r)]. Then
the electron density can be calculated using Equation 2.25 and a new v,y
can be constructed. With the new v.rs, Equation 2.23 is again solved and
this procedure is repeated until convergence. When converged, an optimal
electron density can be calculated from the occupied Kohn-Sham orbitals
using Equation 2.25, and the energy from Equation 2.22.

Kohn-Sham theory is formally exact: If the exact form of the exchange-
correlation functional E,.[p(r)] was known, the exact electronic energy of
the interacting system could be obtained. In practice, an approximate
exchange-correlation functional is used, and there is a range of them to
choose between and the ones used in this thesis will be presented in the
next section.

2.3.3 Exchange-correlation functionals

There is no systematic way to improve the DFT calculations to an exact

limit and, due to the approximate form of the exchange-correlation func-
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tional, the calculated DFT energy is not an upper bound to the true energy.
It is common to separate the exchange-correlation energy into a pure ex-

change and a pure correlation part as

Ezelp(r)] = Exlp(r)] + Eclp(r)]. (2.26)

In this section, the local density approximation (LDA) (Section 2.3.3.1),
the generalized gradient approximation (GGA) (Section 2.3.3.2) and hybrid
functionals (Section 2.3.3.3) will be discussed.

2.3.3.1 Local density approximation

The local density approximation (LDA) assumes that the density is slowly
varying and is exact for a uniform electron gas with the exception for small
errors due to interpolation formulas chosen for the correlation energy. The
approach only depends on the electron density, p(r), and the exchange en-
ergy of a uniform electron gas is given by the Dirac expression

B () = —2a(2)" [ ptr)ar. (227)

where « is an adjustable parameter often chosen to be %

The most common LDA approach is SVWN. The exchange part, S, is
using Slater’s X, method ', which is based on the Dirac expression (Equa-
tion 2.27) while the correlation part, VWN, was derived by Vosko, Wilk,
and Nusair”“. The VWN correlation functional has been interpolated as an
analytical formula based on the results from quantum Monte Carlo simula-
tions of a uniform electron gas. Another well established LDA correlation
functional, which is also based on the Monte Carlo simulation energies, is
the Perdew and Wang (PW) functional

Despite the LDA methods simplicity, it has similar accuracy at Hartree-
Fock and is widely used in the physics community for metals where the
assumptions of a slowly varying density is reasonable.”” In chemistry, on
the other hand, the density is not slowly varying at the nuclei and it is not
commonly used as it overestimates bond strengths significantly.
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2.3.3.2 Generalized gradient approximation

The assumption of a slowly varying density is not true for molecular sys-
tems. To improve upon LDA, the gradient of the electron density, Vp(r),
is included in the exchange-correlation functionals in addition to the elec-
tron density and the approach is called generalised gradient approximation
(GGA). In practice, the dimensionless reduced density gradient

Vp(r)
4
p§

is often used. Becke suggested in 1986 the exchange functional form

EB8[p /p (C + 1+5(x2 2 ) (2.29)

which is used in the Perdew-Burke-Ernzerhof (PBE) exchange-correlation

x(r) = (2.28)

functional ””. A couple of years later, Becke suggested the widely used B88
exchange functional as a correction to the LDA exchange energy

_ [ B(r)?
B, e(r) = / <C + 1+ 68x(r) x arcsinh(m))dr' (2.30)

The only parameter 5 in Equation 2.30 was determined by fitting the ex-

change energies of noble gas atoms. "

Both the PBE”” and the Lee, Yang, and Parr (LYP)' correlation part
are more complex equations and include four more parameters. The param-
eters in the LYP functional are determined by fitting to data of the Helium
atom and are often used in combination with the B88 exchange functional
as BLYP. The fitting of the parameter to experimental data make some
classify the BLYP functional as an empirical DFT method. An example
of a purely theoretical GGA functional is PBE, where the parameters of
both the exchange and the correlation part are determined by satisfying
theoretically exact conditions.”

While bond lengths are reasonably well predicted by GGA methods,
chemical reaction barriers and NMR shielding constants are underesti-
mated. ™~ A way of improving further upon the LDA and GGA functionals
is to include higher order derivatives of the density (V2p(r)) and the kinetic
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energy density (Equation 2.25). These methods are referred to as meta-
GGAs, and examples of such functionals are M06-L°" and TPSS~%””. These
functionals have shown improvement over the LDA and GGA functionals
for many systems, but the number of parameters to fit is also significantly
increased. For the GGA exchange-correlation functional PBE, there are 5
parameters to determine, where as for the M06-L functional there are 36.

2.3.3.3 Hybrid exchange-correlation functionals

An approach to improve upon GGA is to include a fraction of exact ex-
change (i.e., HF and Equation 2.17) and these types of functionals are com-
monly known as hybrid functionals. Stephens et al.® combined the BLYP
functional with Becke’s three parameters exact exchange to the B3LYP
functional

EBSYP — (1 _q)ELPA 4 gEeact L pAEDSS 4 (1 — ¢)EXPA + EMYP . (2.31)

Also the PBE functional was modified to include exact exchange, this

hybrid version is denoted PBE0O"""" or PBE1PBE
PBEO 1 exact 3 PBE PBE

While B3LYP is an example of a semi-empirical hybrid functional, PBEQ
is a purely theoretical functional. Hybrid functionals show in general good
results for geometries, energies and vibrational frequencies.”” Thus, the
B3LYP functional is used for geometry optimizations, frequency calcula-
tions and VCD properties in all papers this thesis is based on.

2.4 Density functional based tight-binding

The density functional based tight-binding (DFTB)"" ™ method can be
described as parameterized DFT. The parametrization makes DFTB cal-
culations roughly two to three orders of magnitude faster than DFT cal-
culations using a GGA functional. "’ Although the accuracy of geometries
and energies calculated with DFTB might not be good enough to predict
spectroscopies such as VCD and NMR ", the method can serve as a starting



30 CHAPTER 2. ELECTRONIC STRUCTURE THEORY

point for higher level methods. In this section an introduction to general
DFTB theory is given before the specific method used in this work, GFN-
xTB, is presented.

2.4.1 General density functional based tight-binding theory

In the following, first the different energy terms in DFTB are presented
before addressing the main sources of error: the use of a minimal basis set,
the integral approximation and inherited limitations from the parent DFT
method.

The density functional based tight-binding (DFTB) method is derived
in the DFT framework based on a Taylor expansion (Equation 2.34) of the
density p(r) around a reference density p°(r) given as

p(r) = p°(r) + dp(r). (2.33)

The Taylor expansion can be expressed as
Elp] = E°lpo] + E'[p, (d9p)] + E*[p, (9p)°] + E®[p, (3p)°] + ... (2.34)

Depending on how many of the terms in the Taylor expansion are in-
cluded, different DF'TB methods appears. DFTBI includes the zeroth and
first-order term, DFTB2 the zeroth-, first-, and second-order term and so
on.

The zeroth-order term is approximated by a sum of pair potentials be-
tween all atoms A and B

1 re
Elpol = 5 >_VA%- (2.35)
A

These pair potentials are determined by comparison to DFT calculations
or by fitting to experimental data'". Because this term has to be pairwise
parameterized for all atom pairs, not all DFTB methods are available for
all elements in the periodic table.

By defining two parameters per element, the confinement radius of the
atomic orbitals and the confinement radius of the initial density, the Kohn-
Sham equation (Equation 2.23) can be used to determine the atomic orbitals
and the initial density. The first-order term of the energy can then be
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calculated as

,0, (0p)] Z Z Z n;C iC’w-HSV (2.36)

iAB neAveB

where n; is the occupation number of Kohn-Sham orbital i, C; and Cy;
are the molecular orbital coefficients and HBU is the Hamiltonian matrix
element. The total energy of DFTBI is given as the sum of E” and E' and
the Kohn-Sham equation is only solved once. Hence, DFTBI1 is not a SCF
method in contrast to DFTB2 and DFTB3 which are SCF methods.

The second-order correction term is given as

E?[p, (6p)°] Z AgaAgpYlip- (2.37)
295

where Ag4 and Agp are the atomic charges obtained from a Mulliken anal-
ysis on atom A and atom B. v 5 is an analytical function that converges to
1/R 4p for large distances. For regular interatomic distances, the ~-function
is chosen such that it properly describes the atomic chemical hardness or
the Hubbard parameter, which can be determined from DFT.°The second
order term represents the long-range Coulomb interactions between point
charges at different sites and includes the self-interaction contribution of the
individual atoms.

The third-order term is given as

E’[p, (3p)°] = %Z(AQA)2AQBFAB (2.38)
AB

where, as for the second-order term, Agq are the charges determined by
the Mulliken analysis and I'yp is the derivative of y4p with respect to
the atomic charges. Because a minimal basis set is used in DFTB, diffuse
electrons are poorly described. In DFTB3 this is taken into account by
including the charge derivatives of the Hubbard parameter through the I'-
function. The Mulliken analyses needed to determine the atomic charges
in the second and third energy terms are found self-consistently and this
makes DFTB2 and DFTB3 a SCF method.

Using a minimal basis set is important for the computational speed up
but it also results in a poorer description of the electron density compared
with larger basis sets. This introduces errors in noncovalent interactions,
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van der Waals interactions and hydrogen bonding. Another drawback with
using a minimal basis set is that some properties can be decently described
while others have poor accuracy. As a result, different parameterizations
are needed to accurately predict different properties.

Together with the use of a minimal a basis set, the integral approxi-
mations are the main factors giving high computational efficiency. These
integral approximation makes it possible to determine the Hamiltonian ma-
trix element in the first-order term (Equation 2.36) once and these are then
read as element specific parameters in a molecular calculation.

The last main short-coming in DFTB is inherited from the parent DFT
method. The exact exchange functional is not know and as a result of using
approximate exchange, the electron-electron repulsion is overestimated.
Another short-coming of DFT, is the dispersion corrections.

In some cases, these short-comings have been accounted for by adding
empirical corrections or extensions to the DFTB methods,'” e.g. adding
dispersion corrections with the D3 or D4 model. °'® An example of ex-
tending the DFTB method, is to improve the description of the Mulliken
charges used for the second- and third-order energy terms (Equation 2.37
and 2.38) with exchange-like one-site two-electron integrals.

2.4.2 The density functional based tight-binding method
GFN-xTB

The tight-binding method used in the papers in this thesis is the GFN-xTB
method which is used for the geometry optimizations and energy calcula-
tions in the conformational search code CREST. There are different GFN-
xTB methods: GFNO-xTB, GFN1-xTB and GFN2-xTB. They are similar
and they all use only element-specific parameters and are aiming for accu-
rate geometries, frequencies and noncovalent interactions. In the following,
details for GFN2-xTB are given and some of these elements differ for the
two other approaches.

One of the drawbacks of DFTB methods are the large number of pa-
rameters needed for the pair-wise potential in the zeroth-order energy term
(Equation 2.35) and as a result most DFTB methods are only parameter-
ized for smaller parts of the periodic table. The GFN2-xTB method only

employs-element specific parameters and is available for elements in the
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periodic table up to radon (Z=86).

The first generation of the GFN-xTB method (GFN1-xTB) uses more
or less the same Hamiltonian and electrostatic energies as DFTB3, which
showed good results for less polar system.’' To improve the description
of the more polar and hydrogen-bonded systems, the second generation,
GFN2-xTB, includes an anisotropic term in the second-order correction
term of the energy (Equation 2.37). To describe the dispersion interaction,
the D4°~"® model is included for GFN2-xTB. As for DFTB, GNF2-xTB
uses a minimal basis set but polarization functions are added for the heavier
elements to improve the description of hypervalent bonding arrangements.

2.5 Basis sets

Both Hartree-Fock and Kohn-Sham DFT calculate self-consistently the one-
electron orbitals. These one-electron orbitals can be written as a linear com-
bination of basis functions as shown in Equation 2.12, and for any quantum
chemistry calculation these basis set functions must be specified. There are
different types of basis functions (or atomic orbitals”") available and some
examples are plane waves (PWs), effective core potentials (ECPs), Slater
type orbitals (STOs) and Gaussian type orbitals (GTOs). PWs are suited
to describe free valence electrons in metallic materials while ECPs replace
the orbitals and electrons with a potential and can be a good choice to
describe core electrons of heavy metals.

The STOs (Equation 2.39) and GTOs (Equation 2.40) are atom-centered
basis functions consisting of a normalization factor IV, a spherical harmonics

part Y ,,, and a radial part given in polar coordinates as

XEnTm(r,0,0) = NYim(6, ¢)r" e~ (2.39)

_9_1 _ (/02
XETD, (1,0,6) = Ny (0, p)r2n=27le=¢. (2.40)

where n,l and m are quantum numbers, r is the radial dependence, and ¢
is the orbital exponent. Although STOs give a more accurate description
of an atomic orbital, the GTOs are more commonly used due to their com-
putational efficiency. Also in this thesis all calculations are done with GTO
basis sets and therefore only these type of basis sets are further considered.



34 CHAPTER 2. ELECTRONIC STRUCTURE THEORY

If an infinite number of basis functions were used to describe the orbitals,
introducing the basis set would not be an approximation. This is in practice
not possible and the computational cost and the accuracy depends on the
choice of basis set. What would be a good choice of basis set does not only
depend on the accuracy and available computational resources, but also on
what type of system is studied and what the desired properties are.

The smallest possible basis set is a minimal basis set which consists of the
least number of functions needed to describe the occupied atomic orbitals.
For a hydrogen atom this means a single s-function and for carbon it means
two s-functions (1s and 2s) and three p-functions (2p,, 2p, and 2p,).

To give a more accurate description of an atomic orbital than the min-
imal basis set gives, more basis functions are used. If two basis functions
are used to describe one atomic orbital, the basis set is classified as a dou-
ble zeta basis set and if three basis functions are used, it is called a triple
zeta basis set. In the case of carbon, the double zeta basis set would have
four s-functions (1s, 1s’, 2s and 2s’) and six p-functions (2p,, 2p.’, 2py,
2p,’, 2p. and 2p.’). Increasing the number of basis functions in this way
allows for a better description of the electron distribution.”” In chemistry,
the valence electrons are more important in order to describe the chemical
system than the core electrons, and a common approach is therefore to use
a split valence basis set. These types of basis sets use one basis function
to describe the core electrons while the valence electrons are described by
more basis functions.

In the zeta classification it is assumed that one basis function is sufficuent
to decently describe an atomic orbital. While this is true for STOs, it is not
for GTOs.”" To improve the description, a linear combination of primitive
GTOs are used to construct a contracted basis function. In the k-nlmG
basis sets designed by Pople and co-workers, k gives the number of primitive
GTOs used to represent one contracted GTO for the core orbitals while nim
gives both the zeta splitting and the number of primitive GTOs used for
each contracted GTO in the valence; nl indicates a double split valence
while nlm indicates a triple split valence. For the basis set 6-31G, the core
orbitals are a contraction of six primitive GTOs and the valence is doubly
split with the inner valence basis function contracted by three primitive
GTOs and the outer valence with one primitive GTO.

Using s-functions to describe the s-orbitals, p-functions to describe the
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p-orbitals and so on gives little flexibility in the shape of the atomic or-
bitals. To allow a more flexible orbital shape, functions with higher angular
momentum than the angular momentum of the higher occupied orbital of
that atom are added. These functions are denoted polarization functions.
To polarize the s-functions on a hydrogen, a set of p-functions are added,
to polarize p-functions on a carbon, a set of d-functions is added.

In cases where there are electrons far from the nucleus, e.g. an anion or
a molecule with a dipole moment, diffuse functions are included to achieve
a better description. These diffuse functions have a rather small exponent
(¢ in Equation 2.40) to give a better description far from the nucleus. In
the Pople style basis sets, the polarization functions are denoted with *
while diffuse functions are denoted by +. When a single * or + is used, it
indicates that the functions are only added for the heavy atoms. If ** or
++ is used, also polarization or diffuse functions are added on hydrogens.

In the papers included in this thesis, the double zeta Pople-style basis
set with diffuse and polarizing functions on the heavy atoms, 6-31+G*, is
used for geometries, frequencies and VCD properties. In Paper I larger and
smaller Pople-style basis sets are tested for VCD spectra of smaller cyclic
oligopeptides. The results show that the smallest basis set giving a reason-
able VCD spectrum is the double-zeta basis set with polarization functions
on the heavy atoms, 6-31G*, which is in line with the recommendations of
Stephens, Devlin and Cheeseman for conformationally rigid chiral organic
molecules. " The test shows that going to a triple zeta basis set with diffuse
and polarization functions also on the hydrogens (6-311++G**) improves
the frequencies slightly. The basis set test was performed for two tetrapep-
tides, but as the aim of this thesis is to investigate hexapeptides, 6-31+G*
is a good compromise between accuracy and computational cost.

2.6 Modeling solvated systems

To accurately simulate IR and VCD spectra, the environment the molecule is
in has to be taken into account. Because it is too computationally expensive
to calculate both the solute and the particular solvent with QM methods,
multiscale strategies are used; part of the system is modeled by QM and
parts by a computationally cheaper classical description. For spectroscopies,
it is common to let the classical part be described by molecular mechanics
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(MM), commonly called QM /MM (Figure 2.1a), or by a continuum model
(Figure 2.1c).”” While the continuum model describes the environment as
an average reaction field, the QM /MM approach has the benefit of including
the actual atoms which keeps the specific solute-solvent interactions intact.

There are several implications using the QM /MM approach. One is that
vibrational spectroscopies requires equilibrium geometries and in QM /MM,
the geometries are typically obtained from MD or MC simulations, and they
do not correspond to equilibrium geometries. There are methods to optimize
these structures in a frozen environment, but the computational cost of those
in addition to sampling all configurations of the solute-solvent interactions
is high. Furthermore, there is no widely available software to calculate
chiroptical spectroscopies. Dundas et. al. calculated IR and Raman spectra
using a polarizable embedding QM /MM method”' while Cappelli and co-
workers have calculated VCD and ROA spectra of small chiral molecules
in water with a QM /MM approach based on fluctuating charges.”” A way
of including some of the explicit solute-solvent interactions, is to add a few
solvent molecules in the QM part while model the rest of the solvent as a
continuum. This approach is referred to as the supramolecular approach
(Figure 2.1b).

In this work, computationally cheaper continuum models are used and
is the only model described below. In the papers included in this thesis,
the generalized Born model with surface area contributions (GBSA) is used
in the CREST code that performs the MTD simulation and the polarizable
continuum model (PCM) is used for the QM calculations. These two models
are used as examples in the following.
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(a) QM/MM. (b) Supramolecular. (¢) QM /Continuum.

Figure 2.1. Ilustration of an explicit solvent model (QM/MM), a
supramolecular within a continuum approach and the continuum model.
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2.6.1 Continuum solvation models

The continuum model considers the solvent as a uniform dielectric medium
with the solute molecule placed in a cavity within the medium as illustrated
in Figure 2.1b and 2.1c. This medium is characterized by only the dielectric
constant €. This means that solvents with similar dielectric constants, e.g.
hexanol (e = 12.51) and pyridine (¢ = 12.98), give similar results. In addi-
tion to the description of the medium itself, the cavity the solute is placed
in has to be described and the cavitation energy required to create the hole
in the medium.

The simplest way of describing the cavity is to use a sphere or an ellip-
soid. A more realistic model is to build the cavity from overlapping van der
Waals spheres of the atoms of the solute. A problem with the van der Waals
surface is that small pockets where the solvent cannot reach are present. An
approach to improve the surface description is to let the surface be traced
out by the center of a probe sphere, which results in the solvent accessible
surface (SAS) model, or an in-ward facing probe resulting in the solvent
excluded surface (SES) model, see Figure 2.2. Although the SAS and SES
give a more realistic picture of the cavity, they are computationally more
demanding and for both GBSA and PCM, a scaled van der Waals surface is
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used.

The scaling is done to make the van der Waals surface more similar
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to the SAS and usually a scaling factor of about 1.2 is used.

(a) A van der Waals sur- (b) A solvent accessible (c) A solvent excluded sur-
face. surface (SAS). face (SES).

Figure 2.2. Illustration of different ways to construct the surface of the
cavity.

The energy of the solute molecule placed in the medium can be written
as a sum of the energy of the molecule in vacuum (E,,.) and the free energy
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required to take the molecule from vacuum to the solvent (AGs.y,) as

Etot = Evac + AC;solv (241)

where the solvation free energy AGj, can be divided into four contribu-

tions

AGsolv - AGcav + AGdisp + AC;rep + AGelec' (2-42)

The first contribution to the solvation energy, AG.qy, arises due to the
break-up of solvent-solvent interactions to create the cavity for the solute.
The second and third terms describe quantum mechanical dispersion and
repulsion between the solvent electron density and the solute. The final
term, AGee, describes the energy due to mutual polarization of solute and
solvent. This electrostatic term is in practice the most relevant component
of the solvation energy. The definition of AGg. differentiates between
continuum solvation models.

In GBSA the electrostatic term is given by Coulomb’s law and the Born
equation.”” In this model, only the lowest-order electric moment, g, is taken
into account and within this formalism the electrostatic free energy can be
expressed as

AG e = —(1 - 1) Sy 4 (2.43)
i v

9 -
%

where, in GBSA, ¢ is the partial atomic charge, ¢ is the dielectric constant
of the solvent and f;; a function depending on the internuclear distance r;;
and the Born radii of the two atoms a; and a;:

fij = 1/1“% + afje*D, (2.44)

Ai5 = A;Q5 (2.45)
2
re.

D= 4:2' (2.46)

v

In the case of PCM, the more computationally demanding Poisson equa-
tion is used and the electrostatic part of the free energy can be written as
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AGree = % / P(1) breae(r)dr. (2.47)

where p(r) is the molecular charge distribution and ¢,eqc(r) is the electro-
static reaction potential.

The reaction potential describes the mutual polarization between solute
and solvent, and it has to be solved iteratively and is commonly referred
to as the self-consistent reaction field (SCRF).'® When the standard SCF
approach is used, which includes HF and DFT, the implementation and
hence the computational cost of using a continuum model is similar the
same calculation in vacuum.”” With a solvent model in place, the next

section describes the general procedure for geometry optimization.

2.7 Molecular geometry optimizations

This chapter has up to this point given the theory that is used to describe
atoms and molecules, and their interaction with a solvent environment. In
this section, the methods described above are used to find the structure with
the lowest energy or a stable geometry, i.e. find the equilibrium structure or
the optimized structure. In Figure 2.3 an illustration of the PES is shown
where the equilibrium geometry is shown as the minimum. To be able
to calculate the molecular properties needed to simulate the vibrational
spectra in the next chapter, the structures found in the conformational
search (Chapter 1) need to be equilibrium structures.

The first-order derivative of the energy with respect to nuclear displace-
ments is called the gradient (g). Element i of the gradient is given as

_OE
gz—aRi

where R; is a coordinate of atom 4. The gradient in Cartesian coordinates

(2.48)

is a vector with the length 3N, where N is the number of atoms included
in the optimization. The second-order derivative of the energy with respect
to the nuclear displacements is called the Hessian (H). The Hessian is a
3N x 3N matrix, with elements given as

O’E

Hyj=—"
7~ OROR,

(2.49)
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Maximum

Potential Energy

Minimum

Figure 2.3. A simple illustration of the PES with only one minimum
and one maximum. The minimum corresponds to the molecular geometry
optimized or equilibrium structure.

where ¢ and j are atom indices. The requirement for a structure to have
reached a minimum is that g is zero and that all the eigenvalues of H are
positive. Hence, to determine if a given structure is the minimum structure,
both the gradient and the Hessian have to be calculated. In most cases, the
gradient is calculated analytically which has a similar computational cost as
calculating the energy.“" The Hessian on the other hand, is computationally
much more expensive to calculate analytically, therefore an approximated
Hessian is often used for geometry optimizations. A common approach is to
initially guess the Hessian and then improve it by updating it at each step of
the optimization. How the Hessian is updated depends on the optimization
algorithm and different approaches are shown in the following.

To find the minimum and hence the equilibrium structure, the atoms are
displaced with a small step (AR) according to the forces acting on them.
The forces on nucleus of atom ¢ are given as the negative gradient

oF
OR;’
There are different algorithms available to determine the step, among them
are the steepest decent, the conjugate gradient method and the Newton-

(2.50)

Fi=—gi =

Raphson method.
The Newton-Raphson method is a nonlinear optimization method and
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the starting point is the local quadratic approximation of the PES given
as

1
E(R) = E(xo) + g AR + JARTH)AR (2.51)

where g is the gradient and Hy the Hessian being evaluated at Ry and
AR = R — Ry. By differentiation of Equation 2.51 with respect to the
coordinates and setting to zero

g(R)=go+ H)AR =0 (2.52)

In the local quadratic approximation to the PES, the displacement to-
wards the minimum is given as

AR = -H;'g (2.53)

which is also known as the Newton or the Newton-Raphson step.®” In the
Newton-Rapson method, the Hessian is calculated at each step which is
rather costly. A computationally cheaper approach to predict the step size,
is to use the quasi-Newton method where an approximate Hessian is used.
In the papers included in this thesis, the DFT geometry optimizations are
done with the Berny algorithm as implemented in Gaussian 16,°" which is a
modified quasi-Newton method. The quasi-Newton method calculates the
new Hessian (H"") as the sum of the old Hessian (H??) and a change in
the Hessian (AH) .

Under the assumption that the surface is quadratic, the new Hessian
must fulfill the Newton condition:

Ag = H*™"AR (2.54)

where Ag = g™ — g% and AR = R — R°? There are an infinite
number of ways to update the Hessian that fulfill the Newton condition.
One of the most commonly used updates, which is also used in the Berny
algorithm, is the Broyden-Fletcher-Goldfarb-Shanno (BFGS)"™" " update
given as

{BFGS _ (Ag — HYAR)(Ag — HAR)T

A
(Ag — HOYAR)TAR

(2.55)
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In a robust geometry optimization it is important to ensure that the
step size is not too large and that the step is in the right direction towards
the minimum. To ensure this, a trust radius is used. The predicted step is
taken only if within the trust radius. Otherwise, a step to the trust radius
in the direction of the gradient is taken. This trust radius is usually pre-
defined and then updated during the optimization by determining how well
the PES is described by the quadratic expression (Equation 2.51).

Because the energy, the gradient and the Hessian are calculated with a
given precision, the minimum cannot be located exactly. The gradient will
never reach zero, it can only be reduced to a given value close to zero.
It is therefore common to let the geometry optimization go on until some
predefined convergence criteria are met. These criteria are typically changes
in energy, magnitude of the force and step size.



Chapter 3

Chiroptical spectroscopies

In Figure 3.1, the calculated IR and VCD spectra of Cyclo(Ala-SAla-Alag-
Ala) is shown. To obtain the calculated spectra, the absorption (IR) or
difference in absorption between right and left circularly polarized light
(VCD) and the frequencies are needed. This chapter aims to describe the
steps from a geometry-optimized conformer ensemble to a final, simulated
spectrum that can be compared to an experimental one.
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(a) IR spectra (b) VCD spectra

Figure 3.1. Calculated IR and VCD spectra of Cyclo(Ala-gAla-Alas-Ala)
in trifluoroethanol (B3LYP/6-311+G*/CPCM) from Paper I. The sticks
are the calculated dipole (IR) and rotational (VCD) strengths (Section
3.2) using a Boltzmanns’ average with free energies (Section 3.3.2). The
red line is a convolution with Lorentzian broadening with a ’full width at
half maximum’ (FWHM) of 16 cm™!. The frequencies are scaled with a
factor of 0.9679"% (Section 3.3.1).

The first section shows how the frequencies are calculated while the

second discusses the molecular properties needed to calculate the IR and

43
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VCD intensities. The last section focuses on how to include the whole
conformer ensemble, how to add lineshapes and scale the frequencies before

analysing the similarity with experiment.

3.1 Vibrational Frequencies

In the Born-Oppenheimer approximation, the Schrodinger equation for the
nuclear motion is

[Ty + E.(R)]¥n(R) = Ex¥n(R) (3.1)

where E.(R) is the PES, U (R) is the nuclear wave function, and Ey is
the energy of the nuclear motion. The first step in solving this equation is
to get an explicit expression for E.(R). Assuming that nuclear vibrations
are only small displacements close to the equilibrium geometry Rg from
Section 2.7, the energy at R can be given by a Taylor expansion to second

order as
3N 3N 2
OF | OE
E.(R) = E, c ) AR, 42 __ e ) AR,A
(R) (R°)+JZ:1<8ARJ>O RJ+2J21<8ARJ8ARI>O R/AR;

(3.2)
where the energy of the equlibrium geometry is given by E.(Rp) and AR ; =
R;—R is the displacement of nucleus J from its equlibrium position. In
Equation 3.2, the harmonic approximation is used: only the zeroth-, first-
and second-order terms are included. By adding higher-order terms, the
PES would be closer to the exact potential (illustrated in Figure 1), and
will include anharmonic corrections. The first and second derivatives in
Equation 3.2 have already been defined as the gradient (Equation 2.50) and
the Hessian matrix (Equation 2.49), respectively, in Chapter 2.

The derivatives of E. are evaluated at an equilibrium geometry: a min-
imum on the PES. Hence, the first derivative, the gradient, is zero. In
addition, the constant ground state energy at the equlibrium geometry is
independent of the nuclear coordinates and can therefore be set to zero and
Equation 3.2 reduces to
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E(R)—lgi __OEe )\ AR AR (3.3)
2 42 \0AR,OAR; )| JER '

For convenience, the coordinates are next transformed: first to mass-
weighted coordinates, and then to normal coordinates. In Equation 2.4, Ty
is defined in terms of the mass of the nuclei. To get rid of the mass of each

nucleus, we transform to mass-weighted coordinates

qJj =V MJARJ (34)

where M is the mass of nucleus J and AR is its Cartesian displacement.
The normal coordinates can be written as a linear combination of the mass-

weighted Cartesian coordinates as

3N
Qo= SHay (3.5)

J=1
where S is the transformation matrix that diagonalizes the Hessian matrix
(Equation 3.3). This transformation eliminates all cross-terms from different
normal coordinates, @), and Qp, and only includes the squares of individual
normal coordinates Q2. The kinetic operator in normal coordinates is given

as
3N 2
A 3 10
TN - — ] 5@ (36)

while the PES in normal coordinates in the harmonic approximation is given

as
13N (92E 13
E(Q) =3 ( ) Q=2 k.,Q2 (3.7)
22 \oqz ) “= 22

where k, is the force constant, the diagonal of the Hessian matrix in its
eigenbasis.

Since a molecule is considered a rigid structure, three of the 3/V degrees
of freedom are due to translational motion and three of them, or two in the
case of a linear molecule, to overall rotation of the molecule. The remaining

3N — 6 (3N — 5 for a linear molecule) degrees of freedom correspond to
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the vibrational degrees of freedom. Since the energy of the molecule does
not change when the molecule translates and is only very small when the
molecule rotate, the force constants of these six normal coordinates can be
set to zero.

Each normal coordinate, or normal mode, is independent of all of the
other normal modes. The water molecule with three atoms has 3x3—6 = 3
normal modes and these are illustrated in Figure 3.2. Each normal mode can
be individually excited and has a fundamental frequency. The frequencies
of these 3N — 6 motions have to be calculated to obtain the IR and VCD
spectra in Figure 3.1.
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Figure 3.2. The normal modes of water. Since the normal modes are mass
weighted and the center of mass is fixed ’”, it is mainly the light hydrogen
atoms that move in the three normal modes.

Using Equation 3.7 only including the 3N — 6 vibrational motions, and
expressing T in normal coordinates, the nuclear Schréodinger equation is
transformed into

l 3N682 13N6

—= Z 6Q2 Z kaQ2] Un(Q) = EnVn(Q). (3-8)

Equation 3.1 is now reduced to 3N — 6 identical one-dimensional har-

monic oscillator Schrédinger equations, each with the eigenvalue:

1
€q = (na+2> hwe mne=0,1,2... (3.9)

where n,, is the vibrational quantum number (illustrated in Figure 1) and w,
is the frequency of normal mode a. Finally, the frequencies can be calculated

as
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9’E,
vf’ <8Q2> (3.10)

3.2 Calculation of IR and VCD properties

The light interacting with the molecular system in IR and VCD spectroscopy
has an energy high enough to excite vibrations in the molecular system,
but not to electronically excite it. Because the energy of this light has a
wavelength that is much larger than the molecule, the interaction can be
described as a uniform electromagnetic field:

" faFh =Y B, (3.11)
« «

where [i,, is the electric dipole operator consisting of an electronic part (ﬂgf)

nuc

and a nuclear part (f“¢), and 7, is the magnetic dipole operator with an

el

¢l) and a nuclear part (7). F is the external electric

electronic part (m
field, while B is the external magnetic field. The electric and magnetic

dipole operators are given in CGS units as

Iaa = - Z €T + Z ZLeRLa - ,U/a —+ ﬂguca (312)

’TATLOC_;Q:;LC(I‘Z' Xpi)—F;QMLC(RL XPL) :mgl-Fmguc (313)
where e and Zre, m; and My, r; and Ry, p; and Py, are the charge,
the mass, the position and the momentum of electron 7 and nucleus L,
respectively. Since the operators are given in CGS units also the rest of this
sections is.

The electric dipole contribution is the dominating term in Equation
3.11 and when calculating the absorption of light as in an IR spectrum,
the electric dipole approximation is used: the magnetic field is neglected
and only the electric field is taken into account. In this approximation, the
perturbation H’ in Equation 3.11 is reduced to
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H == jiaFh. (3.14)

Using the electric dipole approximation and the double harmonic ap-
proximation, the interaction between the light and the molecule can be
described in terms of the dipole strength (D) as

D = (ilfia| ) (f1f1al?) (3.15)

where (i|fiq|f) is the electric dipole transition moment of the transition from
vibrational state ¢ to f.

In the electric dipole approximation, the absorption of left and right cir-
cularly polarized light is equal and as a result, the VCD intensity, defined as
the difference in absorption of left and right circular polarized light (Equa-
tion 3), is zero. To predict non-zero VCD intensities, also the magnetic field
has to be taken into account and the perturbation H’ for VCD is given as
in Equation 3.11.

To calculated the VCD intensities, in addition to the electric dipole
transition moment from Equation 3.15, also the magnetic dipole transition
moment, (f|mq|i), is needed. The VCD intensity is calculated as the ro-
tational strength (R) given as the imaginary part (Im) of the electric and

magnetic transition dipole moment as

R = Im [(i| | ) {f|ali)] (3.16)

for the transition from vibrational state i to f.

Within the harmonic approximation, only transitions between a state
with adjacent energy levels are allowed, namely, negcited = Minitial = 1. In
addition, the electric dipole transition moment is only non-zero when the
excited vibrational state, negeited, is 1 for one normal mode @), and zero for
all other normal modes. This excitation of normal mode @), is referred to
as the fundamental vibrational excitation of the ath normal mode.' Thus,
for a molecule with N atoms, 3N — 6 vibrational excitations are predicted
to occur with frequencies equal to the frequency of the given normal mode.
For these fundamental excitations, evaluation of the electric dipole transi-
tion moment using the Born-Oppenheimener wave function, transforms the

dipole strength from Equation 3.15 into
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_ I Opa Opq
¢ 2wq 6@& 8@(1 ’

(3.17)

where w, is the frequency of normal mode a given in Equation 3.10, @, is
the normal coordinate and p, = (0|fio|1) where |0) is the electronic and
vibrational ground state and |1) is the electronic ground state but excited
vibrational state.

The rotational strength follows the same selection rules as the dipole
strength. Hence, the same fundamental vibrational transitions are allowed
in VCD as in IR. Evaluation of the electric and magnetic dipole moments
using the same strategy as for the dipole strength transforms the rotational
strength from Equation 3.16 into

h Opte, OMig,

B =5 ™90, 90,

(3.18)

where mq = (0|fq|1) while a, wq, Qq, pa, |0) and |1) are the same as in
Equation 3.17.

Although the normal coordinates are useful, the calculations are usually
done in Cartesian displacement coordinates. By replacing the normal co-
ordinates in Equation 3.17 with Cartesian displacement coordinates using
Equation 3.4 and 3.5 the dipole strength is given as

DD (9. PL6] [S5arPls]  (3.19)

zy,z J,J a,a'=x,y,z

a

2wa Pl

where S, is the transformation matrix that diagonalizes the Hessian given
in Equation 3.5 with a being the three Cartesian coordinates for the dis-
placement AR ; of nucleus J. P&]ﬁ is a second-rank tensor, the atomic polar
tensor (APT) of nucleus J:

pl _ (_OHs _9 OTL(R)
ap 0ARj. ), OARja /

where g is the electric dipole moment given in Equation 3.17 with 3 =

~el

W&R@>+Zﬂ%5 (3.20)

x,y,2, ARjo is the a-Cartesian component of the displacement from the
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equilibrium geometry Rg of nucleus .J, ¥¥ is the electronic wave function of
the electronic ground state, [ij g is the f-Cartesian component of the elec-
tronic contribution to the electric dipole moment and 6,4 is the Kronecker
delta equal to 1 when o = 5 and zero otherwise. The APT is usually divided

in an electronic contribution (Eéﬁ) and a nuclear contribution (N 5):

0
el = (Gar) || o). (321)

Nls = Zjedap. (3.22)

~el
fi
(07

Before writing the rotational strength on similar form as the dipole
strength in Equation 3.19, the Born-Oppenheimer wave function has to be
improved. Within the Born-Oppenheimer approximation, it is not possible
to give a complete theoretical description of VCD. The reason for this failure
is that the electronic contribution to the magnetic dipole transition moment
is zero,”” and that leaves us with a magnetic dipole transition moment only
arising from the nuclei. To obtain also the electronic contribution to the
magnetic dipole transition moment, the Born-Oppenheimer wave function
is improved by mixing the Born-Oppenheimer ground-state wave function
with excited-state wave functions using perturbation theory. The resulting
equation for the rotational strength is then given as

N
Ro=10 3 3 3 [SasPs| [Sasnds] (3.23)

p=zy,z J,J a,a'=mzy,z

where M, &],/3 is the atomic axial tensor (AAT) given as

ovI(R)
J _ e
Mas = < (aARJ@ ) 0

where UY and AR, are the same as in Equation 3.19, éﬁ is an external

(5‘I’S(R0, Bp)

i
= +—3 Z;eRY e, 3.24
9Bg >0> 450; sl apy (329

magnetic field interacting with the electronic part of the magnetic dipole
moment, R?m is the y-Cartesian component of the equilibrium geometry
of nucleus J and e,3 is the alternating Levi-Civita tensor giving +1 for
even permutations of the x, y and z coordinates and -1 for odd permuta-
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tions. As for the APT, also the AAT is commonly devided in an electronic

contribution (Iajﬂ) and a nuclear contribution (J&]ﬂ):

0 0 5]
()2 e

0B,
1
J&]ﬂ = rhc Z ZjeR?MEOé,g,y. (326)
ol

The purpose of giving the dipole strength and rotational strength in
terms of S% ;, PO‘[]/B, M (‘){5 and w, is that these are the properties actually
calculated. From the equilibrium geometry, the Hessian, given in Equa-
tion 2.49, is needed to calculate S%; and w,. Both P&]B and M&]B include
the calculation of derivatives of electronic ground-state wave functions with
respect to the Cartesian displacement coordinates. To calculate M &7 3> an ad-
ditional term with the derivatives of the perturbed electronic ground-state
wave function with respect to the magnetic field is needed.

3.3 Visualising the calculated spectra

Plotting the normal mode frequencies and dipole or rotational strengths
from the previous section results in the spectrum shown as black sticks in
Figure 3.1. In the following, how the broadening of the dipole and rotational
strengths is done such that they transform into the red lines in Figure 3.1
is described and a discussion on how to include the conformer ensemble is

given.

3.3.1 Line broadening of the calculated spectra

An experimental spectrum contains peaks rather than spectral lines due to
phenomena such as the finite lifetime of the excited state and collisional
effects.”™ To get a better visual comparison with experiment, a lineshape
function is added to the spectral intensity for each normal mode.” This
lineshape can be described by a Gaussian, a Voight or a Lorentzian function
depending on the nature of the experiment. In IR and VCD, it is usually

assumed that a normalized Lorentzian function
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fa(w) = | ( i (3.27)

we —w)2 + %2}
is a good description of the broadening where ~; is a decay constant which
is half the ’full width at half maximum’ (FWHM), 2y = FWHM, and w, is
the frequency of normal mode a. The VCD spectrum for a given conformer
n as a function of the frequency is then given as

3N—-6

Rn(w) = Z Rafa(w) (3.28)

where R, is the calculated VCD intensity given in Equation 3.23 for nor-
mal mode a. In similar manner, the line-broadened IR spectrum can be

calculated.

3.3.2 Weighting spectra of conformers

After the conformational search described in Chapter 1 and optimization
of those structures as described in Section 2.7, several unique conformers
are identified. One way to determine the contribution of each of the unique
conformers to the spectra is to use a Boltzmann average. In this case, the
lower the conformer is in energy, the larger the contribution to the spectra
and the weight p,, of conformer n is given as

—AGp
e kT

Pn=—~N—"-" (3.29)

where AG,, is the free energy difference between the lowest free energy
conformer and conformer n, k is the Boltzmann constant, T is the temper-
ature in Kelvin and N is the total number of conformers. The Boltzmann-
averaged VCD spectrum is then calculated as

N
R(w) =Y pnRn(w) (3.30)

where R,,(w) is given in Equation 3.28 for conformer n, p, in Equation 3.29
and N is the number of conformers included in the Boltzmann average.
Other types of energies can also be used in Equation 3.29, e.g. the



3.3. VISUALISING THE CALCULATED SPECTRA 53

zero-point corrected electronic energy (AEZFC) or the enthalpy (AH,).
The relation between the free energy and the enthalpy is given by AG =
AH —TAS. Hence, to calculate the enthalpy the TAS term is not needed
which makes it computationally cheaper than the free energy. For small-
and medium-sized molecules the TAS term is assumed to be small and the
differences between using the free energy and the enthalpy should be negli-
gible. However, for the cyclic oligopeptides investigated in this thesis, there
are examples of using the enthalpy and the free energy for the Boltzmann
average resulting in significant different spectra. One of the contributions
to the entropy is the rotational motion and in cases where the peptides have
freely rotating side chains the entropy contribution may be significant with
the result of different Boltzmann averages using enthalpies and free ener-
gies and hence different spectra. Therefore free energies including also the
entropy are used in the Boltzmann averages in this thesis.

Another approach to take the conformer ensemble into account is to
use how frequently a conformer appears in a MD or MTD simulation as
a measure of how important that conformer is. This is done by geometry
optimizing and calculating the spectral properties a given number of snap-
shots from the MD simulation and give each of them equal weight in the
spectra. Although each conformer has the same weight, the assumption is
that the preferred geometry will appear more frequently in the ensemble
and hence give a "heavier" weight to the spectra by being included more
times. In this thesis, all spectra based on the CREST conformer ensemble
are Boltzmann averaged while for the spectra based on the MD simulation
each of the extracted snap shots is equally weighted in the spectra. Since a
significantly larger number of snap shots are needed in the latter approach,
the computational cost is much higher. In Paper III, 200 snap shots from
the MD simulation are used compared to 20 from the CREST ensemble,
which makes the computational cost approximately ten times higher.






Chapter 4

Summary and outlook

In this thesis, a computational protocol to calculate VCD spectra of cyclic
oligopeptides was established in Paper I. This protocol was then used to
investigate if VCD alone can determine the AC of cyclic oligopeptides with
two, three and four chiral centers in Paper II and the conformers of four
cyclic hexapeptides in water and DMSO in Paper II1.

The aim of Paper I was to test the performance of the conformational
search tool CREST . In addition, the effect of using different basis sets,
adding dispersion corrections and using different energies for the Boltz-
mann average on the VCD spectra was tested. Systems for which experi-
mental data was available and where the calculated spectra was based on
a classical approach to find the conformers, were chosen from the litera-
ture and we showed that the overall VCD patterns are in good agreement
with available experimental data. The recommended protocol consists of
three steps: (1) conformational sampling with CREST and tight-binding
density functional theory (xTB); (2) energy ranking based on single-point
energy calculations as well as geometry optimization and VCD calculations
of conformers that are within 2.5 kcal/mol of the most stable conformer
using B3LYP/6-31+G*/CPCM; and (3) VCD spectra generation based on
Boltzmann weighting with Gibbs free energies.

Although the overall pattern of the VCD spectra was in agreement with
experiment, frequencies where in general poorly reproduced. Especially the
gaps between the amide I region (1800-1600 cm™!) and the amide II region
(1600-1480 cm~!) were poorly reproduced.

In Paper II, we used the computational protocol from Paper I to inves-

55
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tigate the possibility to determine the AC of cyclic tetra- and hexapeptides
with two, three and four chiral centers by comparing experimental VCD
spectra with computed VCD spectra of all stereoisomers. We find that it is
possible to unambiguously determine the peptides with two chiral centers
with VCD. For the peptides with three and four chiral centers, VCD can
at best limit the number of possible stereoisomers. Although disappointing,
this result is not surprising. Other work has shown that combining VCD
with other techniques such as ROA and NMR is a preferred strategy to
correctly and reliable determine the stereochemistry of the molecules with
several chiral centers. """~

In Paper 111, we investigated the structure of four cyclic peptides with
antimicrobial potential using VCD. The experimental VCD spectra of the
four peptides show similar patterns in the amide I region. This suggest,
despite differences in the nature of the component amino acids and their
sequence, that the four peptides have similar backbone structures. The
computational protocol from Paper I predicted different backbone struc-
tures for the four peptides leading to computed spectra not in agreement
with the experimental ones.

One of the peptides was thoroughly investigated by comparing the re-
sulting conformers and VCD spectra from our protocol with a classical MD
approach where explicit solvent molecules were present in the MD conforma-
tional sampling and then replaced by a continuum for the QM calculations.
Our results show that the two computational approaches result in differ-
ent conformational ensembles and different VCD spectra where the spectra
simulated based on the MD ensemble is in better agreement with the exper-
imental ones. In this work, in contrast to the systems investigated in Paper
I and Paper II, the peptides have several long, flexible side chains with
hydrogen-bond donor groups that can make hydrogen bonds with the back-
bone. While conformers in both ensembles have hydrogen bonding within
the backbone, the CREST conformers also have hydrogen bonding between
the side chain, which is not the case for the majority of the MD conformers.

To complete the work in Paper III, also spectra based on MD conform-
ers for the remaining three peptides have to be included. If that provides
calculated spectra in agreement with experiment, information about the
backbone structure of the peptides can be extracted and it may be possi-
ble to obtain structural trends for the four peptides. In addition, a more



o7

reliable investigation of the weaknesses of using CREST to sample the con-
formational space for these types of cyclic peptides can be determined.

In Paper III we find that the computational protocol established does
not predict accurate spectra for the peptides with several long and charged
side chains. One reason for this may be the lack of explicit solvent molecules
during the conformational search. The developers of CREST recently added
the possibility to run simulations using explicit solvent molecules.”” Al-
though a more traditional approach using snapshots from a MD simulation
results in spectra in agreement with experiment, the computational cost
is approximately 10 times higher than using the protocol from Paper I.
Whether a CREST-based protocol including explicit solvation improves the
results of our protocol in Paper I, while keeping an acceptable computa-
tional cost, is a question for further investigation.

As shown in Paper I and by others””'"" adding dispersion corrections
results in preferred conformers with more internal interactions. Using these
energies for the Boltzmann averaged VCD spectra gives poorer agreement
with experiment. The conformer ensembles predicted by CREST are based
on dispersion corrected energies. The peptides investigated in Paper III
have long and flexible side chains and CREST predicts conformers where
the side chains preferentially interact with the backbone. It is possible that
conformers with less internal interaction occur in the CREST simulation,
but that these conformers are discarded and not included in the final en-
semble due to their relatively higher dispersion corrected energies. It would
be interesting to compare the CREST ensemble for these types of system
with and without dispersion corrections.

Another drawback of our protocol is the poor agreement between exper-
imental and calculated frequencies. This makes comparisons with experi-
ment harder, particularly when the goal is to determine the stereochemistry
by comparing calculated spectra of all possible stereoisomers with the ex-
perimental spectra. Although the poor agreement with experiment can,
at least partially, be compensated for by applying scaling factors, there is
a need for calculated frequencies of solvated systems in better agreement
with experiment. Including explicit solvent molecules in the calculations
might improve the frequencies and there are computational methods avail-
able: Cappelli and co-workers calculated accurate VCD spectra® while
Dundas et al. calculated accurate IR spectra® . However, these methods
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are quite computationally demanding and are at the moment feasible for
smaller molecules than the ones investigated in this thesis and the method
by Dundas et al. cannot calculate VCD properties.

The main focus of this thesis has been to on the computation of VCD
spectra of cyclic peptides of sufficient quality to enable comparison with ex-
perimental data. The work done in both Paper II and Paper III would be
strengthened by combining VCD with other techniques such as ROA and
NMR. For ROA and the more complicated NMR techniques, calculated
spectra are needed to extract information and with small adjustments, sim-
ilar computational protocols used for the VCD spectra can be used also to
calculate ROA and NMR spectra. With experimental expertise in place,
these methods would complement the information extracted from VCD and
give more insights into the structure and properties of cyclic peptides.
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ABSTRACT: Cyclic peptides are a promising class of compounds /vf\/?
‘Geometry.

for next-generation antibiotics as they may provide new ways of
limiting antibiotic resistance development. Although their cyclic
structure will introduce some rigidity, their conformational space is
large and they usually have multiple chiral centers that give rise to a
wide range of possible stereoisomers. Chiroptical spectroscopies
such as vibrational circular dichroism (VCD) are used to assign
stereochemistry and discriminate enantiomers of chiral molecules, often in combination with electronic structure methods. The
reliable determination of the absolute configuration of cyclic peptides will require robust computational methods than can identify all
significant conformers and their relative population and reliably assign their stereochemistry from their chiroptical spectra by
comparison with ab initio calculated spectra. We here present a computational protocol for the accurate calculation of the VCD
spectra of a series of flexible cyclic oligopeptides. The protocol builds on the Conformer-Rotamer Ensemble Sampling Tool
(CREST) developed by Grimme and co-workers (Phys. Chem. Chem. Phys. 2020, 22, 7169—7192 and J. Chem. Theory. Comput.
2019, 15, 2847—2862) in combination with postoptimizations using B3LYP and moderately sized basis sets. Our recommended
computational protocol for the computation of VCD spectra of cyclic oligopeptides consists of three steps: (1) conformational
sampling with CREST and tight-binding density functional theory (xTB); (2) energy ranking based on single-point energy
calculations as well as geometry optimization and VCD calculations of conformers that are within 2.5 kcal/mol of the most stable
conformer using B3LYP/6-31+G*/CPCM; and (3) VCD spectra generation based on Boltzmann weighting with Gibbs free
energies. Our protocol provides a feasible basis for generating VCD spectra also for larger cyclic peptides of biological/
pharmaceutical interest and can thus be used to investigate promising compounds for next-generation antibiotics.

energy.
oFT.

H INTRODUCTION Circularly polarized light can be generated in a wide
frequency range. Historically, chiroptical spectroscopies in the
optical and near-UV region, first measured by Cotton in
1895,”° have been the most important methods for the
discrimination of enantiomers. Indeed, optical rotation remains
today a key quantity to determine, for instance, enantiomeric
excess and to verify the stereochemistry of a chiral molecule. In
order to obtain more insight into the electronic structure of
chiral molecules as well as to determine the amount of a-
helical content in proteins, electronic circular dichroism (CD)
is commonly used.””” A significant limitation of both optical
rotation and CD for the determination of the chirality of small
observation that enantiomers of chiral molecules interact molecules is the limited number of electronic excited states

differently with circularly polarized light has been used to ?Vaila?le . in .the wavele'ngths' acces#b}e to. experim?r}ta]
develop a wide range of different chiroptical spectroscopies’™* investigation in the UV/vis region. This is particularly critical

in which the differential absorption or scattering of right- and in the case of organic molecules, which often are colorless due

left-circularly polarized light gives rise to a different sign for the

Chirality is a key property of many biological systems. The two
enantiomers of a chiral molecule may have very different
biological functions' with the extreme case being one
enantiomer with a biological effect as a drug and the mirror
image with an adverse effect when administered to a patient.
This makes it important to be able to identify the
stereochemistry of chiral molecules and to devise stereo-
selective synthetic pathways that can ensure that a particular
enantiomer is synthesized. As almost all physical properties of
two enantiomers are the same, the identification and
separation of different enantiomers is challenging. The

two enantiomers. However, there is no way to a priori connect Received: April 28, 2022
the sign of the differential absorption of the components of the Revised:  July 18, 2022
circularly polarized light to the absolute stereochemistry of the Published: August 5, 2022

molecule, making it important to compare the experimental
spectra with spectra calculated using electronic structure
methods.

© 2022 The Authors. Published b
American Chemical Societ\z https://doi.org/10.1021/acs.jpca.2c02953
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Figure 1. Structure of cyclo(X-f-Ala-Y-f3-Ala) with the chiral centers indicated by an asterisk.

to the fact that there are no low-lying excited states absorbing
in the visible region, leaving only a very narrow window in the
near-UV region accessible to modern detectors. These
challenges are further accentuated when multiple chiral centers
are present in the molecule. Furthermore, the description of
electronic excited states using for instance density-functional
theory (DFT) is fraught with challenges.'®"" In contrast,
methods that treat electron correlation explicitly are faced with
challenges arising from the size of the molecules normally
involved and the lack of symmetry.'>™'

In contrast, the infrared region is a rich source of
information for structural characterization and identification
of chiral molecules. Even small molecules have a large number
of vibrational modes that can be probed with spectroscopies
using the infared region of the electromagnetic spectrum,
providing a much richer source of experimental data compared
to electronic spectroscopies. Many of these vibrational modes
can be associated with specific, local regions of the molecule.
From a computational point of view, vibrational chiroptical
spectroscopy also benefits from the fact that all relevant
quantities can be calculated from a knowledge of the electronic
ground state only,'”'® which in general can be determined
more accurately than electronic excited states.

Since their first observations in the early 70s,
vibrational chiroptical spectroscopies have evolved into some
of the most important techniques by which the absolute
stereochemistry of a molecule can be determined in a
combined experimental/theoretical approach.”** The two
most important vibrational chiroptical techniques are vibra-
tional circular dichroism (VCD)**™*” in which one measures
the differential absorption of left- and right-circularly polarized
light, and Raman optical activity (ROA), in which one
measures the differential scattering of right- and left-circularly
polarized light.>** VCD and ROA are the chiroptical analogues
of infrared absorption spectroscopy and Raman scattering,
respectively. Of these, VCD is the most common approach, to
a large extent due to the availability of several different
commercial instruments and easier operation. VCD has found
a wide range of applications, including structural character-
ization of small molecules,® ** understanding the secondary
structure of peptides and proteins®™** as well as for the
understandln% of molecular behavior and interactions in
solutions,”~>" and recently also for understandmg interactions
in larger molecular systems such as fibrils.>>~>* The sensitivity
of the approach to even small changes in molecular structure is
one of the strengths of the technique. At the same time, this
sensitivity puts severe demands on the robustness of the
computational model in general, and the description of
molecular interactions and solvent effects in particular.

From a computational point of view, a challenge in the study
of larger chiral systems is conformational flexibility due to the
strong dependence of the chiroptical response on the three-

19-21
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dimensional structure of a molecule.”>™’ Indeed, the sign of
the optical rotation as well as VCD absorption bands may
change for different conformations of a molecule. The strong
sensitivity on the molecular conformation also means that the
calculated chiroptical response will be very sensitive to
conformational sampling, both in terms of identifying all
conformations present in solution, as well as the quality of the
energetics used to determine the Boltzmann population of
individual conformations. The complexity of this problem
increases with increasing molecular size and the number of
chiral centers in the molecule. The conformational sampling is
thus crucial in order to reliably assign the stereochemistry of
these molecules and is as such an integral part of any
computation of chiroptical spectra of flexible molecules. The
majority of studies in the literature use ad hoc schemes for
conformational sampling, either based on chemical intuition or
on sampling from molecular dynamics (MD) simulations.*® In
the latter case, it is important that the conformational space is
sufficiently well sampled.*” The conformational challenge gets
further complicated when the molecule of interest also can
form stable structures with solvent molecules, for instance,
through hydrogen bonding. An early study of these effects was
presented by Hopmann et al.,* discussing, for instance, the use
of either the enthalpy or the free energy for determining
Boltzmann weights as well as the challenges of comparing
complexes with different number of solute—solvent bonds.
Despite a large number of studies of chiroptical responses of
conformationally flexible molecules in recent years,* ™ there
is a need for a more systematic approach to the sampling of
conformations for flexible molecules to provide a robust and
reliable approach for calculating vibrational chiroptical spectra
of chiral molecules with multiple chiral centers.

At the same time, the conformational challenge is not unique
to chiroptical spectroscopy. A number of strategies for
sampling the conformation space of small organic molecules
have been presented.**~® A particular promlsmg approach was
recently presented by Grimme and co-workers,”~"" originally
developed for the study of spectroscopic properties of flexible
molecules with the first application being the calculation of the
nuclear magnetic resonance (NMR) spectrum of the cyclic
ionophore nonactin in addition to a few other (in)organic and
transition-metal complexes. The approach has since been
further refined and applied to the calculation of different
spectroscopies, including VCD.”'™”* As such, this approach
appears as a promising starting point for a robust and reliable
protocol for calculating VCD spectra of conformationally
flexible molecules with multiple stereocenters.

Our prlmary targets are cyclic oligopeptides in the so-called
middle space,” as these systems hold promise for novel actions
as antibiotics. It is important that the computational protocol is
tested on well-known systems that share similarities with the
compounds of interest, while at the same time being simple

https://doi.org/10.1021/acs.jpca.2c02953
J. Phys. Chem. A 2022, 126, 5458—5471
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Figure 2. Structure of cyclo(Boc-Cys-Pro-X-Cys-OMe) with the chiral centers indicated by an asterisk.

enough to allow the protocol to be suitably optimized and its
range of applicability assessed. For this purpose we have
selected three classes of cyclic oligopeptides previously
reported in the literature.””~”” The first and simplest system
is a series of three tetrapeptides of the form cyclo(X-f-Ala-Y-f-
Ala) with X and Y both being either proline or alanine (see
Figure 1). The second class is another series of three
tetrapeptides of the form cyclo(Boc-Cys-Pro-X-Cys-OMe),
where X can be glycine, 1-leucine, or D-leucine, respectively
(Figure 2). Finally, we apply the protocol to the hexapeptide
cyclo(Phe-p-Pro-Gly-Arg-Gly-Asp) (Figure 3).

o .
N
NH =
o N
HN o
o NH o
H * *
HN N\/\ o )I\

T HN 0, oH

NH, HN \/K

0

Figure 3. Structure of cyclo(Phe-p-Pro-Gly-Arg-Gly-Asp) (3) with
the chiral centers indicated by an asterisk.

The rest of the paper is organized as follows: We first
describe the details of our computational protocol, including
the conformational sampling, the selection of conformers, their
energy minimization and the calculation of VCD spectra. We
then turn our attention to the optimization and use of the

computational protocol for our reference systems, before we
end by giving some concluding remarks and an outlook.

B COMPUTATIONAL DETAILS

Our computational protocol for the calculation of VCD spectra
of conformationally flexible molecules such as the cyclic
oligopeptides that are our primary targets, consists of three
steps that are summarized in Figure 4: (1) sampling of the
conformational space, (2) selection of the conformers that can
be expected to be important for the VCD spectrum, structural
optimization of these conformers and calculation of VCD
spectra, and finally (3) the generation of the Boltzmann-
averaged VCD spectrum that can be compared to the
experimentally observed spectrum.

Step 1: Conformational Sampling. We start by
considering the selection of relevant conformers for which
we used the Conformer Rotamer Ensemble Sampling Tool
(CREST), version 2.8.°77" In our calculations on molecules
la—c (Figure 1), 2a—c (Figure 2), and 3 (Figure 3), we used
the iMDT-GC workflow’””" and the default settings with the
exception of the simulation length of 1b. The iMDT-GC
workflow consists of three steps: an extensive meta-dynamic
sampling (MTD) with different bias potentials, a molecular
dynamics (MD) sampling around the lowest-energy con-
formers, and a genetic Z-matrix crossing (GC).”*”"* The GC
compares each pair of conformers i and j and adds the
structural differences (R; — R)) to a reference structure to
generate a new conformer (R, = Rer + (R; — R))). The
reference structure, R, is usually the conformer lowest in
energy.

Step 1 Step 2 Step 3

Conformational Energy ranking Geometry

X sampling optimization
and VCD

Pro Cys— OMe calculations

Boc —Cys CREST and Single point
_ Tight-Binding energy with DFT
DFT DFT 1800 1600 1400 1200
Wavenumbers [cm’1]
Figure 4. Overview of the protocol presented in this work.
5460 https://doi.org/10.1021/acs.jpca.2c02953
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The following describes the default CREST settings with the
iMDT-GC workflow: On the basis of a flexibility measure for
the molecule, CREST determines the length of the MTD
simulation, which typically is 0.3—0.4 ps multiplied by the
number of atoms in the molecule. The resulting simulation
length for each molecule in this work is given in Table 1. A

Table 1. Computational Settings for the Conformer
Rotamer Ensemble Sampling Tool (CREST) for Each of the
Molecules Studied in This Work

molecule MTD time (ps) MD time (ps)
la X=Y=Al 13.0 6.5
1b X = Ala, Y = Pro 90.0 45.0¢
1c X =Y =Pro 11.0 5.5
2a X =Gly 21.0 10.5
2b X = 1-Leu 28.0 14.0
2¢ X = p-Leu 28.0 14.0
3 36.0 18.0

“Because of difficulties with finding conformers, the simulation time
was set manually.

time step of 5.0 fs was used, coordinates were sampled every
100 fs, and a new reference structure for the bias potential was
chosen every 1.0 ps.** The bias potential used for the MTDs
combines 3 different prefactors (k), the number of atoms (N)
times 0.00300, 0.001S, and 0.00007S, and 4 exponents (a),
1.300, 0.780, 0.468 and 0.281, resulting in 12 different bias
potentials and thus 12 MTD sequences. In addition, two MTD
sequences with extreme bias potentials (k = N X 0.0010, a =
0.1 and k = N X 0.000S, a = 0.8) were performed. For each
snapshot in the simulations, a loose geometry optimization
with the tight-binding method GFN-xTB*"** was performed.
If this resulted in a conformer lower in energy than the input
geometry, the MTD procedure was restarted with the
geometry of this conformer. This was done at least once and
no more than five times. For the four conformers lowest in
energy, MD simulations were performed at 400 and 500 K,
respectively. Finally, geometry optimizations using GFN-xTB
with tighter convergence thresholds were performed for the
conformers obtained from both the MTD and MD
simulations. All structures thus obtained were compared and
duplicates removed. CREST identifies duplicates based on
three criteria: the total energy, the root-mean-square-deviation
of atomic Cartesian coordinates, and the difference in the
rotational constants. The final ensemble of unique conformers
was then generated by performing a geometry optimization
with very tight convergence criteria, again using GFN-xTB.

For molecule 1b, the simulation length was manually set.
For la and Ic, the conformers sampled with the simulation
time determined by CREST resulted in VCD spectra in
agreement with experiment and a conformer ensemble
including the conformer determined most important by Vass
et al.”’ For 1b, on the other hand, the simulated spectrum was
not in agreement with experiment. CREST had difficulties
finding the relevant conformers and the conformer determined
as most important by Vass et al. was not in the ensemble. By
increasing the simulation time from 12.0 ps suggested by
CREST to 90.0 ps, the conformer ensemble included the
relevant conformers.

In CREST 2.8, the solvent is described by a Generalized
Born model where a solvent-accessible surface is used. The
experimental data’”’~"? for 1b—c and 2a—c were recorded in
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deuterated acetonitrile (ACN-d;) and ACN (e = 36) was used
in the calculation. la was measured in deuterated trifluoro-
ethanol (TFE-d,) while 3 was measured in normal
trifluoroethanol (TFE). Since TFE (¢ = 27) is not available
in CREST, we chose the available solvent with the most similar
dielectric constant, acetone (¢ = 20).

Step 2: Energy Ranking and VCD Calculations. Having
in step 1 identified a possibly complete set of unique
conformers, we next turn to the calculation of VCD spectra
for the energetically relevant conformers. In selecting the
relevant conformers, we perform single-point energy calcu-
lations at the DFT level of theory, following the recom-
mendation by Grimme.” Single-point energies, geometry
optimizations and VCD calculations were performed using
DFT in Gaussian 16 (Rev. B.01).% Building on previous
studies of VCD calculations at the DFT level of theory,””**~*’
the B3LYP functional’*®* has been used for these
calculations in combination with the 6-31+G*°*°" basis set.
To evaluate the effect of the size of the basis set on the
resulting VCD spectra for cyclic oligopeptides, single-point
energies, geometry optimization, and VCD calculations were
also performed using B3LYP with the 6-31+G, 6-31+G**, 6-
31G*, 6-31++G*, and 6-311+G* basis sets for molecules 1a
and 2a. These results can be found in the Supporting
Information. In addition, Grimmes empirical dispersion
correction D3 with Becke-Johnson damping” was tested for
molecules 1a and 2a (B3LYP-D3). Solvent effects were
included using the conductor-like polarizable continuum
model (CPCM).”>**

Geometry optimization and VCD calculations were
performed on conformers that were at most 2.5 kcal/mol
higher in energy than the most stable conformer after the
single-point calculations. Both larger and smaller energy gaps
where tested (vide infra). After geometry optimization with
DFT, many conformers determined to be unique by CREST
end up in the same minimum. Duplicates were removed with a
script”” using the same set of criteria as used in CREST.

Step 3: VCD Spectra Generation. Boltzmann weights for
all unique conformers identified after the DFT geometry
optimization were used to generate VCD spectra in the
DrawSpectrum program.”® Gibbs free energies for the
conformers were used to calculate the Boltzmann weights if
not otherwise specified.

When comparing calculated spectra only, frequency scaling
factors from Merrick, Moran, and Radom were used.”” When
comparing calculated and experimental spectra, the frequencies
were scaled such that the combined IR and VCD overlap
estimates (eq 1) were maximized. A more detailed discussion
of scaling factors when calculated spectra are compared with
experimental spectra is found in the Supporting Information
(SI). The overlap estimate between two spectra a and b was
calculated with DrawSpectrum as**%%7'%

(L1,

§, = _——abl
o VALILXLIL,) (1)

where I, is the spectral intensity at a given wavenumber for
spectrum 4. S, ranges from —1 to 1, where 1 indicates
identical spectra and —1 perfect mirror-image spectra. The
frequency regions used were 1800—1500 cm™" for molecules
la—1c and 3 and 1800—1100 cm™ for molecules 2a—c.

The spectral line shape was simulated with a Lorentzian
function with a full width at half-maximum of 10 em™ for

https://doi.org/10.1021/acs.jpca.2c02953
J. Phys. Chem. A 2022, 126, 5458—5471
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Figure S. IR and VCD spectra of 1a in TFE-d, (left) and 2a in ACN-d; (right) with B3LYP/6-31+G*/CPCM and B3LYP-D3/6-31+G*/CPCM,
compared with experiment. The frequencies were scaled with a factor of 0.975 for B3LYP-D3 on 2a and 0.980 for B3LYP on 2a as well as for all
calculations on la. The experimental spectrum of la is measured by Vass et al.”’” while the one of 2a by Merten et al.”®

©

1a conformers of this type account for a BW
of 0% for B3LYP and 7% for B3LYP-D3.

1a conformers of this type account for a BW
of 100% for B3LYP and 93% for B3LYP-D3.

2a conformers of this type account for a BW
of 13% for B3LYP and 100% for B3LYP-D3.

2a conformers of this type account for a BW
of 87% for B3LYP and 0% for B3LYP-D3.

Figure 6. Computed geometries of la (left) and 2a (right) with and without dispersion interactions. The conformers can be grouped in two
different types: the U-type (top row, with dispersion interactions) and flat type (bottom row, without dispersion interactions). The Boltzmann
weights given in the figure are the sum of the conformers belonging to that group.

molecules 1a—c”” and 3,”” and 16 cm™ for molecules 2a—c.”®
The intensities in the calculated spectra are scaled only when
comparing to experimental spectra, and in these cases the
intensities are scaled such that the maximum intensity of the
strongest absorption band matches the intensity of the
corresponding band in the experimental spectrum.

B RESULTS AND DISCUSSION

‘We now turn our attention to the optimization of the protocol
by testing the effect of adding dispersion corrections, the
selection of significant conformers, and an analysis of the
relevant conformers. We then use the optimized protocol to
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predict IR and VCD spectra and compare to the experimental
spectra of the selected molecules.

Dispersion Corrections. Dispersion corrections are
automatically included in CREST calculations (step 1) through
the D4 dispersion model.'”' "' We here test the effect of
including dispersion corrections also in steps 2 and 3, that is,
single point energies, geometries, and VCD properties
calculated with DFT. The effect of adding dispersion
corrections has been tested on molecules 1a and 2a and the
results are shown in Figure S (IR and VCD spectra), Figure 6
(computed geometries) and Table 2 (overlap estimates S).

The IR spectra with and without dispersion corrections are
similar, both qualitatively (Figure S, top) and quantitatively

https://doi.org/10.1021/acs.jpca.2c02953
J. Phys. Chem. A 2022, 126, 54585471
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Table 2. Overlap Estimate S between Calculated and
Experimental Spectra with B3LYP and B3LYP-D3“

molecule 1a molecule 2a

IR VCD IR VCD
B3LYP 0.86 0.68 0.93 0.70
B3LYP-D3 0.86 0.63 0.93 0.46

S is calculated over the frequency range 1800—1500 cm™ for 1a and
1800—1100 cm™" for 2a, using the experimental spectrum as the
reference. The frequencies were scaled with a factor of 0.975 for
B3LYP-D3 on 2a and 0.980 for B3LYP on 2a as well as for all
calculations on 1a.

(Table 2). Indeed, overlap estimates between calculated and
experimental spectra are the same (0.86 for 1a and 0.93 for 2a)
with and without dispersion corrections (Table 2). On the
other hand, VCD is a much more sensitive technique. The
most striking difference is the peak around 1630 cm™ for 2a,
which is only reproduced by the spectrum without dispersion
corrections (Figure S). Accordingly, the overlap estimate for
the calculated VCD spectrum is higher for BLYP (0.70) than
for B3LYP-D3 (0.46, Table 2). The effect of adding dispersion
corrections is, however, only minor for 1a, both qualitatively
(Figure S, left) and quantitatively (Table 2), with overlap
estimates 0.68 for B3LYP and 0.63 for B3LYP-D3.

Adding dispersion corrections mainly impacts the relative
ordering of the conformers. With dispersion corrections,
conformers exhibiting dispersion interactions between two
side groups are present: the methyl groups of both alanine
residues in la (Figure 6, left) and the Boc and OMe group in
2a (Figure 6, right). For la, this conformer has a low
Boltzmann weight and the spectra with and without dispersion
corrections are therefore similar and in agreement with
experiment. On the other hand, for 2a this conformer is the
dominating conformer when B3LYP-D3 is used and hence the
VCD spectrum for B3LYP-D3 differs from the one without
dispersion corrections, leading to a VCD spectrum in poorer
agreement with the experimental spectrum.

These results are in agreement with the results of Hopmann
et al., who concluded that the Boltzmann distribution based on
geometries optimized with dispersion corrections changed the
VCD spectrum of a highly flexible natural compound
significantly, resulting in poor agreement with experiment.'**
In Hopmann’s work, enthalpies and free energies result in
similar spectra and only spectra with enthalpies were shown.
For molecule 2a, using enthalpies and free energies results in
similar spectra while for 1a, including dispersion corrections
and averaging over enthalpies results in a VCD spectrum in
poorer agreement with experiment. Koenis et al. also observed
that many key VCD bands of a rotaxane had opposite sign
compared to the experimental data when using dispersion
corrections. Without dispersion corrections, a different con-
former of rotaxane dominated and gave a VCD spectrum in
good a%reement with experiment.'” Also Merten and co-
workers'°™'% and Zehnacker and co-workers''”'"" have
shown in several works that including dispersion correction
results in significant shifts in the conformational preferences,
and that the experimental data are in better agreement with
spectra calculated without dispersion corrections. On the basis
of these previous observations and our results, it appears that
VCD is a sensitive probe of molecular conformation and could
hence be used to refine the description of dispersion
interactions in quantum-chemical calculations.
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Selection of Significant Conformers. To explore the
dependence of the calculated VCD spectra on the number of
conformers included in the spectral simulations, we consider
molecules 2a and 2c as these display the largest number of
low-energy conformers of the investigated molecules, see Table
3. The results are shown in Figure 7 and Table 4. The number

Table 3. Number of Conformers”

spectra

ol energy ranking generation

sampling geometry
single point energy optimization BW > 5%
unique

CREST AE < 2.5 keal/mol  conformers AH AG
la 7 3 1 1 1
1b 73" 3 2 2 2
1c 56 S S 3 2
2a 331 SS 22 0 7
2b 669 19 12 N 4
2c 778 25 15 9 7
3 725 20 20 4 3

“Number of conformers found by CREST, the number of conformers
found within 2.5 kcal/mol of the lowest lying conformer after the
single point (SP) calculations, the number of unique conformers after
DFT geometry optimization and the number of conformers included
in the final spectra with a Boltzmann weight (BW) higher than 5%.
bManually set simulation time, see Table 1.

of conformers is based on the difference in energy from the
most stable conformer after single-point energy calculations,
AE. Energy gaps of 2.0, 2.5, 3.0, and 4.0 kcal/mol result in
qualitatively similar spectra with only small differences in VCD
intensities for both molecules (Figure 7). Energy gaps of 2.5
and 3.0 kcal/mol result in an identical number of significant
conformers and thus identical VCD spectra. High overlap
estimates (S > 0.99, Table 4) confirm the high similarity of the
spectra.

The number of conformers included in the geometry
optimization (Table 4) and thus the main computational
cost, depends strongly on the energy threshold. Increasing the
energy gap from 2.0 to 2.5 kcal/mol results in one more
relevant conformer for both molecules and an overlap estimate
of § = 1.00 and S = 0.99 for 2a and 2, respectively, using the
results obtained with an energy threshold of 4.0 kcal/mol as
the reference. Increasing the threshold further to 3.0 and 4.0
kcal/mol does not increase the number of relevant conformers,
whereas the number of conformers in the geometry
optimization increases from 35 to 68 and 97 and from 25 to
33 and 66 for 2a and 2c, respectively. An energy gap of 2.5
kcal/mol is also used by Grimme and co-workers in their
refining approaches when selecting which conformers to
optimize at the DFT level.*’

Conformational Analysis. The conformers found by
CREST and determined unique and relevant after DFT
calculations are in agreement with those found with classical
approaches by Vass et al. (1a—c),”” Merten et al. (2a—c)”® and
Bour et al. (3).”° 1a, 1b, and 1c¢ adopts for both chiral elements
an inverse y-turn which is in agreement with the findings of
Vass et al. For molecule 2a, we found that the dominating
conformers adopts a fy; turn structure with small contributions
from structures adopting f3; turns and classical y turns, whereas
Merten et al. assumes that there are significant contributions

https://doi.org/10.1021/acs.jpca.2c02953
J. Phys. Chem. A 2022, 126, 5458—5471
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Figure 7. Calculated VCD spectra of 2a (left) and 2c¢ (right) in ACN-d; based on a different number of conformers. The spectra are based on the
conformers within a given energy gap after the single point energy calculations, AE in kcal/mol, indicated in the figure. The frequencies are not

scaled.

Table 4. Number of Conformers of 2a and 2c that Are Geometry Optimized Based on the Energy Gap after the Single Point
(SP) Energy Calculation with DFT of the 331 (2a) and 778 (2c) Conformers Found with CREST“

energy gap (SP) AE in kcal/mol conformers geom. opt.

2a 1.0 9
2.0 32
2.5 SS
3.0 68
4.0 97
2¢c 1.0 4
2.0 13
2.5 25
3.0 33
4.0 66

unj

ique conformers conformers BW > 5% lowest BW S

N N 5.3% 0.99
14 6 5.0% 0.99
22 7 5.0% 1.00
26 7 5.0% 1.00
37 7 5.0% 1.00

3 3 10.3% 0.87

8 6 5.8% 0.99
15 7 5.4% 0.99
16 7 5.4% 0.99
35 7 5.7% 1.00

“Only conformers with a Boltzmann weight (BW) higher than 5% are included in the spectra. The overlap estimates S are calculated with AE <
4.00 keal/mol as the reference and over the frequency range shown in Figure 7: 1800—1100 cm™". The frequencies are not scaled.
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Figure 8. Experimental (blue) and calculated (B3LYP/6-31+G*/CPCM, red) IR (top) and VCD (bottom) spectra of 1a (left), 1b (middle), and
1c (right). For the calculated spectra, a Lorentzian broadening with a full width at half-maximum of 10 cm™ is used and the frequencies for la are
scaled with a factor of 0.980 and those for 1b and 1c with a factor of 0.990. The experimental spectra are measured by Vass et al.: 1a in TFE-d,
while 1b and 1c in ACN-d;.”” The sticks in the calculated VCD spectra are the rotational strengths associated with that frequency.

from both f; and py type structures. For 2b, we find all
relevant conformers to adopt a f; turn structure while 2¢
adopts a fy turn structure. These two findings are in
agreement with those of Merten et al. The dominating
conformers of 3 has two internal hydrogen bonds in the
backbone and adopts two fy; turns. Also Bour et al. finds that
Pu types structures make a major contribution to the
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conformer mix. The computational protocol used in this
work confirms findings in the previous studies. Thus, the
protocol is able to determine the important conformers of the
studied compounds.

Comparison of Calculated and Experimental Spectra.
We will now proceed to predict IR and VCD spectra for our
selected molecules and compare to experimental spectra. For

https://doi.org/10.1021/acs.jpca.2c02953
J. Phys. Chem. A 2022, 126, 54585471



The Journal of Physical Chemistry A

pubs.acs.org/JPCA

—cak.
—oo.

Cylco(Boc-Cys-Pro-Gly-Cys-OMe)

€ g
H H
5 5
£ £
g g
2 8
< g
a a
o o
2 =
: :
2 S
g g
3 3
< <
< <

1600

1500 1400 1300 1200 1100

Wavenumbers fem ']

Cyclo(Boc-Cys-Pro-L-Leu-Cys-OMe)

Wavenumbers [om™ ']

—cac.
—e.

—ocake.
—e

Cyclo(Boc-Cys-Pro-D-Leu-Cys-OMe)
E 1629
B e T

1738 1430

o

[P AR |

1689 1639
1709672, .

Absorption (IR)

%2 215

A Absorption (VCD)

1842

1400

1300 1200 1600 1500 1400 1300 1200 1100

Wavenumbers [cm ]

Figure 9. Experimental (blue) and calculated (B3LYP/6-31+G*/CPCM, red) IR (top) and VCD (bottom) spectra of 2a (left), 2b (middle) and
2c (right). For the calculated spectra, a Lorentzian broadening with a full width at half-maximum of 16 cm™ is used, and the frequencies are scaled
with a factor of 0.980. The experimental spectra are measured by Merten et al. in ACN-d;.”® The sticks in the calculated VCD spectra are the

rotational strengths associated with that frequency.

this, we use the optimized protocol: B3LYP/6-31+G*/CPCM,
no dispersion corrections, and a threshold of 2.5 kcal/mol to
select the most important conformers after the DFT single-
point calculations. The experimental and calculated IR and
VCD spectra of la—c, 2a—c, and 3 are shown in Figures 8, 9
and 10, respectively, and the overlap estimates S are given in
Table S.

In peptides, there are three important infrared regions. The
amide I region from 1800 to 1600 cm™ is characterized by
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Figure 10. Experimental (blue) and calculated (B3LYP/6-31+G*/
CPCM, red) IR (top) and VCD (bottom) spectra of 3. For the
calculated spectrum, a Lorentzian broadening with a full width at half-
maximum of 10 cm™ is used and the calculated frequencies are scaled
with a factor of 0.995. The experimental spectrum is measured by
Bour et al. in TEE.”” The sticks in the calculated VCD spectra are the
rotational strengths associated with that frequency.
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Table 5. Overlap Estimates S between the Calculated
(B3LYP/6-31+G*/CPCM) and Experimental IR and VCD
Spectra and the Scaling Factor f Used for the Spectrum®

S (IR) S (VCD) f freq. range (cm™)
la 0.86 0.68 0.980 1800—1500
1b 0.83 0.20 0.990
1c 0.78 0.43 0.990
2a 0.93 0.70 0.980 1800—1100
2b 0.94 0.61 0.980
2c 0.92 0.44 0.980
3 0.80 0.31 0.995 1800—1500

“The frequency range used for S are the same as shown in the spectra
(Figures 8, 9, and 10).

C=O0 stretching modes, the amide II region from 1600 to
1480 cm™ is characterized by N—H bending modes, and the
amide III region from 1350 to 1250 cm™ is characterized by
more complex backbone vibrations in combination with side
chain vibrations. For la—c”” and 3,”” only the amide I and II
regions have been measured experimentally (1800—1500
cm™") whereas all three regions have been measured (1800—
1100 cm™) for 2a—c.”®

Molecule Class 1: Cyclo(X-#-Ala-Y-#-Ala). The shape of
the experimental IR spectra of 1la—c are well reproduced by the
calculated spectra (Figure 8, top). Considering the VCD
spectra of molecule la, both the calculated shape and
frequencies of the spectrum are in good agreement with
experiment (Figure 8, bottom left panel). The VCD spectrum
has a —/+/+/— sign pattern (starting from higher frequencies)
in the amide I region which is reproduced well by the
calculated spectra. The weak shoulder at 1646 cm™ found in
the experiment is in the calculated spectrum only seen when
considering the individual rotational strengths (sticks in Figure
8) of the mode at 1650 cm™. The amide II region in the
experimental spectrum is rather noisy due to poor transmission
of the solvent,”” but a —/+ pattern can be seen, which is
reproduced in the calculated spectrum. The assignment of the
different bands in the IR and VCD spectra of 1a can be found
in Table 6, together with those of 1b and 1lc.

https://doi.org/10.1021/acs.jpca.2c02953
J. Phys. Chem. A 2022, 126, 54585471
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Table 6. Assigned Frequencies (in cm™) of la—c from Figure 8

la 1b 1lc
exp calc exp calc exp calc

Amide I: C=0 stretch
freq 1 1685 (=) 1673 (-) 1685 (-) 1689 (—) 1683 (—) 1685 ()
group Ala, Ala (s) Ala Pro, Pro (s)
freq 2 1666 (+) 1668 (+) 1677 (+) 1681 (+) 1674 (+) 1678 (+)
group Ala, Ala (as) Pro Pro, Pro (as)
freq 3 1646 (+) 1650 (+) 1662 (-) 1663 (-) 1634 (=) 1631 (=)
group B-Ala, p-Ala (s) f-Ala4 P-Ala, p-Ala (s)
freq 4 1631 (=) 1643 (<) 1647 (+)° 1627 (=) 1621 (+) 1627 (+)
group PB-Ala, p-Ala (as) p-Ala2 B-Ala, p-Ala (as)
Amide II: N—H bend
freq § 1558 (=) 1556 (=) 1542 (=) 1574 (=) 1536 (=) 1566 (=)
group p-Ala, p-Ala p-Alad p-Ala, f-Ala
freq 6 1532 (+) 1550 (+) 1524 (+) 1561 (+) 1524 (+) 1566 (+)
group p-Ala, f-Ala p-Ala2 p-Ala, f-Ala
freq 7 - 1520 () - 1536 (+)
group Ala, Ala Ala -
freq 8 1521 (+) 1519 (+)
group Ala, Ala - -

“All vibrations are assigned to the dominating functional group. Coupled vibrations are indicated as symmetric (s) or asymmetric (as). The sign of

the VCD intensities is mdlcated with (+) or (—). The calculated frequencies

for 1a are scaled with a factor of 0.980 and those for 1b and 1c with a

factor of 0.990 as in Figure 8. Overlap of VCD bands of opposite sign gives uncertain position.””

Table 7. Assigned Frequencies (in cm™) of 2a—c from Figure 9

2a 2b 2¢

exp calc exp calc exp calc
Amide I: C=O0 stetch
freq 1 1755 (+) 1737 (+) 1750 (+) 1735 (+) 1755 (+) 1737 (+)
group Cys4 Cys4 Cys4
freq 2 1710 (=) 1690 (-) 1711 (-) 1689 (-) - 1688 (—)
group Boc Boc Boc
freq 3 1683 (—) 1674 () 1679 (-) 1672 (-) - 1679 (+)
group Pro Pro Pro
freq 4 - 1660 (+) - 1655 (+) 1673 (-) 1654 (=)
group Gly L-Leu p-Leu
freq S 1639 (+) 1633 (+) 1640 (+) 1633 (+) 1638 (+) 1630 (+)
group Cysl Cysl Cysl
Amide II: N—H bend
freq 6 1541 (+) 1553 (+) 1537 (+) 1545 (+) 1542 (=) 1545 (=)
group Cys4 Cys4 Cys4
freq 7 1515 (=) 1528 (=) 1510 (=) 1521 (=) 1513 (+) 1526 (+)
group Gly L-Leu p-Leu
freq 8 1487 (+) 1498 (+) - 1483 (+) 1494 (+)° 1496 (+)
group Cysl Cysl Cysl

“All vibrations are assigned to the dominating functional group The sign
frequencies are scaled with a factor of 0.980 as in Figure 9. bShoulder.

of the VCD intensities is indicated with (+) or (—). The calculated

In consideration of 1b, the signs of the peaks in the VCD
experiment are partly reproduced by the calculated spectra.
The amide I region in the experimental spectrum has a
—/+/—=/+ pattern, which is only partly reproduced by the
calculated spectrum which displays a —/+/—/— pattern. The
experimental IR spectrum has a band at 1625 cm™ which
corresponds to the band at 1627 cm™ in the calculated
spectrum. In the calculated VCD spectrum, this band is
negative, whereas only a broad, positive band at higher
frequencies is observed in experiment. In the amide II region,
the experimental VCD spectrum only displays two intense
bands with a —/+ pattern. In contrast, the calculated spectrum
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has three separate bands displaying a —/+/+ pattern and with
lower intensity.

Turning to lc, the experiment is reproduced by the
calculations when the individual rotational strengths are
considered. The amide I region of the experimental VCD
spectrum has a —/+/—/+ pattern which is nicely reproduced
by the calculated spectrum. Because the frequencies have been
calculated to have too small separation, the band in the
calculated spectrum at 1631 cm™" results from two overlapping
modes that add up to a single negative band. However,
considering the two modes separately, as shown by the sticks at
1631 and 1627 cm™ (Figure 8, lower row panels), the

https://doi.org/10.1021/acs.jpca.2c02953
J. Phys. Chem. A 2022, 126, 54585471



The Journal of Physical Chemistry A

pubs.acs.org/JPCA

experimental pattern is reproduced by the calculations. In the
amide II region of the experimental spectrum there is a —/+
pattern. In the calculated spectrum there is a positive band
(1567 cn™") which is in line with the observation from the IR
spectra. Again, the frequencies of the two bands have been
calculated to have too small separation and the corresponding
band in the calculated spectrum at 1567 cm™ consists of two
overlapping rotational strengths with different signs, resulting
in one positive band in the calculated spectrum (Figure 8,
sticks lower right panels).

Although the overall shape of the calculated VCD spectra for
1b and Ic is in good agreement with experiment, the overlap
estimates are low. Indeed, the overlap estimates for 1b and 1c
are 0.20 and 0.43, respectively, which is lower than that for 1a
(S =10.68, Table 5). The overlap estimates are very sensitive to
small changes in frequencies. For 1b and 1c, the calculated
gaps between the amide I and amide II regions are much
smaller than in the experiments, off by 42 and 34 cm™),
respectively. The underestimation of this gap is however only
10 cm™ for 1a. This results in a low S value, particularly for 1b
and lc. Using a larger basis set such as 6-311++G** gives
amide I-II gaps in slightly better agreement with experiment
(top row Figure S1 and Figure S3). In addition, earlier work
has suggested that including explicit solute—solvent inter-
actions results in an amide I-II gap in better agreement with
experiment.79‘l 2

For 1b and 1c, we also note that some of the calculated
modes are too close in frequency, which merges these
vibrational modes into a single, broader band shape, and the
VCD stick spectrum is needed to allow for a more detailed
comparison with experiment (Figure 8, bottom middle and
bottom right panels).

Molecule Class 2: Cyclo(Boc-Cys-Pro-X-Cys-OMe). The
experimental IR and VCD spectra of 2a—c are reproduced by
the calculated spectra (Figure 9). Starting with 2a, the amide I
region of the experimental VCD spectrum (Figure 9, bottom
left) has a +/—/+ sign pattern, which is reproduced by the
calculations. In the amide II region, the experiment has a
negative band at 1515 cm™', which corresponds to the
calculated peak at 1528 cm™. Also, at lower frequencies the
calculations are in good agreement with experiment. The
assignment of the different bands in the IR and VCD spectra of
2a can be found in Table 7, together with those of 2b and 2c.

For 2b, both the experimental and the calculated VCD
spectrum have a —/+ pattern in the amide I region and a +/—
pattern in the amide II region (Figure 9, bottom middle). Also,
at lower frequencies the calculated spectrum is in agreement
with the experimental spectrum.

For 2c, the sign of the bands in the experimental VCD
spectrum are reproduced by the calculations when the
individual sticks are considered (Figure 9, bottom right). In
the experimental VCD spectrum, there are two main peaks in
the amide I region: negative at 1673 cm™" and positive at 1638
em™!. The negative peak is reproduced in the calculated
spectrum at 1654 cm™! whereas the positive peak appears as a
stick at 1630 cm™". In the calculated spectrum, there is a strong
positive band at 1679 cm™ that is a much weaker shoulder at
1692 cm™ in the experiment. The —/+ sign pattern of the
amide II region is well reproduced in the calculated spectrum.

The overlap estimates of the VCD spectra for 2a, 2b, and 2¢
are 0.70, 0.61, and 0.44, respectively. As for la—c, the gap
between the amide I and amide II region is underestimated by
approximately 20 cm™ with respect to the experimental
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spectrum. Although the shape of the amide I region for 2c¢ is in
agreement with experiment, the intensities are not and this,
combined with the too small amide I-II gap, leads to the
significantly lower overlap estimate for 2c.

Molecule 3: Cyclo(Phe-b-Pro-Gly-Arg-Gly-Asp). Mole-
cule 3 (Figure 3) is a hexapeptide with four chiral centers and
more conformational flexibility in the side chains compared to
molecules 1—2. The experimental IR and VCD spectra of 3 are
reproduced quite well by the calculations, though there are
only a few distinct bands in the experimental IR spectrum,
making a detailed comparison difficult. The amide I region of
the of the experimental VCD spectrum (Figure 10) has a —
/—/+/+ pattern, which is is also found in the calculated
spectrum. The negative peaks can be assigned to a C=0
stretch on Arg and Asp, respectively, whereas the positive
peaks can be assigned to a C=O stretch on Phe (strong
positive peak at 1652 cm™') and different stretches and bends
in the side groups of Phe and Arg (positive peak at 1620
cm™!), see Table 8.

Table 8. Assigned Frequencies (in cm™) of 3 from Figure
10¢

3

exp calc
Amide I: C=O0 stretch
freq 1 - 1711 (=)
group Pro
freq 2 - 1708 (=), 1707 (+)7¢
group Glys
freq 3 1692 (=) 1698 (—)
group Arg
freq 4 1680 (—) 1678 (—)
group Asp
freq 5 1652 (+) 1650 (+)
group Phe
freq 6 - 1639 (+)°7
group Gly3
freq 7 1620 (+) 1622 (+)
group side chains on Phe and Arg

“All vibrations are assigned to the dominating functional group. The
sign of the VCD intensities is indicated with (+) or (—). The
calculated frequencies are scaled with a factor of 0.995 as in Figure 10.
*Two modes in combination with N—H bend on side group with
different sign of the VCD intensity. “Different conformers give
opposite sign for the VCD intensity. “Shoulder.

In the amide II region, there is one strong band at 1523
cm™' in the experimental VCD spectrum. This peak is
reproduced by a strong absorption at 1555 cm™ in the
calculated VCD stick spectrum. The frequency shift of this
peak is one reason for the rather low overlap between
calculated and experimental spectra both for IR (S = 0.80) and
VCD (S = 0.31), see Table S.

H SUMMARY AND OUTLOOK

We have investigated the performance of the conformational
search tool CREST developed by Grimme and co-workers,*”
originally developed for quantum chemical calculation of NMR
spectra, for the calculation of IR and VCD spectra of seven
conformationally flexible cyclic oligopeptides for which
experimental spectra are available. Chiroptical properties of
flexible molecules are particularly challenging, as different
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conformers may have different signs of the rotatory strengths,
in contrast to, for instance, IR or NMR intensities. Ensuring
that all relevant conformers are identified and their relative
stability is correctly predicted is therefore paramount for a
robust computational protocol to reproduce experimental
VCD spectra.

Our results show that CREST identifies the important
conformers. Subsequent DFT energy calculations ensure
sufficiently accurate results for the relative energies of the
different conformers and lead to a reduction of the number of
conformers for which a full geometry optimization and VCD
properties calculations need to be performed. In weighing the
overall contribution of different conformers to generate full IR
and VCD spectra, Gibb’s free energies are used. We note,
however, that in many cases the enthalpy will suffice if the
different conformers do not display significantly different
entropic contributions. Somewhat surprisingly, but confirming
earlier VCD st:udies,m“‘m5 including dispersion corrections
leads to poorer agreement with experimental VCD spectra.
This suggests that the sensitivity of VCD may make it an
appropriate technique to use when attempting to further
improve the description of dispersion corrections in DFT
calculations.

The overall VCD patterns computed based on the
conformers identified by the approach are in good agreement
with available experimental data. However, the gap between
the amide I and amide II region does not match experiment for
the molecules investigated in this work. Whereas we have used
continuum solvation models, explicit solvation may be required
in order to correctly model the energy separation between the
amide I and amide II regions.79 Furthermore, some vibrational
bands are too close in frequency in our calculations, leading to
overlapping vibrational bands in the calculated VCD spectra
that may hide finer patterns observed in the experimental
spectra. However, these patterns can be identified by
considering the computed spectrum without broadening
applied (the stick spectrum). Anharmonic corrections may
also also be relevant to consider in some cases.'>''*

Despite these shortcomings, the tested protocol is able to
identify the relevant conformers and the calculated VCD
spectra are overall in agreement with experiments. The
approach provides a feasible basis for generating VCD spectra
also for larger cyclic peptides of biological/pharmaceutical
interest. Whereas our protocol has been able to reproduce
experimental VCD spectra of these cyclic peptides with known
stereochemistry, an interesting question is to what extent
experimental VCD in combination with the current computa-
tional protocol will be able to distinguish structurally similar
cyclic peptides that have different stereochemistry. This will be
the focus of future work.
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Abstract

Cyclic peptides show a wide range of biological activities, among others as an-
tibacterial agents. These peptides are often large and flexible with multiple chiral
centers. The determination of the stereochemistry of molecules with multiple chiral
centers is a challenging and important task in drug development. Chiroptical spectro-
scopies such as vibrational circular dichroism (VCD) can distinguish between different
stereoisomers. The absolute configuration (AC) of a stereoisomer can be determined by
comparing its experimental spectra to computed spectra of stereoisomers with known
AC. In this way, the AC of rigid molecules with up to seven chiral centers has been
assigned (Bogaerts et al., Phys. Chem. Chem. Phys. 22, 18014, 2020). The question

arises whether this is possible with more conformationally flexible molecules such as



cyclic peptides. We here investigate to what extent the AC of cyclic peptides can be
determined with VCD. More specifically, we investigate the maximum number of chiral
centers a cyclic peptide can have in order to be able to unambiguously assign the AC
with VCD. We present experimental and computed IR and VCD spectra for a series
of eight tetrapeptides and hexapeptides with two, three and four chiral centers. We
use our recently developed computational protocol with a conformational search based
on sampling with meta-dynamics. We use visual inspection to compare the computed
spectra of different stereoisomers with an experimental spectrum of the corresponding
cyclic peptide with known AC. We find that the AC of the investigated cyclic peptides
with two chiral centers can be unambiguously assigned with VCD. This is however not
possible for all of the cyclic peptides with three chiral centers and for none of those
with four chiral centers. At best, one can limit the number of possible stereoisomers
in those cases. Our work shows that other techniques are needed to assign the AC of
cyclic peptides with three or more chiral centers. Our study also constitutes a warning
that the spectra of all stereoisomers should be computed before attempting to match

to an experimental spectrum, to avoid an accidental erroneous match.

Introduction

Cyclic peptides show a wide range of biological activities, as antitumor drugs, immunosup-
pressors and antimicrobial agents, to name a few.?3 They are often large, flexible and can
include multiple chiral centers. The determination of the stereochemistry of molecules with
multiple chiral centers is a challenging and important task in drug development. Indeed,
the physiological function of a medicinal drug depends strongly on its stereochemistry. Two
enantiomers of a chiral compound may have different effects on the human organism; one
of them can function as a life-saving drug, while the other may have no function or, in the
worst case, cause severe damage to the patient.* Although enantiomers can have different

biological effects, almost all of their physical properties are the same. Hence, common struc-



ture elucidation techniques such as mass spectroscopy, nuclear magnetic resonance (NMR)
or infrared spectroscopy (IR) are often not sufficient to determine their absolute configura-
tion (AC), even though a combination of computational methods and advanced statistical
methods has shown promise in structure elucidation of small molecules with NMR.? One
technique that has been frequently used to determine the AC of chiral molecules is X-ray
crystallography. This method requires extensive experimental work and may fail in certain
cases.® Many molecules fail to crystallize, and even if a crystal can be obtained and the AC
determined, the crystal structure may deviate from the structure in solution, preventing a
clear identification of structure-activity relationships.

Various methods of chiroptical spectroscopy can be used to determine the chirality of or-
ganic compounds.”® Vibrational circular dichroism (VCD)1! has recently been extensively
used in the pharmaceutical industry to determine the AC of chiral drugs.®'%'? While IR
measures the absorption of infrared light, VCD measures the difference in absorption of left-
and right-circularly polarized light in the infrared energy range. Since this differential ab-
sorption varies for enantiomers, VCD, in contrast to IR, can distinguish between enantiomers
and help to determine the AC of chiral compounds, since two enantiomers have equal VCD
spectra with opposite sign. The situation gets more complicated, however, for molecules
with more than one chiral center where one distinguishes between enantiomers and diastere-
omers. Enantiomers have different stereochemistry in all chiral centers, are mirror images of
each other and have equal VCD spectra with opposite signs. Diastereomers have different
stereochemistry in at least one but not all chiral centers and have VCD spectra that are
more different than only a sign change.

Unambiguous assignment of the stereochemistry for a range of both synthetic and natural
chiral compounds has been done using VCD. %1 In most cases where VCD alone has been
used to determine the stereochemistry, the compounds were limited to a maximum of three
chiral elements. !> However, a recent work by Bogaerts et al. demonstrated that VCD could be

used to unambiguously assign the AC of artemisinin and artesunate with six and seven chiral



centers, respectively.'® This was facilitated by the fairly rigid structure of these molecules.
The situation becomes more complex and challenging for conformationally flexible systems
such as cyclic peptides,!” where VCD alone may not be successful in an unambiguous AC
determination.

To assign the unknown AC of a chiral compound, a measured VCD spectrum is com-
pared with computed spectra for different stereoisomers of the compound. A computational
protocol to simulate the spectra typically consists of a conformational search and quantum-
chemical calculations of the VCD spectra.®!” Since the spectra are measured in solution,
the solvent environment is often included in calculations through the use of a continuum
model. %19 The conformational search is a key step in the computational protocol for flex-
ible molecules, since different conformers with the same AC may provide VCD intensities
with different signs in the same frequency range. When relevant conformers are missing, this
could easily lead to an erroneous assignment of the AC. In a previous work,!” we established
a reliable computational protocol for the calculation of conformationally flexible molecules
with known AC, using several cyclic peptides as test systems. This computational proto-
col was based on a meta-dynamics conformational search as implemented in CREST,?0-22
combined with energies, geometries and VCD spectra obtained using DFT. We showed that
the protocol allows for the identification of relevant conformations, and that the Boltzmann-
averaged spectrum agrees well with the corresponding experimental spectrum.

In this work, we investigate to what extent the AC of cyclic peptides can be determined
with VCD using this computational protocol. More specifically, we investigate the maximum
number of chiral centers a cyclic peptide can have in order to be able to unambiguously assign

the AC with VCD.



Methods

In order to investigate to what extent the AC of cyclic peptides can be determined with
VCD, we use our previously published computational protocol!” to compute VCD spectra
for all stereoisomers of a given cyclic peptide and compare them to an experimental VCD

spectrum of a stereoisomer with known AC.

Investigated chiral peptides

We have selected a series of eight tetrapeptides and hexapeptides with two, three and four
chiral centers (Figure 1).

With the exception of f-alanine in 1 and glycine in 2—6 and 8, all amino acids have one
chiral center. The AC of a chiral peptide is indicated by naming the stereochemistry of each
chiral amino acid, following the order of the amino acids. For example, SR-cyclo(Ala-/3-Ala-
Pro-f3-Ala) (1) indicates that alanine has the S configuration and proline has R wheres as
RSR-cyclo(Val-Gly-Ser-Gly-Ala-Gly) (5) indicates that the chiral amino acids are R-valine,
S-serine and R-alanine.

The experimental spectra, for tetrapeptides 1,23 424 and 724 as well as for the hexapeptide
825 were taken from the literature. Cyclic hexapeptides 2, 3, 5 and 6 were synthesized and

their VCD spectra measured as part of this study.

Synthesis of cyclic hexapeptides

Hexapeptides 2, 3, 5 and 6 were prepared from fluorenylmethoxycarbonyl (Fmoc)-protected
amino acids by solid-phase peptide synthesis?® using the Fmoc strategy?’ as described in
detail elsewhere.2® Using 2-chlorotrityl chloride resin and Fmoc-Gly-OH as the first amino
acid, linear peptide precursors were made by an automated peptide synthesizer (Biotage
Initiator+ Alstra). The linear peptides were cleaved from the resin, head-to-tail cyclized in

solution, and side-chain deprotected. Crude peptides were purified by preparative reversed-
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Figure 1: Structure of the investigated chiral peptides.
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Red circles indicate chiral centers.

IR absorption and VCD spectra of cyclic peptides were measured using an Invenio R FTIR

spectrometer equipped with a PMA50 module for polarization measurements (Bruker) at 8

cm™!

resolution using a demountable BaF; cell and a 100 um Mylar spacer, with photoe-

lastic modulator module set to 1600 cm™!. The peptides were dissolved in DMSO-dg at a

concentration of 25 mg/mL, and 50 pL of this peptide solution was deposited on the bottom



cell window and covered with the top window. Six blocks of 22500 scans (16 hours of total
accumulation time) were collected and averaged. Spectra of DMSO-dg measured at the same

conditions were subtracted from the sample spectra.

Computational Details

IR and VCD spectra were calculated using our recently developed computational protocol.'”
A conformational search was performed with meta-dynamics as implemented in CREST
2.10.2122 The conformer ensemble was then re-ranked by a DFT single-point energy cal-
culation (B3LYP?2%30/6-31+G*31:32/CPCM3331).  Conformers within 2.5 kcal/mol of the
lowest-lying conformer after the DFT single-point energy calculation were geometry opti-
mized, and the resulting structures were used to calculate IR and VCD intensities. If less
than 20 conformers were within the 2.5 kcal/mol range after the single-point energy calcu-
lation, we included the lowest-energy conformations above 2.5 kecal/mol up to a total of 20
conformers to ensure that the conformational space was sufficiently sampled. The single-
point energy calculations, geometry optimizations and VCD calculations were performed at
the DFT level (B3LYP/6-31+G*/CPCM) using Gaussian 16 (Rev. B.01).% For more details
on the computational protocol, we refer to our previous work.!”

Final VCD spectra were generated as Boltzmann averages based on free energies for the
unique conformers by the DrawSpectrum program.® The calculated spectral intensities are
scaled such that the peak with the highest intensity in the computed spectrum matches the
peak with the highest intensity in the experimental spectrum. For the molecules measured
in this work (2, 3, 5 and 6), a Lorentzian bandshape with a full width at half maximum
(FWHM) of 10 cm™! was applied. For the molecules measured elsewhere, the broadening
was chosen to be the same as used for the calculated spectra in those works: 10 cm™! for 1
measured by Vass et al.,?* 16 cm™! for 4 and 7 measured by Merten et al.?* and 10 cm™
for 8 measured by Bouf et al.?®

Since the stereoisomers occur in pairs of enantiomers that have equal IR spectra and



equal but opposite-signed VCD spectra, we have reduced the computational workload by
calculating the spectra for only one enantiomer in each pair. Thus, we applied the com-
putational protocol including the conformational search for two diastereomers of the cyclic
peptides with two chiral centers; for four diastereomers of the cyclic peptides with three

chiral centers; and for eight diastereomers of the cyclic peptides with four chiral centers.

Comparison of the experimental and computed spectra

The most important vibrations for peptides are located in the amide I spectral region (1800-
1600 cm™!), associated mostly with C=0 stretching modes, and the amide II spectral region
(1600-1480 cm™!), associated mostly with N-H bending modes. We compare experimental
and computed VCD spectra for the 1800-1400 cm™! region with the exception of 8, where
experimental data is available for the 1800-1500 cm™! region only.

As discussed in our previous work,!” the experimental gap between the amide I and II
spectral regions is poorly reproduced in computed spectra of cyclic peptides. In general,
frequencies calculated with DFT do not match the experimentally observed frequencies3”3°
and they are usually scaled to obtain a better agreement with experiment. To our knowl-
edge, there is no established method to determine the frequency scaling factors for spectra
recorded in solvent and several ad-hoc schemes are in use. One way is to choose the scaling
factor that gives the best visual agreement with experiment. In this work, however, we
compute the overlap between the experimental spectrum and spectra computed with dif-
ferent frequency scaling factors and choose the frequency scaling factor giving the largest
overlap between experimental and computed spectra. Overlap estimates S are calculated

with DrawSpectrum?® ag40-43

S _ <Icalc|jemp> (1)
\/<Icalc ‘ -[calc> <chp|-[cxp>

where [ is the spectral intensity at a given wavenumber. For IR, S can range from 0 to 1,



whereas for VCD it can range from -1 to 1. For VCD, an overlap estimate of 1 indicates
identical spectra and -1 indicates mirror-image spectra.
We use overlap estimates from a combination of the IR and VCD spectra to determine

the frequency scaling factor separately for each stereoisomer of each chiral peptide as

S =VIS(VCD)| x |SUR)|. (2)

Overlap estimates for frequency scaling factors from 0.960 to 1.000 with increments of
0.005 were calculated and evaluated. Given the poor agreement in the experimental and
computed gaps between the amide I and amide II regions, the same frequency scaling factor
cannot be used for both spectral regions to calculate the overlap estimate of both regions
combined. Hence, we have chosen to compute overlap estimates for the intense amide I
region (1800-1600 cm™!) only. The resulting frequency scaling factors are collected in Tables
S1, S2 and S3.

In addition to their use in establishing the frequency scaling factors, overlap estimates
are also used in this work to select the stereoisomers to show in the figures. For each
enantiomeric pair, we show the enantiomer that is in best agreement with the experiment
by selecting the one with the largest positive overlap estimate in the amide I region. For the
cyclic peptides with four chiral centers, we show the four diastereomers that agree best with
the experimental spectrum by selecting the ones with the largest positive overlap estimate.

One could in theory use overlap estimates to determine which stereoisomer matches
the experimental VCD spectrum best. Indeed, Bogaerts et al.'® used overlap estimates
between calculated and experimental VCD and Raman optical activity (ROA) spectra to
determine the AC of two rigid compounds with six and seven chiral centers. For the molecules
investigated in this work, we found that the overlap estimates are not reliable enough to be
used for this purpose. The overlap estimates calculated using Eq. 1 are extremely sensitive

to small changes in frequencies. Indeed, a small change in the frequency scaling factor may



entirely change the AC assignment based on overlap estimates. In addition, the largest
overlap estimate may correspond to a stereoisomer that shows an entirely different pattern
in the VCD spectrum and which would therefore immediately be discarded by the trained
eye. Bogaerts et al. obtained the overlap estimates using scaling factors determined by IR,
VCD, Raman and ROA spectra together and these overlap estimates are likely more reliable
than those calculated using scaling factor obtained from IR and VCD spectra only.

Thus, we use visual inspection to determine which computed spectrum/spectra match
the experimental spectrum best. We primarily use the experimental pattern in the intense
amide I region to select matching computed spectra. If this is not possible or when several
computed spectra match the pattern in the amide I region, we also include the amide II
region in this analysis. Another source of information is the relative intensity of the amide I
and amide II regions. We do not take into account the separation between the amide I and
IT regions, as it is likely that explicit solvent modelling is needed to correctly reproduce this

separation. 72

Results

In the following, we present results for the cyclic peptides with two chiral centers (1-3),

followed by those with three (4-6) and those with four chiral centers (7-8).

Cyclic peptides with two chiral centers

The experimental and computed spectra for cyclic peptides 1, 2 and 3 are shown in Figure
2.

For tetrapeptide 1, the experimental VCD spectrum (SS) is in fair agreement with cal-
culated spectra for both the SS and SR stereoisomers in the frequency range 1800-1500

1

cm~!. However, the experimental positive band at 1440 cm™! is only reproduced for the SS

stereoisomer (at 1470 cm™!). For hexapeptide 2, the experimental (SS) +/+/- pattern in

10



cyclo(Ala-B-Ala-Pro-B-Ala) (1) cyclo(Ala-Gly-Gly-Ser-Gly-Gly) (2) cyclo(Val-Gly-Gly-Ser-Gly-Gly) (3)
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Figure 2: Experimental and computed (B3LYP/6-31+G*/CPCM) IR (top) and VCD spectra
(bottom) of 1 in ACN-d3? and 2 and 3 in DMSO-dg. For each pair of enantiomers, the one
with the largest positive overlap estimate in the amide I region is shown in the figures. The
experimental spectrum is overlaid with the computed spectra as a dotted black line.

the amide I region is reproduced only in the computed VCD spectrum of the SS stereoisomer,
while the RS stereoisomer shows a -/+/- pattern in this region. Neither of the calculated
spectra reproduces the experimental 4 /- couplet in the amide II region. For hexapeptide 3,
the experimental (SS) +/- pattern in the amide I region is similarly reproduced only in the
computed VCD spectrum of the SS stereoisomer, while the RS stereoisomer shows a -/+/-

pattern with a prominent negative wing at 1690 cm™'.

Again, neither of the calculated
spectra reproduces the experimental + /- couplet in the amide IT region.

In summary, the AC of the three investigated cyclic peptides with two chiral centers
can be determined by VCD. For tetrapeptide 1, the calculated SS spectrum reproduces the
experimental pattern in the entire investigated frequency range (1800-1400 cm™!), whereas
for hexapeptides 2 and 3, only the amide I region in the experimental spectra is reliably

reproduced by the calculations. This may be caused by the longer and more flexible peptide

backbone in 2 and 3 compared to 1.
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Cyclic peptides with three chiral centres

The experimental and computed spectra for cyclic peptides 4, 5 and 6 are shown in Figure
3.

cyclo(Boc-Cys-Pro-Gly-Cys-OMe) (4) cyclo(Val-Gly-Ser-Gly-Ala-Gly) (5) cyclo(Leu-Gly-Ser-Gly-Ala-Gly) (6)

1800 1700 1600 1500 1400 1800 1700 1600 1500 1400 1800 1700 1600 1500 1400
Wavenumbers [cm™] Wavenumbers [cm™1] Wavenumbers [cm™]

Figure 3: Experimental and computed (B3LYP/6-31+G*/CPCM) IR (top) and VCD spectra
(bottom) of 4 in ACN-ds?* and 5 and 6 in DMSO-dg. For each pair of enantiomers, the one
with the largest positive overlap estimate in the amide I region is shown in the figures. The
experimental spectrum is overlaid with the computed spectra as a dotted black line.

For tetrapeptide 4, the experimental (RSR) -/+ couplet in the amide I region as well as
the negative band slightly above 1500 cm ™! are reproduced in the computed VCD spectrum
of both the SRR and RSR stereoisomers. The relative intensity of the bands in the amide
I and II regions is however only reproduced for the RSR stereoisomer. For hexapeptide 5,
the experimental (SSS) +/- couplet in both the amide I and II regions is reproduced only in
the computed VCD spectrum for the SSS stereoisomer. For hexapeptide 6, the experimental
(SSS) +/- couplet in the amide I region is reproduced in the computed VCD spectrum of
both the SSR and SSS stereoisomers. The experimental +/- couplet in the amide II region
is better reproduced for the SSR stereoisomer than for the SSS stereoisomer, which shows a
+/-/+ spectral pattern. Based on the amide II region, one could erroneously assign SSR as
the AC, or conclude that the AC cannot reliably be assigned with VCD only.

In summary, the AC of two out of three cyclic peptides with three chiral centers can be
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correctly assigned with VCD.

Cyclic peptides with four chiral centres

The experimental and computed spectra for cyclic peptides 7 and 8 are shown in Figure
4. Experimental spectra for two stereoisomers of tetrapeptide 7 are available.?* Hence, two
separate assignments can be made. We will refer to those as 7Ta (RSSR) and 7b (RSRR).
Of the sixteen possible stereoisomers, only the computed spectra for the four stereoisomers
with the largest positive overlap estimate in the amide I region are shown. The spectra of
the four remaining diastereomers can be found in Figure S1 (7a), Figure S2 (7b) and Figure

S3 (8).

cyclo(Boc-Cys-Pro-Leu-Cys-OMe) (7a) cyclo(Boc-Cys-Pro-Leu-Cys-OMe) (7b) cyclo(Phe-Pro-Gly-Arg-Gly-Asp) (8)

1800 1700 1600 1500 1400 1800 1700 1600 1500 1400 1800 1700 1600 1500
Wavenumbers [cm™] Wavenumbers [cm™] Wavenumbers [cm™1]

Figure 4: Experimental and computed (B3LYP/6-31+G*/CPCM) IR (top) and VCD spectra
(bottom) of 7a in ACN-ds,?* b in ACN-d3?* and 8 in TFE.? Computed spectra are shown
for the four stereoisomers with the largest positive overlap estimate in the amide I region.
The experimental spectrum is overlaid with the computed spectra as a dotted black line.

For tetrapeptide 7a, the experimental (RSSR) -/+ couplet in the amide I region is
reproduced in the computed VCD spectra of seven stereoisomers. Three of these can be
eliminated due to a negative band between 1800-1700 cm™' that is not observed in the
experimental spectrum (RRSS in Figure 4 and SSSS and SSRS in Figure S1). For the

four remaining stereoisomers, only calculated spectra for the RSSR and RSSS stereoisomers
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reproduce the +/- couplet in the amide II region. For tetrapeptide 7b, the experimental
(RSRR) -/+ couplet in the amide I region is reproduced in the computed VCD spectra of four
stereoisomers. The correct RSRR stereoisomer is not among those four, showing a positive
band at 1700 cm™' that is not observed in the experiment. The RSRR stereoisomer is,
however, the only one reproducing the the experimental -/+ couplet in the amide II region.
For hexapeptide 8, the experimental (SRSS) -/-/+ spectral pattern in the amide I region
is reproduced in the computed VCD spectra of the three stereoisomers SRSS, RRSS and
RRSR. The experimental spectrum does not show an intense signal in the amide II region.
The correct SRSS stereoisomer, however, shows a strong negative band in its computed
spectrum.

In summary, the AC cannot be correctly assigned with VCD for any of the three inves-

tigated cyclic peptides with four chiral centers.

Discussion and conclusion

We have investigated to what extent VCD can be used to determine the AC of cyclic tetra-
and hexapeptides with two, three and four chiral centers by comparing experimental VCD
spectra with computed VCD spectra of all stereoisomers. We have shown that we can assign
the AC in this way for all three cyclic peptides with two chiral centers, for two out of three
cyclic peptides with three chiral centers and for none of the cyclic peptides with four chiral
centers. The higher the number of chiral centers and the longer and more flexible the cyclic
peptide, the more difficult it is to determine the AC. In the cases where the AC cannot be
determined with VCD alone, one can at best limit the number of possible stereoisomers. At
worst, an erroneous assignment is made based on VCD alone.

Although somewhat disappointing, it is not surprising that VCD alone cannot always
determine the AC of molecules with three or more chiral centers. Other works have been

successful in determining the AC of such molecules and have achieved this by combining
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VCD with other types of spectroscopies. Hopmann et al. combined VCD, ROA and NMR
to determine the AC of a highly flexible natural product with two chiral centers and an
asymmetrically substituted double bond.** Dinku et al. combined VCD and NMR to deter-
mine the AC of a tricyclic triterpene acid with three chiral centers and three asymmetrically
substituted double bonds.*® Bogaerts et al. combined VCD and ROA to determine the AC
of two rigid compounds with six and seven chiral centers. !¢ Thus, combining VCD with other
techniques such as ROA and NMR is a preferred strategy to correctly and reliably determine
the AC of large and flexible molecules with multiple chiral centers.®'* We hypothesize that
this strategy also works for cyclic peptides 6-8, for which the AC could not be assigned with
VCD only. Although we have shown that VCD independently can determine the correct AC
for cyclic peptides 1-5, a more unambiguous assignment can be made by combining several
techniques.

Our study also shows that, in the absence of additional experimental data, it is impor-
tant to calculate spectra for all possible stereoisomers of a flexible molecule with multiple
chiral centers, to avoid an erroneous assignment based on an accidental agreement. Such an
erroneous assignment becomes more probable with a higher number of chiral centers in a

molecule.
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o Additional IR and VCD spectra of 7a, 7b and 8.

o Used scaling factors.

e Overlap estimates.

References

(1)

(2)

Jing, X.; Jin, K. A gold mine for drug discovery: Strategies to develop cyclic peptides

into therapies. Med. Res. Rev. 2020, 40, 753-810.

Abdalla, M. A.; McGaw, L. J. Natural Cyclic Peptides as an Attractive Modality for

Therapeutics: A Mini Review. Molecules 2018, 23, 2080.

Zorzi, A.; Deyle, K.; Heinis, C. Cyclic peptide therapeutics: past, present and future.
Curr. Opin. Chem. Biol. 2017, 38, 24-29.

Smith, S. W. Chiral Toxicology: It’s the Same Thing..Only Different. Tozicol. Sci.
2009, 110, 4-30.

Kim, C. S.; Oh, J.; Lee, T. H. Structure elucidation of small organic molecules by
contemporary computational chemistry methods. Arch. Pharm. Res. 2020, 43, 1114—
1127.

Devlin, F. J.; Stephens, P. J.; Besse, P. Are the absolute configurations of 2-(1-
hydroxyethyl)-chromen-4-one and its 6-bromo derivative determined by X-ray crys-
tallography correct? A vibrational circular dichroism study of their acetate derivatives.

Tetrahedron: Asymmetry 2005, 16, 1557-1566.

16



(7)

(15)

Menna, M.; Imperatore, C.; Mangoni, A.; Della Sala, G.; Taglialatela-Scafati, O. Chal-
lenges in the configuration assignment of natural products. A case-selective perspective.

Nat. Prod. Rep. 2019, 36, 476-489.

Bogaerts, J.; Aerts, R.; Vermeyen, T.; Johannessen, C.; Herrebout, W.; Batista, J. M.
Tackling Stereochemistry in Drug Molecules with Vibrational Optical Activity. Phar-

maceuticals 2021, 14, 877.

Krupovd, M.; Kessler, J.; Bouf, P. Recent trends in chiroptical spectroscopy: the-
ory and applications of vibrational circular dichroism and Raman optical activity.

ChemPlusChem 2020, 85, 561-575.

Stephens, P.; Devlin, F.; Cheeseman, J. VCD spectroscopy for organic chemists; CRC
Press, 2012; pp 1-360.

Wesolowski, S. S.; Pivonka, D. E. A rapid alternative to X-ray crystallography for chiral
determination: Case studies of vibrational circular dichroism (VCD) to advance drug

discovery projects. Bioorg. Med. Chem. Lett. 2013, 23, 4019-4025.

Kurouski, D. Advances of Vibrational Circular Dichroism (VCD) in bioanalytical chem-

istry. A review. Anal. Chim. Acta 2017, 990, 54—66.

Batista Jr, J.; Blanch, E. W.; Bolzani, V. d. S. Recent advances in the use of vibra-
tional chiroptical spectroscopic methods for stereochemical characterization of natural

products. Nat. Prod. Rep. 2015, 32, 128-132.

Merten, C.; Golub, T. P.; Kreienborg, N. M. Absolute Configurations of Synthetic
Molecular Scaffolds from Vibrational CD Spectroscopy. J. Org. Chem. 2019, 84, 8797
8814.

Polavarapu, P. L.; Santoro, E. Vibrational optical activity for structural characteriza-

tion of natural products. Nat. Prod. Rep. 2020, 37, 1661-1699.

17



(16)

Bogaerts, J.; Desmet, F.; Aerts, R.; Bultinck, P.; Herrebout, W.; Johannessen, C.
A combined Raman optical activity and vibrational circular dichroism study on

artemisinin-type products. Phys. Chem. Chem. Phys. 2020, 22, 18014-18024.

Eikas, K. D. R.; Beerepoot, M. T. P.; Ruud, K. A Computational Protocol for Vibra-
tional Circular Dichroism Spectra of Cyclic Oligopeptides. J. Phys. Chem. A 2022,
126, 5458-5471.

Cappelli, C.; Mennucci, B. Modeling the Solvation of Peptides. The Case of (s)-N-

Acetylproline Amide in Liquid Water. J. Phys. Chem. B 2008, 112, 3441-3450.

Mennucci, B.; Cappelli, C.; Cammi, R.; Tomasi, J. Modeling solvent effects on chirop-

tical properties. Chirality 2011, 25, 717-729.

Grimme, S.; Bannwarth, C.; Dohm, S.; Hansen, A.; Pisarek, J.; Pracht, P.; Seib-
ert, J.; Neese, F. Fully Automated Quantum-Chemistry-Based Computation of Spin—
Spin-Coupled Nuclear Magnetic Resonance Spectra. Angew. Chem., Int. Ed. 2017, 56,
14763-14769.

Grimme, S. Exploration of Chemical Compound, Conformer, and Reaction Space with
Meta-Dynamics Simulations Based on Tight-Binding Quantum Chemical Calculations.

J. Chem. Theory Comput. 2019, 15, 2847-2862.

Pracht, P.; Bohle, F.; Grimme, S. Automated exploration of the low-energy chemical
space with fast quantum chemical methods. Phys. Chem. Chem. Phys. 2020, 22, 7169—
7192.

Vass, E.; Majer, Z.; Kéhalmy, K.; Holl6si, M. Vibrational and chiroptical spectroscopic
characterization of «-turn model cyclic tetrapeptides containing two [-Ala residues.

Chirality 2010, 22, 762-771.

18



(24)

(29)

(30)

(31)

(32)

Merten, C.; Li, F.; Bravo-Rodriguez, K.; Sanchez-Garcia, E.; Xu, Y.; Sander, W.
Solvent-induced conformational changes in cyclic peptides: a vibrational circular

dichroism study. Phys. Chem. Chem. Phys. 2014, 16, 5627-5633.

Bour, P.; Kim, J.; Kapitan, J.; Hammer, R.; Huang, R.; Wu, L.; Keiderling, T. Vibra-
tional circular dichroism and IR spectral analysis as a test of theoretical conformational

modeling for a cyclic hexapeptide. Chirality 2008, 20, 1104-1119.

Merrifield, R. B. Solid Phase Peptide Synthesis. I. The Synthesis of a Tetrapeptide. J.

Am. Chem. Soc. 1963, 85, 2149-2154.

Chan, W.; White, P. Fmoc Solid Phase Peptide Synthesis: A Practical Approach;

Oxford University Press: Oxford, 1999.

Karlsen, E. A.; Stensen, W.; Juskewitz, E.; Svenson, J.; Berglin, M.; Svendsen, J. S. M.
Anti-Colonization Effect of Au Surfaces with Self-Assembled Molecular Monolayers
Functionalized with Antimicrobial Peptides on S. epidermidis. Antibiotics 2021, 10,
1516.

Becke, A. D. A new mixing of Hartree Fock and local density functional theories. J.

Chem. Phys. 1993, 98, 1372-1377.

Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-Salvetti correlation-energy

formula into a functional of the electron density. Phys. Rev. B 1988, 37, 785-789.

McLean, A. D.; Chandler, G. S. Contracted Gaussian basis sets for molecular calcula-

tions. I. Second row atoms, Z=11-18. J. Chem. Phys. 1980, 72, 5639-5648.

Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. Self-consistent molecular orbital
methods. XX. A basis set for correlated wave functions. J. Chem. Phys. 1980, 72,

650-654.

19



(33) Barone, V.; Cossi, M. Quantum Calculation of Molecular Energies and Energy Gradi-

(34)

(35)
(36)

(37)

(38)

ents in Solution by a Conductor Solvent Model. J. Phys. Chem. A 1998, 102, 1995—
2001.

Cossi, M.; Rega, N.; Scalmani, G.; Barone, V. Energies, structures, and electronic
properties of molecules in solution with the C-PCM solvation model. J. Comput. Chem.

2003, 24, 669-681.
Frisch, M. J. et al. Gaussian 16 Revision B.01. 2016; Gaussian Inc. Wallingford CT.
Liegeois, V. DrawSpectrum Version 1.6.100. 2015.

Merrick, J. P.; Moran, D.; Radom, L. An Evaluation of Harmonic Vibrational Frequency

Scale Factors. J. Phys. Chem. A 2007, 111, 11683-11700.

Mennucci, B.; Martinez, J. M. How to Model Solvation of Peptides? Insights from
a Quantum-mechanical and Molecular Dynamics Study of N-Methylacetamide. 1. Ge-
ometries, Infrared, and Ultraviolet Spectra in Water. J. Phys. Chem. B 2005, 109,
9818-9829.

Cappelli, C.; Silva, C. O.; Tomasi, J. Solvent effects on vibrational modes: ab-initio
calculations, scaling and solvent functions with applications to the carbonyl stretch of

dialkyl ketones. J. Mol. Struct.: THEOCHEM 2001, 544, 191 — 203.

Lamparska, E.; Liégeois, V.; Quinet, O.; Champagne, B. Theoretical Determination of
the Vibrational Raman Optical Activity Signatures of Helical Polypropylene Chains.
ChemPhysChem 2006, 7, 2366—2376.

Liégeois, V.; Quinet, O.; Champagne, B. Vibrational Raman optical activity as a mean
for revealing the helicity of oligosilanes: A quantum chemical investigation. J. Chem.

Phys. 2005, 122, 214304.

20



(42)

Zuber, G.; Hug, W. Rarefied Basis Sets for the Calculation of Optical Tensors. 1. The
Importance of Gradients on Hydrogen Atoms for the Raman Scattering Tensor. J. Phys.

Chem. A 2004, 108, 2108-2118.

Kuppens, T.; Langenaeker, W.; Tollenaere, J. P.; Bultinck, P. Determination of the
Stereochemistry of 3-Hydroxymethyl-2,3-dihydro-[1,4]dioxino[2,3-b]- pyridine by Vibra-
tional Circular Dichroism and the Effect of DFT Integration Grids. J. Phys. Chem. A
2003, 107, 542-553.

Hopmann, K. H.; Sebestik, J.; Novotnd, J.; Stensen, W.; Urbanova, M.; Svenson, J.;
Svendsen, J. S.; Bouf, P.; Ruud, K. Determining the Absolute Configuration of Two
Marine Compounds Using Vibrational Chiroptical Spectroscopy. J. Org. Chem. 2012,
77, 858-869.

Dinku, W.; Isaksson, J.; Rylandsholm, F. G.; Bouf, P.; Brichtova, E.; Choi, S. U
Lee, S.-H.; Jung, Y.-S.; No, Z. S.; Svendsen, J. S. M.; Aasen, A. J.; Dekebo, A. Anti-
proliferative activity of a novel tricyclic triterpenoid acid from Commiphora africana

resin against four human cancer cell lines. Appl. Biol. Chem. 2020, 63, 1-11.

21



Supporting Information:
"Can the absolute configuration of cyclic
peptides be determined with vibrational circular
dichroism?”

Karolina Di Remigio Eikas,*" Monika Krupova,’ Tone Kristoffersen,* Maarten

T. P. Beerepoot,’ and Kenneth Ruud* 1

tHylleraas Centre for Quantum Molecular Sciences, Department of Chemistry, UiT The
Arctic University of Norway, 9037 Tromsg, Norway
tDepartment of Chemistry, UiT The Arctic University of Norway, 9037 Tromsg, Norway

9 Norwegian Defence Research Establishment, P.O. Box 25, 2027 Kjeller, Norway

E-mail: karolina.s.eikas@uit.no; kenneth.ruud®@uit.no

S-1



Additional TR and VCD spectra of 7a, 7b and 8

cyclo(Boc-Cys-Pro-Leu-Cys-OMe) (7a)
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Figure S1: Experimental and computed (B3LYP/6-31+G*/CPCM) IR (top) and VCD spec-
tra (bottom) of 7a in ACN-d3. Computed spectra are shown for the four stereoisomers with
the smallest positive overlap estimate in the amide I region. The experimental spectrum is
overlaid the computed spectra as a dotted black line.
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cyclo(Boc-Cys-Pro-Leu-Cys-OMe) (7b)
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Figure S2: Experimental and computed (B3LYP/6-31+G*/CPCM) IR (top) and VCD spec-
tra (bottom) of Tb in ACN-d3. Computed spectra are shown for the four stereoisomers with
the smallest positive overlap estimate in the amide I region. The experimental spectrum is
overlaid the computed spectra as a dotted black line.
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cyclo(Phe-Pro-Gly-Arg-Gly-Asp) (8)

1800 1700 1600 1500
Wavenumbers [cm™1]

Figure S3: Experimental and computed (B3LYP/6-31+G*/CPCM) IR (top) and VCD spec-
tra (bottom) of 8 in TFE. Computed spectra are shown for the four stereoisomers with the
smallest positive overlap estimate in the amide I region. The experimental spectrum is over-
laid the computed spectra as a dotted black line.
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Scaling Factors

Table S1: Scaling factors used for molecules with two chiral centers: cyclo(Ala-3-Ala-Ala-(3-
Ala) (1), cyclo(Gly-Gly-Ser-Gly-Gly-Ala) (2) <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>