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Chapter 1

General Introduction

1.1 Chirality

In general a chiral object has a su"ciently low symmetry that it is not superposable
on its mirror image or more precisely by proper rotation or translation it is not
possible to map it to its mirror image. A chiral object and its mirror image are called
enantiomorphs (macroscopic objects such as crystals) or enantiomers (molecules) that
have opposite absolute configurations [1–3].
Various types of chirality elements in chemistry are depicted in Fig. 1.1. The presence
of an asymmetric carbon, i.e. a carbon atom with four di!erent bonded groups, most
often causes chirality in a molecule, Fig. 1.1 upper left panel. This is called point
chirality. To specify the absolute configuration of chiral molecules, R (rectus) and S
(sinister) symbols are used. In the R/S system, each chiral center is labeled by R or
S according to atomic number priority of the substituents. Higher atomic number
means higher priority. If the connected substituent with the lowest atomic number
(lowest priority) is orientated backward with respect to the viewer, then there are
two possibilities: If the atomic number of the remaining three substituents decreases
in clockwise direction, it is labeled R, if the atomic number of the three connected
substituents decreases in counterclockwise direction, it is S configuration [4].
It is also possible for a molecule to be chiral without having actual point chirality (an
asymmetric carbon). Axial chirality is a special case of chirality in which a molecule
has an axis of chirality in place of asymmetric center. Around the chirality axis,
a set of substituents is held in a spatial arrangement that is not superposable on
its mirror image. Axial chirality is most commonly observed in biaryl compounds,
e.g. 2,2’-Bis(diphenylphosphino)-1,1’-binaphthyl, Fig. 1.1 upper right panel, wherein
the rotation about the aryl-aryl bond is restricted. Certain allene compounds also
display axial chirality. The enantiomers of axially chiral compounds are usually given
the stereochemical labels Ra and Sa. The designations are based on the same atomic
number priority rules used for tetrahedral stereocenters. By viewing through the
chiral axis, there are two near and two far substituents. First, the two near groups
are ranked based on their atomic number priority, and then the two far groups as
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Figure 1.1: Various types of chirality in chemistry are depicted. Point chirality in cin-

chonidine molecule where the chiral center is labeled by star, upper left panel; axial chirality

in binaphthyl ligands, upper right panel; planar chirality in bridged aromatics, lower left

panel; inherent chirality in calixarenes, lower right panel.

well, Fig. 1.1 upper right panel. Then the R or S configuration is determined by the
overall counting of the four groups.
Another type of chirality without a stereocenter is planar chirality, Fig. 1.1 lower left
panel. To assign the configuration of a planar chiral molecule, first the highest atomic
number (highest priority) of the atoms that is not in the plane but directly attached
to an atom in the plane is selected. Next, the priority of three (four) adjacent in-plane
atoms, starting with the atom attached to the pilot atom as priority 1 is assigned
(in order of highest priority). When viewed from the side of the pilot atom, if the
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three (four) atoms form a clockwise direction (in order of priority), the molecule is
assigned as R, otherwise it is assigned as S [5].
Inherent chirality refers to molecules and complexes whose lack of symmetry does not
originate from a classic stereogenic element (point, axis or plane), but is rather the
consequence of the presence of a curvature (e.g. helicity or puckering) in a structure
that dose not involve a symmetry axes in any two dimensional representation. Certain
calixarenes and fullerenes, Fig. 1.1 lower right panel, have inherent chirality [6].

By the group theory criterion, every object that has an improper rotation sym-
metry element such as reflection plane or a center of inversion (for three dimensions)
or rotation-reflection axis (for two dimensions) is achiral. Therefore structures be-
longing to one of the point groups Cn, Dn, O, T or I are chiral and the ones that are
invariant by an improper rotation are achiral [7].

Almost all biological polymers are homochiral or enantiopure which means all
the component monomers have the same handedness [8]. All amino acids in proteins
are left-handed (L-amino acids), while all sugars in DNA and RNA are right-handed
(D-sugars). We eat optically active bread and meat, live in houses, wear clothes,
and read books made of optically active cellulose. The proteins that make up our
muscles, the glycogen in our liver and blood, the enzymes and hormones, etc., are
all optically active. Naturally occurring substances are optically active because the
enzymes which bring about their formation are optically active [9].
The origin of this handedness is a complete mystery to evolutionists [10]. A central
problem in the origin of life is the origin of biomolecular chirality: were the D-sugars
and L-amino acids selected by chance or by a chiral influence [11]?
Homochirality reduces entropy barriers in the formation of large organized molecules.
It has been experimentally verified that amino acids form large aggregates in larger
abundance from enantiopure substrates than from racemic ones [12].
There are some hypotheses on the origin of homochirality, of which the most impor-
tant ones are[13–17]:

• Circularly polarized ultraviolet light in the interstellar space

• Beta decay and the weak force, in which a neutron decays via the weak inter-
action into a proton, an electron and an electron antineutrino.

• Self-selection

A 50/50 percent mixture of left- and right-handed enantiomers is called a racemate
or racemic mixture. Racemic polypeptides could not form the specific shapes re-
quired for enzymes, because they can have the side chains directions randomly. Also,
a wrong-handed amino acid interrupts the stabilizing helix in proteins. DNA could
not be stabilized in a helix if even a single wrong-handed monomer is present, so it
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could not form long chains. This means it could not store much information and is
not able to support life [18].
Chirality often has a vital e!ect on recognition and interaction events and is thus
important to biochemistry and pharmacology. The e"cient development of enan-
tiomeric separations has become increasingly important, especially in the pharma-
ceutical industry, as optical isomers (enantiomers) often produce di!erent biological
properties, some detrimental to further drug development [19]. A tragic reminder
of the importance of chirality is thalidomide. In the early 1960s, this drug was pre-
scribed to pregnant women su!ering from morning sickness. However, while the left
handed form is a powerful tranquilizer, the right handed form can disrupt fetal de-
velopment, resulting in severe birth defects. Unfortunately, the synthesis of the drug
produced a racemate, as would be expected, and the wrong enantiomer was not re-
moved before the drug was marketed.
Therefore the importance of the amplification of one enantiomer in enantioselec-
tive syntheses is clear. Using a chiral environment interacting di!erently with two
enantiomers is the most e"cient and common way to separate enantiomers in the
enantioeselective syntheses.

1.2 Chiral synthesis

To synthesize chiral compounds from achiral reagents always a chiral environment
is required, otherwise a racemic mixture is obtained. This means optically inactive
reagents yield optically inactive products except when using chiral mediums.
Since the left and right handed enantiomers have identical free energy (G), #G is
zero for an enantiomeric pair. The equilibrium constant of any reaction (K) is the
equilibrium ratio of the concentration of products to reactants. The relationship
between these quantities at any Kelvin temperature (T) is given by the standard
equation (derived from van’t Ho! equation):

K = exp(!#G/RT ) (1.1)

In this equation R is the universal gas constant.
When the rates of the reactions producing R and S enantiomers are the same, which
means the reactions result in R and S enantiomers have the same barriers and conse-
quently the same #G for formation of R and S enantiomers, the product is a racemic
mixture.

On the other hand for the reaction of changing left-handed to right-handed enan-
tiomers (S " R), or the reverse (R " S), if the #G = 0, so K = 1. That is, the
reaction reaches equilibrium when the concentrations of R and S are equal and the
racemic mixture survives.
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Figure 1.2: Schematic representation of di!erent interactions of an enantiomeric pair with

a chiral binding site. The four substituted groups in the enantiomers are depicted with

“ABCD” and the binding site with “abc”. Only one enantiomer can make good interaction

with the binding site which is called active enantiomer. A rotation inside the inactive

enantiomer, to make a new conformation, can not make good interaction with binding site.

To generate pure enantiomers, another enantiopure substance must be introduced
in the reaction medium. The idea is that right-handed and left-handed enantiomers
have identical properties, except when interacting with another chiral molecule. Fig.
1.2 shows a schematic representation of di!erent interactions of an enantiomeric pair
with a chiral binding site. The four substituted groups in the enantiomers are de-
picted with “ABCD” and the binding site is depicted with “abc”. It is clear from Fig.
1.2 only one enantiomer can make good interaction with the binding site, which is
called the active enantiomer. However the other one can not make proper interaction
with the binding site and is called the inactive or toxic enantiomer. Also it can be
seen that by a rotation inside the inactive enantiomer (around ‘DO’ axis), to make
a new conformation, still the toxic enantiomer can not make a good interaction with
the binding site.

Chiral syntheses produce only small enantiomeric excesses or even just a racemic
mixture in general, thus a mechanism is needed to amplify small enantiomeric ex-
cesses (ee) to near homochirality. The most important way to reach to enantiopure
compounds is using chiral catalysts [20]. Two enantiomers can interact di!erently
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with the chiral catalyst, with di!erent activation barriers, and result in products with
di!erent enantiomeric concentrations. One of the most important ways of interac-
tions between chiral medium and substrate is via hydrogen bonding or complexation.
Thus the presence of H-bond acceptor (donor) molecules in the reaction medium may
play a dramatic role in enantioselection [21–24].
In an enantioselective reaction when two di!erent enantiomers of a molecule interact
with a chiral environment, it is well possible that the environment selects one of them
energetically. That means one enantiomer interacts more favorably with the chiral
environment. If the selected enantiomer has a su"ciently lower barrier to produce
the products, than the other enantiomer, then the selection leads to a large ee.

Transition state theory (TST) states how chemical reactions take place by assum-
ing a special equilibrium between reactants and activated transition state complexes:

A + B ! [AB]† " P

Using TST the absolute reaction rate constants can be calculated with a precise
knowledge of the potential energy surface concept, (PES) chapter 2. Also it is possi-
ble to calculate the standard enthalpy of activation (#H†), the standard entropy of
activation (#S†), and the standard Gibbs free energy of activation (#G†) for a par-
ticular reaction if its rate constant has been experimentally determined. This theory
was developed simultaneously in 1935 by Henry Eyring, Meredith Gwynne Evans and
Michael Polanyi. TST is also referred to as “activated-complex theory”, “absolute-
rate theory”, and “theory of absolute reaction rate” [25–27]. Among the important
applications of TST, calculation of the enantiomeric excess (ee) in enantioselective
reactions is briefly explained below.

The enantiomeric excess is given by [28]

ee =
kfavored ! kdisfavored
kfavored + kdisfavored

# 100 (1.2)

where k is the reaction rate constant leading to either the favored or disfavored
enantiomer. The rate constant can be expressed via transition state theory (TST) as

k = A(T )e!"G‡/RT (1.3)

where A(T) is a pre-exponential factor, assumed to be equivalent for both enan-
tiomeric pathways, #G‡ is the activation Gibbs free energy, R is the gas constant,
and T is the temperature in Kelvin. Substitution of eq 1.3 into eq 1.2 then allows
us to write

ee =
exp(!!#G‡/RT )! 1

exp(!!#G‡/RT ) + 1
# 100 (1.4)
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where !#G‡ is given by

!#G‡ = #G‡
favored !#G‡

disfavored (1.5)

Most often the starting materials leading to the two di!erent enantiomers are iden-
tical, and therefore also have identical free energy. In that case, we can write the
di!erence in Gibbs free activation energy, !#G‡, just as the di!erence in transition
state free energies, #GTS :

!#G‡ = #GTS = GTS
favored !GTS

disfavored (1.6)

On the other hand, in some reactions stable stereogenic origins can be formed
before formation of the transition states R and S for each enantiomer, which is the
result of di!erent interactions between chiral species in the reaction medium and
the substrate molecules [29]. These stereogenic species can also be the origin of the
selectivity or lead to energetically di!erent transition states that further reproduce
enantiomers. It means the initial stereogenic compounds can produce diastereomers
with di!erent energy barriers which means di!erent reaction rates, eq. 1.3, for for-
mation of two enantiomers and consequently di!erent enantiomer or diastereomer
concentrations. In this case, eq. 1.5 is used in place of eq. 1.6 to calculate the !#G‡

and ee.
During the synthesis of chiral compounds, there are other critical factors that

influence the enantioselectivity and can change dramatically the ee of the reaction.
Conformational flexibility of the asymmetric catalyst and the e!ects induced by the
solvent are two important factors that can a!ect the concentration ratio of the tran-
sition states of R and S enantiomers and consequently the enantiomeric excess. In
the next sections we will refer to these properties [30].

1.2.1 Conformational flexibility in chiral synthesis

Conformational flexibility of the catalyst can be quite important for enantioselection
and it is possible to properly tune it by various environmental factors like solvent,
temperature, etc. Enzymes are the excellent examples and the most e"cient nat-
ural asymmetric catalysts in nature, by far, and most of the synthetic asymmetric
oraganocatalysts have been inspired by enzymes structure which are sensitively se-
lective and flexible [30].
Flexible catalysts have some advantages versus rigid catalysts. In enantioselective
reactions the starting geometry of the catalyst often changes, to some extent, dur-
ing reaction path and the catalyst obtains di!erent geometries in the intermediates
and transition states and these geometry changes cause better interaction and fit to
one enantiomer. Flexibility of catalyst can fulfill this situation by small structural
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changes, that leads to lower barrier for the preferred enantiomer. On the other hand
for not preferred enantiomer the situation is reversed, i.e. the barrier will increase.
Knowledge of the conformational behavior of the flexible asymmetric catalysts is
critical, they can possess various conformations in solution and also when they are
used on a metal surface, which can directly influence their chiral interactions with
substrates and therefore the resulting chemistry [31].
Among the organocatalysts, cinchona derivatives, Fig. 1.1 upper left panel, are exten-
sively employed as robust stereoselective catalysts [32]. These are flexible compounds
that in solution exist as a mixture of conformers. Since it is always possible to sub-
stitute various functional groups at di!erent positions in the structure of cinchona
alkaloids, they can make non-covalent interactions with other species in the reaction
medium, consequently, they have extraordinary capabilities of molecular recognition
[23, 33]. As a matter of fact, the existence of di!erent functional groups in the struc-
ture of cinchona alkaloids causes they could be functionalized by chemists and then
selectively modified for various catalytic properties.
In order to explain the experimental results, an exact knowledge of the geometry of
the catalyst-substrate complex is really important. The conformational behavior of
cinchona alkaloids has been investigated during the past two decades, using various
computational techniques, e.g., molecular mechanics (MM), density functional theory
(DFT) and ab initio calculations[34–38]. Cinchona alkaloid derivatives also perform
their catalytic function as chiral ligands to metals [37].

Other type of flexible chiral ligands are Binaphthyl derivatives, that can accom-
modate a range of transition metals by rotating around the binaphthyl C1-C1 axis,
Fig. 1.1 upper right panel, without seriously increasing torsional strain. These lig-
ands can exert strong steric and electronic influences on transition metal complexes
and induce excellent asymmetric functionality. The chirality of Binaphthyl ligand
can be transmitted to the metal coordination sites through the chelate structure.
Thus binaphthyl based metal complexes are expected to exhibit high chiral recogni-
tion ability in various catalytic reactions and their properties could be fine tuned by
substitutions on the aromatic rings [39]. Fig. 1.3 shows how chiral properties of the
ligand transfer to the metal and substrates through chelating. In Fig. 1.3 the metal is
characterized by ‘M’ and the substrates by ‘A’ and ‘B’, during the reaction the metal
center coordinates to the substrates and the chirality of the ligands transfers to the
substrates. Due to di!erent interaction energies of the ‘R’ and ‘S’ configurations of
the product, i.e. ‘AB’, with the catalyst one of the enantiomers is selected.

The conformational behavior of flexible catalysts is under the influence of various
parameters like solvent, the presence of metallic surfaces, solutes, self-interactions
and protonation [40]. In the next section we will see how the solvent can a!ect the
‘ee’ of the reaction, when there is a flexible catalyst as the selective reagent in the
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Figure 1.3: An asymmetric (chiral) ligand coordinated to a transition metal. The chirality

of the ligand is transmitted to the metal through the chelate structure. M: metal ; A, B:

substrates.

reaction medium.
It is important to keep in mind that if flexibility is not controlled, it can result in
a variety of undesired structural changes, therefore it is important to perform this
control in the right direction to minimize the number of chiral species in the reaction
medium and reach to the optimum selectivity. Otherwise only a limited selectivity
can be obtained. On the other hand minimization of the number of chiral reactive
species is crucial for obtaining a high level of stereoselectivity. Creation of a single
highly reactive species possessing excellent chiral recognition ability is obviously the
most desirable.

1.2.2 Solvent e!ects in chiral synthesis

The experimental results show that in many enantioselective reactions the enan-
tiomeric excess (ee) depends on the choice of the solvent [29, 41]. As example in Fig.
1.4 two chiral syntheses that are catalyzed by the two important flexible organocata-
lysts (cinchona derivatives and binaphthyl ligands) mentioned in Sec. 1.2.1 are shown.
In Tab. 1.1, the experimental data of these two stereoselective reactions are provided.

The first set of data in Tab. 1.1 are related to the Henry reaction in the pres-
ence of cinchona thiourea as the asymmetric catalyst, Fig. 1.4 upper panel. As it is
clear from Tab. 1.1, at the same temperature (25"C) and within the same reaction
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Figure 1.4: Upper panel: the Henry reaction in the presence of cinchona thiourea as

the asymmetric catalyst. Lower panel: cycloaddition of 1-Yne-vinylcyclopropanes in the

presence of diphenyl phosphino binaphthyl ligand coordinated to Rh.

time, di!erent solvents produce almost similar yields but quite di!erent ee. DMF
and MeNO2 are both polar solvents however they induce quite di!erent ee in the
reaction, on the other hand Toluene and THF are both non polar solvents, but they
influence the ee quite di!erently.
A similar situation can be found for another reaction type, i.e., cycloaddition of 1-
Yne-vinylcyclopropanes in the presence of chiral diphenyl phsphino binaphthyl ligand
coordinated to Rh, Fig. 1.4 lower panel. It can be seen that for three di!erent sol-
vents, Toluene, DME and DCE, at the same temperature the obtained ee is quite
di!erent, in spite of almost similar reaction yields.
In both reactions the catalysts are flexible molecules. Obviously solvent is more
than a dielectric environment. Knowledge about the exact behavior of the solvent in
the reaction medium can hint experimentalists to tune their reactions to have more
ee. Almost in all previous theoretical studies of the enantioselective reactions in the
presence of an asymmetric catalyst, solvent was only considered as a dielectric envi-
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Catalyst solvent T!C t(h) conversion% ee%

Cinchona thiourea DMF 25 6 96 67
in MeNO2 25 6 92 7

Henry reaction Toluene 25 6 83 5
THF 25 6 90 62

Rh-Binaphthyl Toluene 80 3.5 69 79
in DME 80 40 79 14

Cycloaddition reaction DCE 80 1 83 92

Table 1.1: Experimental results obtained by using di!erent solvents in two di!erent reac-

tions. Upper panel, Henry reaction with cinchona thiourea as the catalyst. Lower panel,

cycloaddition of 1-Yne-vinylcyclopropanes with Rh-Binaphthyl as the catalyst.

ronment with a polarizable continuum model and without an explicit e!ect on the
reactive species and reaction mechanism, which resulted in very similar ee for various
solvents. Then the exact role of the solvent molecules was not indicated. Lack of
reasonable explanation for solvent role, just with taking solvent into account as a
dielectric environment, pushed us to consider the solvent molecules explicitly. For
complete understanding the exact role of the solvent to increase ee, we need first to
analyze in detail the structure of the flexible catalyst and its conformational behavior
in solution and then the interaction between all conformers and solvent explicitly.
Since the solvent is not chiral, it is required to a!ect the selectivity of the reaction
through the catalyst, which is the only chiral species in the beginning of the reaction.
Therefore exact analyzing of the interactions between solvent and catalyst is quite
important. If the environment (solvent) can strongly interact with the catalyst or
other species in the reaction medium, e.g. by strong molecular orbital interactions
between di!erent molecules or formation of stable molecular complexes between var-
ious molecules, it is necessary that these stable molecular complexes are considered
in place of bare molecules. Complexation between catalyst and solvent can totally
change the population of various conformers of the catalyst and seriously a!ects the
reaction mechanism or selectivity of the catalyst.

Chiral spectroscopic techniques can provide valuable structural information to
understand conformational behavior of the flexible molecules in solution and various
interactions between solvent and solute [42]. Therefore in the next section we briefly
introduce chiral spectroscopic techniques. The successful use of chiral spectroscopic
methods depends on how reliable are the theoretical predictions of the correspond-
ing properties. Therefore reliable quantum chemical predictions of chiral properties
are needed simultaneousely with experimental measurements [43–45]. Based on vari-
ous experimental observations, among the chiral spectroscopic methods investigated,
Vibrational Circular Dichroism (VCD) spectra are extremely sensitive to molecular
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conformations and also to intermolecular interactions, e.g. hydrogen bond forma-
tion, between solute and solvent molecules [42] therefore we discuss the theory of
VCD spectroscopy in more detail.

1.3 Chiral spectroscopic techniques

Evidently, knowledge of the absolute configuration (AC) of chiral species is very im-
portant in chemistry and biology. Also determination of the dominant conformer in
the solution, especially when there is a flexible asymmetric catalyst, is a common
challenge to elucidate the mechanisms behind asymmetric synthesis in solution.
Various spectroscopic techniques are able to discriminate between enantiomers (de-
termine the AC) [42]. The basic rule in all these techniques is di!erent interactions of
the two enantiomers with polarized light [7]. Therefore two mirror images (or enan-
tiomers) of a chiral molecule are called optical isomers. Common chiral spectroscopic
techniques that can discriminate between enantiomers are listed below:

• ORD: Optical Rotatory Dispersion

• ECD: Electronic Circular Dichroism

• ROA: Raman Optical Activity

• VCD: Vibrational Circular Dichroism

Optical activity defined as the rotation of the angle of polarization of plane-polarized
electromagnetic radiation as it passes through a medium. The essential feature of
optical activity [7] is the stimulation, by the light wave (electromagnetic field), of
oscillating electric dipole, magnetic dipole and electric quadrupole moments within
the molecule which mutually interfere. Quantum mechanically, this is expressed in
the transition moment terms:
IM($n|µE |j%$j|µM |n%) and RE($n|µE |j%$j|µ#|n%. Where µE , µM and µ# are electric
dipole, magnetic dipole and electric quadrupole moments respectively. |n% and |j%
are the ground and excited state wavefunctions respectively. For instance, when an
external electric field is applied to the system, the system will change its electric dipole
moment in response to the perturbation. To calculate the induced electric dipole
moment, we need to evaluate the expectation value of µE using the perturbed wave
functions . Similar responses for magnetic dipole and electric quadrupole moments
can also happen in the system and can be calculated in a similar manner.

The hamiltonian for the perturbation of a molecule by an electromagnetic field is

H(1) = !"µE · "E! "µM · "H (1.7)
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where "µE and "µM are the electric and magnetic dipole moments

"µE =
!

i

qi"ri (1.8)

"µM =
!

i

qi
2mic

"ri # "pi (1.9)

where qi is the charge of the particle i at the location "ri, mi is the mass of particle
i, "pi is the momentum vector of particle i and c is the velocity of light in vacuum.

"E and "H are electric and magnetic fields respectively.
In the next section, for Vibrational Circular Dichroism (VCD) spectroscopy, we

show briefly how by using the transition dipole moments ("µE and "µM ), it is quan-
tum mechanically possible to compute the optical activity. Thus one can assign the
absolute configuration by comparing the calculated and measured spectra of a chiral
species.

Based on symmetry point groups, electronic transitions on a chromophore belong
to one of the following categories:
1) Electric dipole allowed, magnetic dipole forbidden; or vice versa. point groups Ci,
Cnh, Dnd (n &=2), S2n (n odd), Oh, Td, Ih.
2) Electric dipole and magnetic dipole allowed, but perpendicular. Point groups Cs,
Cnv, D2d, S2n (n even).
3) Electric dipole and magnetic dipole allowed and parallel. Point groups Cn, Dn,
O, T or I.
The third class contains the chiral point groups and corresponds to an inherently
chiral chromophore.
Some special cases, e.g. some crystals and orientated molecules which lack a center
of inversion but have reflection planes or rotation-reflection axis (they can be super-
posable to their mirror image) show optical activity for certain configuration. This
optical activity dose not happen in a dynamic situation. It means that it is possible
to calculate a spectrum only for a specific conformation of the molecule, however op-
tical activity in such specially orientated molecules normally has not been observed
or measured. It is due to dynamic rotation of a part of molecule inside a solution
and existence of the other enantiomer as well, due to low energy barrier between two
configurations.

1.3.1 Determination of: absolute configuration, dominant
conformation and solvent interactions using Vibrational
Circular Dichroism spectroscopy

The VCD spectroscopy is a di!erential absorption of the left and right circularly
polarized light for a vibrational transition, the peaks can have either positive or neg-
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ative signs and this is the key point in determination of enantiomers, i.e. enantiomers
have peaks with opposite signs.
On the other hand VCD is based on vibrational transitions and a molecule has
3N-6(5) vibrational modes (N number of atoms), so VCD can give quite a lot of
information about the molecule by itself. The significant advances during the last
decades in both experimental techniques [46], and quantum mechanical calculations
[47] of vibrational circular dichroism intensities has made VCD a very successful
spectroscopic technique for the determination of the absolute configuration (AC) of
rigid chiral molecules. In the case of flexible chiral molecules, additional structural
information about conformations may be obtained by VCD that may not be seen via
electronic transition techniques. Thus the e!ect of solvent dependent conformational
changes and other types of solvent interactions are clearly visible in the VCD spectra.

In this section we briefly introduce only the required theoretical concepts of VCD.
For a general overview of the theory of VCD the reader may consult references [48, 49].

The VCD intensity of the fundamental transition (|0% " |1%) of the ith vibrational
mode is given by the rotational strength (R) [48]:

R(i) = "E01(i) · Im[ "M10(i)] (1.10)

where "E01(i) and "M10(i) are the total vibrational electric and magnetic transition
dipole moments (ETDM and MTDM) of the fundamental vibrational transition of
the ith normal mode. (Note that "M10(i) is purely imaginary.) The sign of the R(i) is
determined by the angle #(i) between the vectors "E01(i) and Im[ "M10(i)], i.e. R(i) > 0
if # < 90"; R(i) < 0 if # > 90".

As shown in reference [48] the total ETDM and MTDM can be written as sums
of atomic contributions:

"E01(i) ' $0|("µE)" |1%i =
!

#

"E#
01(i), "M10(i) ' $1|("µM )" |0%i =

!

#

"M#
10(i) (1.11)

In Eq. 1.11, "µE and "µM are the electric and magnetic dipole operators, the subindex
$ labels Cartesian components, and % runs over nuclei.

The total vibrational ETDMs and MTDMs and also their atomic components can
be further decomposed into electronic and nuclear components:

"E01(i) = "ENuc
01 (i) + "EEl

01 (i), "M10(i) = "MNuc
10 (i) + "MEl

10 (i) (1.12)

"E#
01(i) = "E#,Nuc

01 (i) + "E#,El
01 (i), "M#

10(i) = "M#,Nuc
10 (i) + "M#,El

10 (i) (1.13)

The atomic contributions to the ETDMs and MTDMs are determined by the
nuclear displacement vectors "S#

" (i) (cartesian component $ of the displacement vector
of atom % in mode i), which give vibrational information, and the atomic polar tensors
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(APT, P ) and atomic axial tensors (AAT, A), which give the electronic structure
information:

( "E#
01)!(i) = (!/&i)

1/2
!

"

"S#
" (i)P

#
!" (1.14)

( "M#
10)!(i) = !(2!3&i)

1/2
!

"

"S#
" (i)A

#
!" (1.15)

In equations (1.14) and (1.15), "S#
" is the $ Cartesian component of the displacement

vector "S# of nucleus %, P#
!" and A#

!" are the APT and AAT, respectively, ! is the
reduced Planck constant, &i is the frequency of the ith vibrational mode and ' and
$ denote Cartesian coordinates. APT and AAT are defined per atom and have
electronic (E#

!" and I#!") and nuclear (N#
!" and J#

!") contributions:

P#
!" = E#

!" +N#
!" (1.16)

A#
!" = I#!" + J#

!" (1.17)

The components of the APTs are:

E#
!" = (

($)G(R) | ("µE)" | )G(R)%
(R#!

)R0 (1.18)

N#
!" = eZ#!!" (1.19)

The components of the AATs are:

J#
!" = i

eZ#

4hc

!

$

*"$!R0
!"

(1.20)

I#!" = $(()G(R)

(R#!
)R0 | (()G(R0,H)

(H"
)H=0% (1.21)

Where )G is the electronic wave function of the ground state, Z# and R# are the
charge and the position of nucleus %, R0

# is R# at the equilibrium geometry, H is
the magnetic field, *"$! is the Levi-Civita tensor with the indices ', $, + running
over Cartesian components, e is the elementary charge and c is the speed of light in
vacuum.

We note that upon a rotation of the molecular system the tensor components will
transform as follows [7, 50, 51]:

T # = XTX!1 (1.22)

where T and T # labels the atomic tensors (APT or AAT) in the initial and rotated
system, while X is the matrix representation of the rotation operator.
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Figure 1.5: Application of VCD spectroscopy is based on the comparison of measured

signs of intensities with the calculated ones. Depicted spectra belong to the rigid molecule

!-Pinene. The calculated spectra for R and S enantiomers are shown with red and blue

respectively and the measured spectrum is in black. Comparison of the signs of VCD

intensities of the calculated and experimental spectra shows that there is R enantiomer in

the experimental sample.

The fundamental principle of the AC determination using VCD spectroscopy is
comparison of the signs of the intensities (rotational strengths) that have been mea-
sured experimentally with the calculated ones. This has been shown in Fig. 1.5 for
the rigid molecule '-Pinene [52]. As it is clearly seen in Fig. 1.5, the signs of intensi-
ties of two calculated spectra on top, are completely opposite since they are related
to enantiomers. However only one of them is similar to the experimental spectrum,
i.e. the one of the S enantiomer. It is clear that the most important proposition for
determination of the AC, is accurate calculation of the signs of VCD intensities.

The high sensitivity of VCD spectroscopy which is advantageous on one hand to
find much information about the structural details of chiral molecules, on the other
hand makes the application and interpretation of VCD spectra complicated and this
is more relevant for flexible molecules. Unfortunately it is well possible that a change
in conformation of a chiral molecule can result in oppositely signed peaks in the entire
VCD spectrum.
Also di!erent computational parameters, moderate solvent e!ects and counter ion
association (charge transfer) are other important perturbations that can complicate
the interpretation of calculated VCD spectra for determination of the AC due to high
sensitivity of this technique.
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1.4 Overview of this thesis

The main topic of this thesis is chirality. The scope of our investigation is about
flexible asymmetric catalysts, where the conformational flexibility plays an impor-
tant role in the enantioselective reactions. The interactions between catalyst and
solvent molecules which can dramatically a!ect the enantiomeric excess are also an-
alyzed. With the aim of VCD spectroscopy we can obtain much information about
the conformational behavior of the catalyst and the interactions between solvent and
catalyst. The purpose of the work is twofold. In the first place the purpose is to un-
derstand the importance of conformational flexibility of the asymmetric catalyst and
the interactions that exist between catalyst and solvent in the solution. in the second
place, by using VCD technique conformational behavior of the catalyst and solvent
interactions are probed, to determine the dominant conformation of the catalyst in
solution, which is very important in enantioeselective synthesis.
Understanding conformational behavior and solvent induced e!ects using VCD, are
not always straightforward, but there are some complications in interpretation of
VCD spectra which one should be aware of to draw a right conclusion. Some of these
complications are explained in this thesis.

Chapter two of this thesis, starts with a general introduction to the concept of
potential energy surface, e.g. how one can reach to the transition state structure and
verify it in a reaction.

Chapter three focuses on the subject of asymmetric catalysis. Using the Henry
reaction as a case, the goal is to understand the role of the flexibility of asymmetric
catalyst in enantioselective catalytic processes. Conformational flexibility of the cat-
alyst and the induced e!ects due to the explicit solvation of the transition states of
R and S enantiomers in the Henry reaction will be investigated.

In chapter four, using the VCD spectroscopy, we explain some of the most impor-
tant e!ects of the high sensitivity of VCD to determine the dominant conformation
of the flexible asymmetric catalysts like cinchona derivatives.

Chapter five describes an important perturbation in the interpretation of the
VCD spectra, which is solute-solvent interactions. As has already been discussed,
the VCD technique is very powerful to highlight various interactions between solvent
and solute. But there are always some complications caused by the solvent e!ects.
The large amplitude motions of the solvent molecules is one of the solvent e!ects on
the structure of flexible molecules. We will discuss the large amplitude motions of the
solvent molecules in the case of 6,6’-dibromo-[1,1’-binaphthalene]-2,2’-diol complexed
to dimethylsulfoxide molecules as the solvent and the e!ects of this complexation on
the VCD spectra.

In chapter six, the e!ects of counter ion association (charge transfer between
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donor acceptor species) on the VCD intensities are discussed in the case of VCD
spectrum of Tris(en)Co3+ measured in solution with 10 fold excess Cl! ions. We also
show that with comparison between calculated and experimental VCD spectra the
type of complexation in solution is detectable.

In chapter seven we analyze one important complication for the practical appli-
cation of VCD to determine the absolute configuration of flexible molecules, which is
the equivalence of conformational and enantiomeric changes of atomic configuration
for VCD signs.



Chapter 2

The concept of potential energy surface

2.1 Introduction

Determination of energies of the stationary species involved in a reaction, e.g. free
reactants, reactant complex, transition state, product complex and free products
and elucidating the reaction mechanism and the sequence in which the species oc-
cur in the reaction medium are quite important in chemistry. The activation energy
barrier(s) associated with individual steps, or the overall mechanism, give thermo-
dynamical information such as #G, #H and #S or kinetic information like reaction
rate constant. Then it is possible to predict if a reaction step or pathway is feasible
under a given condition. Using these thermodynamical or kinetic information one
is able to computationally estimate the reaction yield or enantiomeric excess (ee) in
an enantioselective reaction. Obtaining all these thermodynamic and kinetic proper-
ties always requires a detailed knowledge of the potential energy changes during the
chemical process.

On the other hand to probe various interactions between species in the reaction
medium, for instance solute-solvent complexation, one can use the potential energy
changes along the variation of a particular intermolecular coordinate (dihedral angle
or hydrogen bond distance).
Various molecular structures (conformations) in a dynamic environment can be an-
alyzed by calculating the exact potential energies. Scanning the potential energy
versus the relevant geometrical coordinates results in various conformers that can
give valuable conformational and structural information.

In addition to all the above mentioned information, vibrational information about
the stationary points can be obtained from derivatives (first and second) of energy
with respect to atomic displacements.

The potential energy surface (PES) can provide all these information. Therefore
in this chapter we refer to the PES and related concepts briefly and without going
into detail. For details the related references in this chapter are suggested.
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2.2 Potential energy surface

The potential energy surface (PES) is an essential concept in computational chem-
istry which originated by R. Marcelin [53], he established the preliminary work for
transition-state theory 20 years before well known theory of Eyring [54]. The impor-
tance of Marcelin’s work was acknowledged by Rudolph Marcus in his Nobel Prize
(1992) speech.
A PES is a mathematical or graphical relationship between the energy of a molecule
and its geometry [55, 56]. In the ideal situation (harmonic) and near the equilibrium
position of atoms in the molecule, the potential energy depends on the position of
the atoms based on the quadratic equation (E = (1/2)k(q ! qe)2, where k is the
force constant of the spring and q is the corresponding internal coordinate, i.e. bond
length, bond angle or dihedral angle). The potential energy at qe (the equilibrium
coordinate) normally is considered as the zero of energy and any distortion from the
equilibrium increases the potential energy. In the real case because of anharmonicity
there is always deviation from quadratic energy curve.
The simplest case of PES is one dimensional, i.e. energy versus one atomic coordi-
nate, however energy can be plotted versus two or more atomic coordinates and the
PES can be a hypersurface and expressed by a mathematical equation of q1, q2, q3,
etc. A multidimensional PES can always be depicted using a two or three dimen-
sional cross section of the hypersurface and in this way an intuitive understanding of
the related chemical process can be obtained.
The most important information that can be extracted from PES are the molecular
geometries of the stationary points in a chemical reaction, to determine the structure
and energy of reactant and product complexes and of the transition states between
them. The transition state or activated complex, as has already been defined in chap-
ter one, is a thermodynamic concept, i.e. the activated complexes (transition states)
are in a kind of equilibrium with the reactants based on the Eyrings transition-state
theory [57]. It is crucial to keep in mind that always the lowest energy path, in
PES, is important and has to be calculated. A stationary point on a PES is a point
which the surface is flat, i.e. parallel to the horizontal line corresponding to the one
geometric coordinate (or to the plane corresponding to two geometric coordinates,
or to the hyperplane corresponding to more than two geometric coordinates). In
other words the first derivative of the potential energy with respect to corresponding
geometric coordinate is zero at each stationary point. An equilibrium geometry or
a minimum is always minimum in all directions of the PES, but a transition state
is a maximum along the reaction coordinate and minimum in all other directions.
These can also be distinguished by the second derivative of energy with respect to
corresponding geometric coordinate, which is always positive except the transition
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state along the reaction coordinate that is negative. To have a more accurate PES in
comparison with the experimental results, the energies must be corrected by adding
zero point vibrational energy (ZPE) correction. The ZPE is the energy a molecule
has even at absolute zero as a consequence of the fact that even at this temperature
it still vibrates [57].

2.2.1 Born-Oppenheimer approximation

To calculate the PES, Born-Oppenheimer approximation is the building block, be-
cause it makes the molecular shape or geometry of the molecule meaningful. Born
and Oppenheimer showed in 1927 [58] that the nuclei in a molecule are stationary
with respect to the electrons to a very good approximation. This expresses Born-
Oppenheimer principle qualitatively; mathematically, it is possible to separate the
Schrodinger equation for a molecule into an electronic and a nuclear equation. One
important consequence of this separation is that to calculate the energy of a molecule
the electronic Schrodinger equation has to be solved and then the electronic energy
is added to the internuclear repulsion (this latter quantity is trivial to calculate) to
get the total internal energy. Another crucial consequence of the Born-Oppenheimer
approximation is that a molecule has a shape. Actually, the nuclei are not stationary,
but vibrate with small amplitude around their equilibrium positions; the equilibrium
positions are considered as the fixed nuclear positions. Due to fixed nuclear coordi-
nates, the concepts of molecular geometry or shape and of the PES are valid [59].
A calculated PES, which might be called a Born-Oppenheimer surface, is normally
the set of points representing the geometries, and the corresponding energies, of a
collection of atomic nuclei; the electrons are taken into account in the calculations of
charge and multiplicity.

2.3 Geometry optimization and verifying station-

ary points

Finding the location of a stationary point on a PES, i.e. demonstrating that point
exists and calculating its geometry and energy, is done by a geometry optimization
process. There are various quantum mechanical methods to calculate the energy and
coordinates of the atoms in a molecule (geometry), Density Functional Theory (DFT)
using the Amsterdam Density Functional (ADF) program package [60–64], is the one
that performs all the calculations in this thesis. The theory behind DFT is the proof
by Hohenberg and Kohn that the energy of a molecule can be determined from the
electron density instead of a wavefunction. Therefore the total energy is a functional
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of electron density : E = E[,(r)]. Kohn and Sham developed this theory for practical
application by considering a reference system of N non-interacting electrons with
the external potential -s. According to the Kohn-Sham theory the exact energy
functional can be expressed as

E[,(r)] = Ts[,(r)] + En[,(r)] + EC [,(r)] + EXC [,(r)] (2.1)

where Ts[,(r)] is the kinetic energy of the electrons in non-interacting reference sys-
tem, En[,(r)] is the attraction between electrons and the nuclei, EC [,(r)] is the
classical Coulomb repulsion of the electronic cloud and EXC [,(r)] is the exchange-
correlation energy that accounts for exchange and Coulomb correlation between elec-
trons, and also includes a correction for the fact that Ts[,(r)] di!ers from the exact
kinetic energy T [,(r)].
The exact electron density can be expressed as a linear combination of the Kohn-
Sham orbital densities:

,(r) =
!

i

| .i |2 (2.2)

For more details about the DFT, refs. [65–67] are suggested.
The stationary point of interest is a minimum or a transition state. Locating

a minimum is often called an energy minimization, and locating a transition state
is often referred to a transition state search specifically. Geometry optimization
process starts with a given input structure that is similar to the desired stationary
point after optimization (final geometry) and submitting this structure to a computer
algorithm that systematically changes the geometry until it finds a stationary point.
The curvature of the PES through the obtained points during geometry optimization
process, i.e. the second derivatives of energy with respect to the geometric parameters
may then be determined to characterize the minimum structure or saddle point. The
most widely-used algorithms for geometry optimization, use the first and second
derivatives of the energy with respect to the geometric parameters [68]. As a simple
example of how a computational algorithm can find the coordinates of the minimum
geometry, q0, from an input coordinate, qi, here a quadratic one dimensional PES is
considered for a diatomic harmonic vibration:

E ! E0 = k(q ! q0)
2 (2.3)

energy di!erentiation at the input point

(dE/dq)i = 2k(qi ! q0) (2.4)

second derivative of the energy at all points

(d2E/dq2) = 2k (2.5)
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where 2k is the force constant

(dE/dq)i = (d2E/dq2)(qi ! q0) (2.6)

q0 = qi ! (dE/dq)i/(d
2E/dq2) (2.7)

Eq. 2.7 shows that if we know (dE/dq)i, the slope or gradient of the PES at the
point of the initial structure, (d2E/dq2), the curvature of the PES (which for a
quadratic curve is independent of q) and qi, the initial geometry, we can calculate
q0, the optimized geometry. The second derivative of potential energy with respect
to geometric displacement is the force constant for motion along that geometric
coordinate; this is an important concept in connection with calculating vibrational
spectra. For multidimensional PESs, i.e. for almost all real cases, more complicated
algorithms are used, and several steps are needed since the curvature is not exactly
quadratic.

For a N atomic molecule, we need the first and second derivatives of E with
respect to each of the 3N atomic coordinates, these derivatives are manipulated as
matrices. The first-derivative matrix, the gradient matrix, for the input structure
can be written as a column matrix

"

##$

((E/(q1)i
((E/(q2)i

...
((E/(qn)i

%

&&'

and the second-derivative matrix, the force constant matrix (Hessian), is a square
matrix "

##$

(2E/(q1(q1 (2E/(q1(q2 ... (2E/(q1(qn
(2E/(q2(q1 (2E/(q2(q2 ... (2E/(q2(qn

... ... ... ...
(2E/(qn(q1 (2E/(qn(q2 ... (2E/(qn(qn

%

&&'

The Hessian is particularly important, not only for geometry optimization, but
also for the characterization of stationary points as minima or transition states, and
also for calculation of vibrational spectra. Once a stationary point has been found
by geometry optimization, it is usually desirable to check whether it is a minimum
or a transition state. This is done by calculating the vibrational frequencies. Such
a calculation involves finding the normal-mode frequencies. Normal modes are the
simplest vibrations of the molecule.

For a minimum on the PES force constants of all normal modes (all the eigenvalues
of the Hessian) are positive. For a transition state, however, one of the vibrations
along the reaction coordinate, is di!erent: motion of the atoms corresponding to this
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mode directs the transition state toward the product or toward the reactant, without
a restoring force. The force constant is the first derivative of the gradient or slope (the
derivative of the first derivative). Along the reaction coordinate the surface slopes
downward, so the force constant for this mode is negative. A transition state (a first
order saddle point) has one and only one negative normal mode force constant (one
negative eigenvalue of the Hessian). Since a frequency calculation involves taking the
square root of a force constant

- =
1

2/c

(
k

µ
(2.8)

therefore a transition state has one imaginary frequency, corresponding to the reac-
tion coordinate.
Calculation of the vibrational frequencies also provides the zero point energy (ZPE).
Since in one reaction the ZPE of the reactant, transition state and product are al-
most the same, ZPEs are canceled out when the reaction energies are calculated
by subtraction. However, for more accuracy the ZPE should be added to the total
(electronic and nuclear repulsion) energies of species and the ZPE corrected energies
should then be compared. As already mentioned in introduction chapter, eq. 4, it is
more common to calculate ee from Gibbs free energy, therefore it is required to do a
vibrational calculation that takes ZPE into account for determination of Gibbs free
energy of each species in the reaction.



Chapter 3

Solvent induced enhancement of the
enantioselectivity of cinchona thiourea

Adapted from
Heshmat, M.; Kazaryan A.; Baerends, E. J.

Phys. Chem. Chem. Phys., 16 (16), 7315, 2014

3.1 Introduction

The enantiomeric excess (ee) that can be achieved in asymmetric catalysis is of-
ten remarkably solvent dependent. A point in case is the Henry (or nitro-aldol)
reaction with a thiourea substituted cinchona as catalyst. The Henry reaction is a
powerful synthetic tool for C-C coupling, using a nitroalkane (usually nitromethane
or nitroethane) and a carbonyl compound (an aldehyde or activated keton) as
substrates[69, 70]. In the case of nitromethane and benzaldehyde with cinchona
thiourea as catalyst, for instance, the reaction exhibits an ee of only 7% when carried
out in neat nitromethane, but the ee increases to more than 90% with dimethylfor-
mamide (DMF) or tetrahydrofuran (THF) as solvent [41, 71]. In this paper we try
to elucidate the large e!ect of the solvent in determining the ee.
Chiral nitroalcohols play a crucial role in enantioselective syntheses of many complex
molecules [72]. They are produced with the Henry reaction, for which in recent years
asymmetric organocatalysts [73–76] have been introduced with much success, after
the original introduction of bimetallic lithium-lanthanum catalysts [77, 78]. Among
the organocatalysts, cinchona derivatives, Fig. 3.1, are extensively employed as ro-
bust stereoselective catalysts. These are flexible compounds that in solution exist as
a mixture of conformers [32, 79]. A good hydrogen bond donor substituent at the
C6! position of the cinchona derivatives has proven to lead to ee [21, 80]. Thiourea
(Fig. 3.1 bottom), which is a well known organic catalyst by itself [81, 82], has been
introduced as a substituent at the 6’ position, resulting in a powerful organocatalyst
for the Henry reaction [41, 71].
The reaction mechanism with the cinchona thiourea catalyst has been fully eluci-

dated with DFT calculations [71]. The calculations have confirmed that the initial
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Figure 3.1: The structure of cinchona alkaloid (quinidine) compounds. Upper panel:

cinchona; substituting at the C6! position with hydrogen bond donors like thiourea leads to

an asymmetric catalyst for the Henry reaction. "1, "2 and "3 angles characterize di!erent

conformers within the cinchona moiety, examples of the anti-open, syn-open, anti-closed and

syn-closed conformations are shown. The #1, #2, #3 and #4 angles characterize di!erent

conformers within the thiourea moiety (bottom panel).

step in the reaction is the abstraction of a proton from nitromethane by the ba-
sic N atom of the quinuclidine moiety. The nitromethide ion can then attack the
acidic carbonyl group of the aldehyde, establishing the C-C bond. The theoretical
work showed that the cinchona thiorea molecule provides a sca!old on which this
reaction sequence can play out between reactants that are hydrogen bonded to the
catalyst and thus brought in proximity and favorable orientation, see Ref. [71] and
below. Experimentally a correlation had been established between the ee and basic-
ity of the solvent, with DMF and THF yielding the highest ee [41, 71]. It was not
possible to find a correlation of ee with the dielectric constant of the solvent. The
theoretical work, with solvent e!ects only accounted for with a polarizable contin-
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uum model, gave very close transition barriers for the two enantiomers. This can be
considered to be in agreement with experiment to the extent that a correlation of ee
with properties of the dielectric continuum could not be established. So apparently
specific interactions with solvent molecules have to be invoked, but insight in how
the solvent acts to achieve high ee is still lacking and remains to be uncovered [41, 71].

We study in this work the e!ect of solvent in the Henry reaction with cinchona
thiourea as e!ective asymmetric organocatalyst and dimethyl formamide (DMF) as
the solvent. DMF has the highest Lewis basicity in the series of considered solvents in
the experimental studies, and yields the highest ee [71]. We start, in section 3.3, with
analyzing the structure and flexibility of the catalyst in detail. Next (section 3.4) the
interaction between solvent and catalyst through formation of molecular complexes
between solvent and the various cinchona thiourea conformers is studied. Also the
(hydrogen bonding) interactions of the catalyst with the substrates, nitromethane
and benzaldehyde, are considered. The various interaction strengths are rationalised
with frontier molecular orbital considerations.

In the next step, confirming the reaction mechanism of the Henry reaction detailed
in Ref. [71], we investigate to what extent in this mechanism the solvent can a!ect the
energy barriers along the reaction coordinate. The two reaction steps, proton transfer
and C-C coupling are studied. It transpires that indeed the solvent plays a crucial
role in steering the ee by way of “selecting”, by preferential solvation stabilization,
among the many possible conformers one that yields a clearly lower barrier for one
of the enantiomers.

3.2 Computational details

Mixed torsional/low mode conformational searches were carried out by means of the
Macromodel 9.7.211 [83] software using Merck Molecular Force Field (MMFF) in
vacuum applying a 5 kcal/mol energy window. In the conformational search, the
maximum number of steps was set to 10000.
All geometry optimizations, linear transit and frequency calculations were performed
using the ADF program package [60–62]. The standard hybrid density functional
B3LYP has been used (cf. [71]) and a Slater type orbital (STO) basis set of triple-
zeta plus polarization functions (TZP) quality was used in all calculations, since this
choice has been established as adequate[84, 85]. The transition states are found with
linear transit calculations in the chosen reaction coordinate, starting from converged
structures and ending to an optimized stable minimum in a series of defined steps.
In each linear transit calculation all degrees of freedom are fully optimized except
the reaction coordinates which are constrained. The TS structures are refined with
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a TS search and verified to have one imaginary frequency.

3.3 Cinchona thiourea: molecular structure and

conformers

Cinchona alkaloids (quinidine), Fig. 3.1, are composed of two relatively rigid entities:
an aromatic quinoline ring and an aliphatic quinuclidine ring connected by an sp3

carbon atom (chiral center C9). The C9 is typically hydroxylated, but to prevent
an intramolecular interaction between the quinuclidine nitrogen atom and the H
of the OH group at C9, this group is usually replaced by OCH3. The two rigid
parts can rotate around the bonds connecting these moieties, see the 01, 02 and 03
angles defined in Fig. 3.1, upper panel. Depending on the di!erent orientations of
the two rigid groups, various conformers of this molecule can be obtained which are
categorized into open and closed families with anti or syn orientations [32, 34, 35, 38].

In the open conformation the lone pair of the quinuclidine nitrogen points away
from the quinoline ring. In the closed structure there is an interaction between the
quinuclidine nitrogen lone pair and the aromatic / orbitals. This is very important: in
closed conformers the functioning of the quinuclidine nitrogen atom as nucleophile in
the catalytic pathways is hampered by the interaction inside the molecule. Rotation
of the quinoline moiety around C9-C4, 01, produces anti and syn conformers. In the
anti orientation the R group and quinuclidine moiety are at the same side but in the
syn orientation they are at opposite sides. The thiourea that is introduced as the R
substituent[21, 31, 81, 82, 86, 87], brings new degrees of conformational freedom to
the catalyst molecule. These are described with the 11, 12, 13 and 14 angles defined
in the lower panel of Fig. 3.1. The possible conformations are first investigated with
a molecular mechanics (MM) search in vacuum. The starting geometry for the MM
search was taken from Ref. [71] and depicted in Fig. 3.2; we call it hereafter conformer
'. It can be seen in Fig. 3.2 that conformer ' is anti-open for the cinchona part, while
the two N-H bonds of thiourea are oriented in the same direction. The phenyl ring of
the thiourea moiety is cis with respect to the sulfur, so it is directed away from the
space between the N-H bonds and the N of the quinuclidine ring. The MM search
resulted in 30 di!erent conformers characterized by local minima. Next we optimized
the obtained MM structures at the DFT level of theory (B3LYP functional and TZP
basis set). The resulting relative bonding energies of all conformers in kcal/mol, with
respect to the lowest one, are shown in Fig. 3.3. For better comparison we have
divided the conformers into di!erent families, i.e. open and closed, anti (A) and syn
(S). The anti-open conformation is the best topology of the catalyst molecule for the
reaction mechanism since the electrophilic (N-H bonds) and nucleophilic (nitrogen of
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Figure 3.2: Converged structure of the starting geometry for the MM search taken from

Ref. [71]. This conformation, denoted !, has two N-H bonds of thiourea oriented in the

same direction. The phenyl ring of thiourea moiety points away from the pocket formed by

quinuclidine and the two N-H groups. For a clear picture of the quinuclidine moiety, we

have shown the two triads of C atoms that are connected by a threefold rotation axis with

di!erent colors, i.e. dark and light grey. The threefold rotation axis passes through the

nitrogen and its facing carbon atom of the quinuclidine.

quinuclidine) sites, which are both needed in the C-C coupling reaction mechanism
(see [41, 71] and below) are in close proximity. From the Boltzmann weights, the total
fraction of structures with anti-open conformations is 73% in vacuum at 298.15"K.
As a matter of fact, practically only the conformers below 1 kcal/mol will be thermally
populated, which can be seen to be in large majority open-anti conformers.

We have compared the 30 geometries that resulted from the B3LYP optimization
of the MM structures with optimized structures and energies of two other levels of
theory, BP86/TZP and B3LYP-D/TZ2P. The picture is very similar. The starting
structure of the MM conformational search, obtained from Ref. [71], which we call
conformer ' (number 13 in Fig. 3.3, has with B3LYP/TZP a somewhat high relative
energy of 3.2 kcal/mol compared to the lowest conformer; this is the same with
BP86/TZP and B3LYP-D/TZ2P, which give 3.32 and 7.05 kcal/mol respectively.
For future reference we note that ' is 2.53 kcal/mol higher than conformer 6, which
will be named conformer $ and will play a key role in the further discussion.
It is clear from Fig. 3.3 that 13 conformers have the anti-open conformation within
the cinchona moiety. All anti-open conformers have similar quinoline/quinuclidine
orientations. The mean values of 01( 262", 02( 209" and 03( 80", with a standard
deviation lower than 5" over the anti-open conformers, have been confirmed by all
three computational methods mentioned above. They only di!er in the conformation
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Figure 3.3: Relative total energies (B3LYP/STO-TZP basis) of 30 di!erent conformers of

cinchona thiourea, grouped into families of open and closed type and of anti (A) and syn

(S) type. The conformer 13 corresponds to the starting geometry of the MM search from

Ref. [71], which we denote conformer !.

of the thiourea moiety, i.e. in the 11, 12, 13 and 14 angles that produce di!erent
orientations of the phenyl ring, N-H and C=S groups of thiourea moiety. As is clear in
Fig. 3.2, in the anti-open conformer ', the two N-H bonds of thiourea are in the same
direction and almost in the same plane but opposite to the C=S direction. However
in the rest of the conformations of the anti-open family, other than ', the N-H bonds
rather point in opposite directions (rotation over 13 by 180o) and the orientation of
the phenyl ring also changes. These conformations are all denoted as being of type
$. The distinctive feature of these di!erent conformations of the thiourea moiety
is that in conformation ' (Fig. 3.2) the two N-H bonds can simultaneously make
hydrogen bonds to one (substrate or solvent) molecule (bi-dentate fashion), while in
conformation $ each N-H bond can make a hydrogen bond with a separate molecule.
Rotation of the phenyl ring of thiourea towards the quinuclidine moiety in the $
conformer causes steric congestion in the space between thiourea and quinuclidine
moieties which may play a role in the enantioselectivity.
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We will see in the next section how complexation with solvent molecules a!ects the
conformational preferences.

3.4 Solvent complexation and conformational pref-

erences

Molecular complexes of DMF solvent molecules with all 30 di!erent conformers of
the catalyst (hydrogen bonded with the N-H sites) have been formed and optimized
separately. The energies of these complexes are displayed in Fig. 3.4.

The lower panel shows the relative energies of the molecular complexes between
each conformer of the catalyst and one or two solvent molecules. The complex with
conformer 6 is taken as the zero of energy in the figure. Since the complexation
with the solvent molecules does not lead to serious distortion of the free molecule
geometries, the numbering of Fig. 3.3 can be retained in Fig. 3.4. There is now much
stronger energetic di!erentiation than for the isolated conformers in Fig. 3.3: the
number of conformers within 1 kcal/mol reduces to four, all of which are anti-open.
The population of closed conformers decreases. The total population of anti-open
conformers is now 91%, almost completely composed of the four low-energy con-
formers 2, 4, 6 and 7. The solvent in a sense “selects” a few conformers, which is
evidently relevant for the performance of the catalyst. It has been observed before
that minimizing the number of chiral reactive species in the reaction medium to a
few e!ective ones is crucial for obtaining a high level of steroeselectivity [88].
The structures of two representative conformers of cinchona thiourea, with the hydro-
gen bonded solvent molecules, are shown in Fig. 3.4, upper panel. The most stable
conformation, 6, represents the $ structure, which has the two N-H bonds trans
to each other, so hydrogen bonding to two DMF molecules takes place. All four
low-lying structures (2, 4, 6 and 7) are $ type. To the right in the upper panel we
show the structure of the ' type conformer 13 which has hydrogen bonding via both
parallel oriented N-H bonds to a single DMF molecule. A second DMF molecule does
not bind to the ' conformer, in the sense that even after many steps in the geometry
optimization a converged structure has not been found. Table 3.1 lists the relevant
complexation energies of the catalyst with the solvent (DMF) molecules, from which
the relative energies of the resulting species follow. Also complexation energies with
the substrates nitromethane (NM) and aldehyde (ALD) are given. In order to under-
stand the di!erences between the various complexation energies we refer to Fig. 1 in
ESI of ref.[89], with the interacting frontier orbitals (HOMO-LUMO) of all species
in solution.

The highest HOMO is the nonbonding lone pair orbital of the nitrogen atom of the
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Figure 3.4: Lower panel: relative total energies of 30 molecular complexes formed between

solvent (DMF) and di!erent conformers of cinchona thiourea. Four conformational fami-

lies (anti-open, syn-open, anti-closed and syn-closed) are distinguished in the figure. The

numbering of the conformers is the same as Fig. 3.3. The lowest energy molecular complex,

number 6, is singled out with a green circle and is selected for the study of the reaction

mechanism. Upper panel left: converged structure of the lowest energy conformer, 6, of the

catalyst with two DMF solvent molecules, which is representative of the $ conformers (2,

4, 6 and 7 are all of $ type). The two DMF molecules are hydrogen bonded to the two

trans oriented N-H bonds. Upper panel right: converged structure of the ! type conformer

13 with the single DMF solvent molecule hydrogen bonded to both N-H bonds.

quinuclidine moiety. Therefore it is the strongest nucleophile in the reaction medium
and is more capable than the other nucleophiles to donate electrons to the empty
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C-H anti-bonding 2$ orbital (LUMO+1) of nitromethane. This 2$ orbital goes down
in energy rapidly when the C-H bond lengthens. Donation of the N lone pair HOMO
of the catalyst molecule to the LUMO of nitromethane, which is a /$ orbital local-
ized on the NO2 group, is not e!ective due to the nodal planes in this LUMO. We
have explicitly checked this point by calculations, which showed that complexation
between the NO2 site of nitromethane as electrophile and the nitrogen atom of the
quinuclidine ring as nucleophile is not possible. This also holds for the analogous
carbonyl based LUMO of the aldehyde molecule. All three molecules, nitromethane,
aldehyde and DMF interact as electron donors, with an oxygen based HOMO, with
one (in $) or two (in ') N-H 2$ acceptor orbitals of the thiourea group. The DMF,
which has the highest lying HOMO, has in all cases (in ' with one DMF molecule to
the two N-H’s and in $ with a DMF molecule to N-Ha and N-Hb each) the strongest
interaction. In Table 3.1 we see that the two N-H sites of $ a!ord two strong bonds
to two DMF molecules, with a total complexation energy of almost !19.2 kcal/mol
if they are present simultaneously (there is some synergy if N-Ha and N-Hb are hy-
drogen bonding simultaneously, compared to each one separately, to the amount of
ca. !1.4 kcal/mol in the DMF case, see Table 3.1). The ' conformer, with only one
DMF bound to it, is ca. 10 kcal/mol higher in energy, at !9.4 kcal/mol, indicating
that in solution the $ conformer is virtually the only populated one.
In order to create the reactant complex the “inner” DMF (at N-Ha) has to be re-
placed by the reactant nitromethane, which leads to a reduction of the hydrogen
bonding by ca. 4 kcal/mol to !15.2 kcal/mol. This RC is thus easily accessible, and
is considerably more favorable than the RC for the reaction with the ' conformer,
the '-nitromethane complex being at !6.0 kcal/mol.

Since the oxygen based HOMO of the benzaldehyde is energetically close to the
HOMO of NM, aldehyde can be a competitive candidate for hydrogen bonding with
the N-H bonds. In the $ conformer the bonding of aldehyde to N-Ha is actually
slightly preferred over nitromethane, by ca. 0.4 kcal/mol whether a DMF is simul-
taneously complexed to N-Hb or not. This small preference does not at all preclude
the interchange of aldehyde for NM. We note in passing that complexation of two
of these molecules (NM or ALD) to the $ conformer proves to be remarkably dif-
ficult. In particular in the case of nitromethane, it is found to be very di"cult to
converge a structure with two complex bound molecules. The second hydrogen bond
length stays at 2.7 Å , instead of the 1.8 - 1.9 Å values found for the two DMF
molecules. The second nitromethane appears to seek more interaction with the first
nitromethane than with the N-Hb.

The di!erence of the DMF solvent with non polar solvents, where the distribu-
tion of conformers is similar to that of free molecules in vacuum (Fig. 3.3), should
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Molec. NM ALD DMF DMFb-NMa DMFb-ALDa

Free 6 = ! 0.00 0.00 0.00 0.00 0.00
Complex. to a !5.02a !5.45a !9.16a
Complex. to b !6.08b !5.68b !8.67b

Sum of separate compl. !11.10 !11.13 !17.83 !13.69 !14.12
Compl. to a+ b simult. !19.19 !15.16 !15.64

Free 13 = " +2.53 +2.53 +2.53 - -
Complex. en. !8.51 !7.75 !11.93 - -

Sum !5.98 !5.22 !9.40 - -

Table 3.1: Complexation energies (kcal/mol) with B3LYP/TZP of various substrates

to the conformers ! and $ of cinchona thiourea. The energy zero is taken to be the free

conformer $ plus free substrate and solvent molecules. The energy lowering upon the various

possible complexations is given (and the energy rise going from $ to !). In the case of

conformer $ there are two di!erent orientations of N-H bonds, denoted with superscripts

‘a’ (for the inward pointing N-H) and ‘b’ (for the outward pointing N-H). With ! only one

molecule can form a complex bond, as nucleophile, to the two parallel pointing N-H bonds,

and possibly to the quinuclidine N lone pair as electrophile.

now be clear: In nonpolar solvents a large number of conformers of the catalyst ex-
ist in solution which will reduce the e"ciency of the asymmetric catalyst to select
one enantiomer (unless all conformations would exhibit reaction preference for the
same enantiomer, which will not often be the case). However, in DMF we have a
clear preference for the $ conformer in solution. We will in the next section investi-
gate if the $ conformer leads to preference for one enantiomer as the reaction product.

3.5 Reaction barriers for the two enantiomers

A schematic representation of the Henry reaction is shown in Fig. 3.5. Nitromethane
is converted into the nitromethide anion by abstraction of a proton. The nitrome-
thide anion can then perform the C-C coupling by nucleophilic attack at the acidic
carbonyl group of the aldehyde. The presence of the asymmetric catalyst and the
solvent determines which enantiomer of the product, a secondary nitroalcohol, will
be produced. With the solvents DMF and THF the enantiomeric excess (ee) can
increase up to 90% and more [41, 71]. A solvent e!ect as observed here is by no
means unique [87, 90, 91]. We discuss in the following sections the proton transfer
and the C-C coupling steps, respectively.
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Figure 3.5: Schematic representation of the Henry reaction.
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Figure 3.6: Proton transfer step: optimized structures of the reactant complex (upper

panel); the transition state (middle panel); and the resulting intermediate (lower panel).

The most important distances between atoms are shown in the figure. Both conformers !

and $ are depicted.

3.5.1 Proton transfer

As found in Ref. [71], the complexation of nitromethane with its NO2 group to the
two N-H bonds of the ' conformer will bring a nitromethane C-H bond in proximity
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of the basic N of quinuclidine, i.e. it creates a reactant complex (RC) from where the
proton transfer to N can start. The same occurs for the $ conformer by complexation
of nitromethane to the single N-Ha. The proton transfer from nitromethane to the
quinuclidine nitrogen atom starts by donation out of the lone pair orbital of the N
of quinuclidine to the 2$ orbital of the (elongating) C-H bond of the nitromethane,
as can be seen in Fig. 3.6 upper panel in the reactant complex (RC). In the RC the
N· · ·H (N from quinuclidine and H from nitromethane) distance is around 2.3 Å for
both conformations of the catalyst (' and $).

The C-H bond in the RC has lengthened by 0.014 Å by the interaction with the
N lone pair, large e!ects of this orbital interaction only arise when the C-H 2$ has
come down considerably due to C-H bond lengthening. The most important distances
between atoms are depicted in Fig. 3.6. The proton moves from the closest C-H bond
to the nitrogen atom of quinuclidine. We note that in the case of conformer $ there
is all the time a DMF molecule coordinated to N-Hb.

The transition states of both catalyst conformers, Fig. 3.6 middle panel, have
been obtained by generating a two-dimensional energy surface, one variable being
the distance between the H and C atoms of the CH3 group, and the other one the
distance between the same H and the N atom of quinuclidine moiety. The energy
surface has been obtained by mapping the N· · ·H distance from 2.30 Å to 1.0 Å and
the C· · ·H distance from 1.1 Å to 2.1 Å using 0.1 Å steps. At each point of the
surface, these two distances were constrained and all other degrees of freedom were
optimized. The potential energy surface for the $ conformer is shown in Fig. 3.7
upper panel.

The energy profile of the proton transfer step is given in Fig. 3.7 lower panel. The
“resting state” may be considered to be the $ conformer with two DMFs hydrogen
bonded, at !19.2 kcal/mol below the energy zero (the collection of isolated molecules:
cinchonathiourea-$, two DMFs and one nitromethane molecule) (see Table 3.1 for
the energies). The barrier for the reaction from the RC($) is ca. 18.0 kcal/mol (with
respect to the free molecules it is 2.8 kcal/mol). The TS($) is considerably below
that for the ' conformer, which is at +9.3 kcal/mol with respect to free molecules.
If we consider the energy of the TS(') with respect to RC(') we obtain the energy
15.3 kcal/mol, close to the 14.7 kcal/mol reported in Ref. [71] for this step. Finally
the intermediate state resulting from the proton transfer (see Fig. 3.6, lower panel)
is again considerably lower for the $ conformer (at !11.3 kcal/mol) compared to the
' conformer (at !5.0 kcal/mol). The lower energies that are obtained in the energy
profile for the $ conformer are obviously due to the additional hydrogen bonding to
one DMF molecule, that can be present for the $ conformer in each stage of this
reaction.
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Figure 3.7: Upper panel: calculated PES of the proton transfer step in the complex of $
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right). The TS is indicated with a cross. Lower panel: energy profile of the proton transfer

step for both conformers ! (red) and $ (black). The energy zero is for the isolated species

in their lowest energy conformation (cinchonathiourea-$, two DMFs, NM).

3.5.2 C-C bond formation

The next step in the reaction is the C-C bond formation. In the intermediate, the
electronic density around the carbon atom of nitromethide anion has increased and
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the nitromethide group has become a strong nucleophile and perfect candidate to
attack an electrophile. In the intermediate the NM molecule has turned around
after the proton donation, so that the oxygen atom points to the N-H+ group, and
the C lone pair is available for interaction with an incoming molecule, see Fig. 3.6
lowest panel for the configuration in the intermediate and Fig. 3.8 upper panel for
the incipient interaction with aldehyde. The aldehyde molecule is an electrophile
with a low lying LUMO on the carbonyl group. When the aldehyde is brought in
the proximity of the negatively charged carbon atom of NM by complexation to the
cinchona thiourea, the LUMO can act as acceptor orbital for the lone pair at the C
atom of nitromethide and the C-C bond is formed. In Fig. 2 in ESI of ref.[89], we
show the frontier levels of interest: the HOMOs of the intermediates (both INT($)
and INT(')) and the LUMO of aldehyde. The HOMO of free nitromethane is shown
for comparison. Evidently, the HOMO of the nitromethide is much higher than that
of nitromethane, much closer to the LUMO of aldehyde. Also, the HOMO of INT($)
is clearly higher (by ca. 0.6 eV) than the one of INT('). The Mulliken charges on the
carbon atom of nitromethane/nitromethide, also shown in Fig. 2 in ESI of ref.[89], are
in agreement with the energy ordering: most positive on nitromethane, least positive
on INT($). We have verified that the same trend of charges are also obtained when
looking at the Hirshfeld charges and/or the Voronoi deformation densities (VDD) of
the corresponding carbon atom. So INT($) is not only more stable than INT('), it
also appears to be more suited for donative interaction with the aldehyde.

The reaction is initiated with the formation of a reactant complex (RC) that is
formed by complex bonding (hydrogen bonding) of the oxygen of the aldehyde with
N-H of INT. In the case of INT($) the N-Ha is the only N-H group available, so
the nitromethide has to break its hydrogen bond to N-Ha (but remains bonded by
the stronger oxygen with quinuclidine R3NH+ interaction, see Fig. 3.8 right upper
panel). In the case of INT(') the aldehyde can bind to N-Hb while the nitromethide
remains weakly bound to N-Ha (and R3NH+). The complexes are rather loose,
and the weak energy stabilization upon aldehyde complexation is hard to determine
unambiguously. It is less than 2 kcal/mol in all cases, see Fig. 3.9. Fig. 3.8, upper
panel, shows the converged structure of the molecular complex of both INT(') and
INT($) and aldehyde in the configuration that will yield the S enantiomer, denoted
INT(')-ALD (1) and INT($)-ALD (1), respectively.

The stereo-selection is e!ected by the way the aldehyde molecule is coordinated
to the N-H bond of the catalyst. Since benzaldehyde is a planar molecule it can be
placed with either side facing the nitromethide anion. During the transition path
of the C-C coupling each side will generate a di!erent enantiomer, S or R. We
have calculated both complexation modes of the benzaldehyde (only the precursor
of the S enantiomer is shown in the figure for both ' and $ conformations). The
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Figure 3.8: Converged structures of the molecular complexes formed during the C-C bond

formation step. Both conformers, ! and $, of cinchona thiourea, are shown and the S

configuration of the transition state is pictured.

reaction path is then traced by gradually decreasing (in steps of 0.15 Å ) the distance
between the carbon atoms of the nitromethide anion and of the carbonyl group of
benzaldehyde. At each point along the reaction coordinate only the C· · ·C distance is
constrained and all other degrees of freedom are fully optimized. The C-C coupling
has been calculated for both conformations ' and $, and in each case for both S
and R enantiomers. For each enantiomer there are, also in the TS, three di!erent
conformations corresponding to the three possible Newman projections for rotation
around the C· · ·C bond that is formed between benzaldehyde and nitromethide anion,
see Fig. 8 of Ref. [71] and see the top panel of Fig. 3.9. The nitro group of nitromethide
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anion and the carbonyl oxygen of benzaldehyde are trans in one conformation and
gauche in two other conformations. The gauche conformations (numbered 1 and 2)
are much more stable than the trans conformations (S3 and R3 respectively). The
TS-S1 is lower in energy than TS-S2 in the ' conformer as was the case in Ref. [71],
but TS-S2 is lower in $ . TS-R1 is lower than TS-R2 in both conformers (see top
panel of Fig. 3.9).

The energy profiles of the complete reaction path for both conformers ' and
$ of cinchona thiourea are shown in the lower panel of Fig. 3.9 in red and black
respectively. The drawn path shows the S enantiomer and the dashed one shows the
R enantiomer.

These figures show a step in between the TS and the product complex (PC),
for both R and S enantiomers in the ' and $ conformations of cinchona thiourea.
That intermediate, called INT-ALD-S/R (2), is a C-C coupled structure in which
the proton has not yet moved back from the quinuclidine R3NH+ group, to the O of
aldehyde to generate the final neutral nitroalcohol product. That is the last reaction
step, which generates the product complexes PC-R/S. The structures of the transition
state, the molecular complexes INT-ALD-S1/2 (2) and the product complexes are
shown in Fig. 3.8. We note that only the S configuration has been considered in Fig.
3.8.

The energy barriers are given in Fig. 3.9 with respect to the intermediates (INT)
resulting from the proton transfer step, which are stable molecular complexes (in
contrast to the floppy INT-ALD–R/S (1) complexes) and can be considered for both
enantiomers as good origins. As can be seen in Fig. 3.9, the whole energy profile
for the C-C bond formation step is lower for conformer $ and we first consider
this conformation. Interestingly, for the conformer $ the di!erence between the TS
energies of the lowest S and R configurations, TS($)-R1 and TS($)-S2 is 3.1 kcal/mol.
Comparing to conformer ', we note that the energy barriers of the C-C formation step
for the lowest S and R configurations (TS(')-S1 and TS(')-R1) di!er 1.7 kcal/mol
for this conformer (in line with the results of Ref. [71]). This is only half of what
has been obtained with conformer $. However, we have already concluded from
the conformational and solvent complexation energetics that in a solution containing
DMF solvent and cinchona thiourea, virtually only conformation $ of the catalyst
will be present. For the same reason the TS(') of the proton transfer step is so
much higher in energy than the TS($) that this reaction step will be completely
dominated by the $ conformer. So only the reactant complexes INT($)-ALD-S/R
(1) for the C-C coupling will be present in solution. It is therefore clear that DMF,
because of being a strong Lewis base solvent, has a determining e!ect on the ee that is
achieved. It leads to the intermediate INT($) by the proton transfer reaction and next
the INT($)-ALD-S/R (1) as the reactant complexes from which the C-C coupling
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Figure 3.9: The energy profile of the complete reaction path. The dashed and drawn lines

are related to the C-C bond formation step of di!erent enantiomers (R and S respectively);

conformer !: upper panel; conformer $: lower panel. The relative energies are calculated

with respect to the energies of the lowest conformers of the free molecules (for conformer

! of the catalyst, its 2.53 kcal/mol higher energy compared to $ has been considered in

all complexes). The structures in the top panel show the various enantiomers. The view

is down the C-C axis that is being formed, the substituents on the top C atom (which

completely blocks the C atom underneath) are the phenyl group, the red oxygen and a

hydrogen. The relative energies with respect to the lowest TS for each conformer (! or $)

are given in kcal/mol for both conformers ! and $.

starts. The latter reaction has a su"ciently lower barrier for the formation of the S
enantiomer to produce a large ee. It is possible to calculate the ee using the calculated
Gibbs free energy di!erence using well established techniques [28, 92]. From the full
vibrational analysis at the transition states we have been able to compute the Gibbs
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free energies. For a better comparison of our calculated results with the experimental
ones, we have re-optimized the structures of R1, R2, S1 and S2 transition states of
conformer $ using the catalyst molecule with two trifluoromethyl (CF3) substituents
on the phenyl ring of the thiourea moiety, catalyst 6 in Ref. [71]. We obtain an ee of
90% for the S enantiomer at 253.15"K (-20"C). Asymmetric catalysis of the reaction
by the $ conformer therefore fully explains the high ee obtained experimentally in
DMF solvent.

3.6 Conclusions

In this study we have been able to rationalize the e!ect of the strong Lewis base
solvent DMF on obtaining a large ee in the Henry reaction with cinchona thiourea
as catalyst. As expected, the solvent does not work in a special or spectacular way
in altering the chemistry (reaction mechanism). It acts through the di!erentiation
in the population of the conformers of the catalyst molecule by the preferential sol-
vation of a particular conformation. The achiral nature of the catalyst molecule will
naturally lead to di!erent barriers for the production of the two enantiomers, but it
is very hard to predict what the di!erences between the barriers will be. In the ear-
lier study of the ' conformer [71], in which the reaction mechanism was established,
the di!erence in barriers was too small to reach a firm conclusion on the causes for
the enantiomeric preference. We have now elucidated this aspect of the reaction.
The solvent e!ects are subtle but clear. It is just because of the sensitivity of the
ee to the barrier heights, that the subtle e!ects of the solvation can make such an
important di!erence for the ee. It is not possible to draw a general conclusion about
solvent e!ects for ee from this work. It appears that the e!ects of solvation will be
dependent on the case at hand. Maybe it is possible to predict which conformation
of a chiral catalyst will be stabilized by solvation of a specific type. But then it is
again hard to predict which enantiomer would benefit the most, unless there are clear
steric hindrance e!ects. A general conclusion that emerges from our work is that the
e!ect of DMF for the ee in the catalysis of the Henry reaction by cinchona thiourea is
not specific for this molecule, but it is a property of its Lewis base character. Similar
enantiomeric preference may therefore be expected from other Lewis base solvents.
This is in agreement with experiment.



Chapter 4

VCD study of conformational behavior of
flexible catalysts in solution

4.1 Introduction

The Henry reaction, which was investigated in chapter three as an enantioselective
synthesis, takes place in the presence of the asymmetric catalyst cinchona thiourea.
We observed that when the asymmetric catalyst is a flexible molecule, it can exist
in various conformations in solution. The dominant conformer, which is determined
through the solvent interaction can be quite important in the catalytic functionality
to reduce the barrier of the transition state of one enantiomer. As it has already been
introduced in the introduction chapter, VCD spectroscopy is very successful to deter-
mine the absolute configuration (AC) of rigid chiral molecules in solution. However,
since VCD is really sensitive to the conformational changes in the flexible molecules,
determination of the dominant conformers of very flexible molecules (especially the
large ones) in solution is to some extent complicated. In this chapter using two real
examples of flexible asymmetric catalysts we will investigate to what extent VCD is
sensitive to determine the conformational behavior and dominant conformations in
solution.

4.2 Experimental details

One derivative of quinidine was synthesized by Hiemstra et al. and its experimental
VCD spectra in CD2Cl2 solution in fingerprint and stretching regions, have been
measured by Buma et al.[93]. Fourier-transform infrared (FTIR) and VCD spectra
were obtained using a Bruker Vertex 70 spectrometer in combination with a PMA 50
module for polarization modulation measurements. The PEM centre frequency was
set to 1500 cm!1 for all the measurements in the fingerprint region, whereas for the
3µm region the PEM was set to 3300 cm!1. Samples were prepared in CD2Cl2 and
kept in sealed infrared cells with 3 mm thick CaF2 windows. Baseline correction was
performed using the spectrum of dry CD2Cl2.
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4.3 Computational details

All geometry optimizations, harmonic vibrational frequencies and VCD intensities
were calculated using the ADF program package [60–62, 94]. The BP86 and OLYP
exchange-correlation functional [95–97] and a Slater type orbital (STO) basis set of
triple-zeta plus polarisation functions (TZP) quality [98] were used. Both vacuum
and COSMO [99, 100] calculations have been performed. In the COSMO calculations
the molecules were embedded in the dielectric continuum corresponding to CD2Cl2
(dielectric constant of 4.8). Normal mode overlaps have been calculated using the
ToolsVCD program [101]. The calculated VCD spectra were obtained by Lorentzian
broadening of the peak intensities using a half-width of 8 cm!1.

4.4 Quinidine derivatives

Quinidine derivatives have been employed extensively in medicine as antimalarial and
antiarrhythmic drugs. These groups of molecules are also the most widely used chiral
surface-modifiers in the enantioselective hydrogenation of C=O and C=C bonds on
supported noble metal catalysts. Actually the role of quinidine derivatives in organic
chemistry was firmly established with the discovery of their potential as resolving
agent (asymmetric catalysis for enantiomeric separation). The details about the
structure of the molecule were discussed in chapter three. We just briefly mention
here that the molecule consists of two rigid moieties, i.e. quinuclidine and quino-
line. Various orientations of quinuclidine and quinoline moieties with respect to each
other, which are determined by 01, 02 and 03 angles, make various conformers, Fig.
1 chapter 3. The definition of open, closed, anti and syn families is the same as for
cinchona thiourea in chapter 3.
Fig. 4.1 shows the structure of one quinidine derivative, molecule 1, for which VCD
was measured experimentally. The experimental VCD spectra in CD2Cl2 solution in
fingerprint and stretching regions are compared to the calculated ones. As can be
seen in Fig. 4.1, there is an OH group on C9, the chiral center. In some conformers the
nitrogen lone pair can also interact with this OH group and makes an intramolecular
hydrogen bond that a!ects the features of the VCD spectra, which is best visible in
the stretching region. The MM conformational search of molecule 1 has yielded 30
di!erent conformations. These conformers basically vary in 01, 02 and 03 angles and
orientations of the OH and OCH3 groups. The 30 conformations have been further
optimized at DFT level using BP86 and OLYP exchange-correlation functionals in
vacuum and COSMO, the basis set is always TZP. Fig. 4.2 shows the relative to-
tal bonding energies (kcal/mol), with respect to the lowest conformer, for various
computational parameters. In Fig. 4.2 for better comparison, various families (open,
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Figure 4.1: The structure of one of quinidine derivatives that was synthesized by Hiemstra

et al., molecule 1, which VCD was measured for it in CD2Cl2 experimentally.

closed, anti and syn) are shown separately. We note that the geometries obtained
with various computational parameters for each conformer are very similar, almost
identical.
As can be seen in Fig. 4.2 various conformers have quite di!erent energy orders by dif-
ferent computational methods that result in completely di!erent Boltzmann weights
for each method.

One can see in Fig. 4.2 conformers 1, 2, 3, 4, 6, 7, 8, 10, 11, 13, 14 and 16 most
often have the lowest energies (within 2 kcal/mol) with all computational methods
mentioned above. Therefore, among the whole series of 30 conformers we focus our
investigation on these 12 energetically lowest conformations, Fig. 4.3 shows geome-
tries of these molecules. Conformers 1, 2, 3 and 4 are anti-open; 7 and 13 syn-open;
11, 14 anti-closed and 6, 8, 10 and 16 syn-closed families, for anti and syn definition
see Fig. 1 chapter 3. The 01, 02 and 03 angles, calculated with BP86-vacuum, are
shown besides the structures.
In each family, conformers di!er in the orientation of OH or OCH3 groups, e.g. 1/3
and 2/4 di!er in the orientation of OH, however 1/2 and 3/4 pairs di!er in the ori-
entation of OCH3. Conformers 7/13 di!er in the direction of OCH3, 11/14 in the
direction of OH, conformers 6/8 in the orientation of OCH3 and 8/16 in the ori-
entation of OH. Looking at Fig. 4.3 shows that in conformers 7/13 the OH group
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Figure 4.2: Relative total bonding energies, whit respect to the lowest conformer, obtained

for all 30 di!erent structures using various computational methods including BP86 and

OLYP exchange correlation functionals in vacuum and COSMO. For better comparison the

conformers of di!erent families are separated.

is directed towards the nitrogen atom of the quinuclidine moiety and therefore an
intramolecular H bond is formed.
Since VCD spectroscopy is very sensitive to conformational changes, all these small
di!erences can be traced in the VCD spectra of these conformers. In the next section
we will discuss about the calculated VCD spectra of the 12 lowest structures and
compare them to the experimental spectrum.

4.4.1 VCD spectra

Fingerprint region: the 1000 to 1700 cm!1 frequency interval

Fig. 4.4 shows the calculated VCD spectra of the 12 energetically lowest conformers.
The calculated VCD spectra, obtained by four computational parameters, i.e. BP86
and OLYP functionals in vacuum and COSMO, are shown in Fig. 4.4. The spectra of
di!erent families are shown with di!erent colors, i.e., blue for anti-open conformers
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Figure 4.3: Geometries of the 12 energetically lowest conformers of quinidine derivative

obtained by BP86-TZP in gas phase. The "1, "2 and "3 angles are shown besides the

structures.

1/2/3/4, red for syn-open conformers 7/13, orange for anti-closed conformers 11/14
and green for syn-closed conformers 6/8/10/16. As it is clear in Fig. 4.4 the obtained
spectra, for each conformer, by di!erent methods are rather similar. This is related
to the fact that the geometries obtained by various methods are similar. In Fig. 4.4
the measured spectrum in CD2Cl2 is also depicted in black, for better comparison.
In order to find all similar/dissimilar features the fingerprint frequency region (1000-
1700 cm!1) is divided to four regions i.e. A, B, C and D.
By comparing VCD spectra within one family, e.g. anti-open, the e!ect of confor-
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Figure 4.4: The VCD spectra of the 12 energetically lowest conformers. Various families

are depicted with di!erent colors, i.e. blue for anti-open, red for syn-open, orange for

syn-closed and green for anti-closed.

mational changes due to di!erent OH or OCH3 orientations can be seen. Obviously
di!erent orientations of the OH group, which is directly connected to the chiral cen-
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ter, C9, induce more visible changes in the VCD spectra (e.g. spectra of 1/3) than
di!erent orientations of the OCH3 group, which is quite far from the chiral center C9

(e.g. spectra of 1/2).

Now we look at each region separately and find similar/dissimilar features with
respect to the experimental spectrum. In region A the experimental spectrum has
an intense negative peak and then a broad peak which is composed of some positive
peaks. In the calculated spectra the negative feature can be found in the spectra
of conformers 1, 3, 4, 7, 13, 10, 11 and 14. The broad positive feature of the ex-
perimental spectrum can be composed of almost all conformers in this region that
have positive peaks in the entire region A. Conformers 7, 11, 6 and 8 have a negative
peak in region A (ca. 1080 cm!1), but apparently in the experimental spectrum the
negative peak at this frequency is not visible. This mode corresponds to the CH2

bending vibration localized on the CH2 atoms in quinuclidine moiety. It is possible
that this negative peak has been canceled in experiment due to the small weights of
conformers 7, 11, 6 and 8 that have the negative peak at (ca. 1080 cm!1).
Next we look at the region B, the experimental spectrum has an intense negative peak
and then an intense positive doublet followed by a negative and then two positive
peaks, thus the pattern is !/++/! /+ /+. The first negative peak can be seen in
the spectra of conformers 1, 2, and 14. The positive doublet peak in the experimental
spectrum can be obtained from the spectra of conformers 1, 2, 11, 10, and 16. The
spectra of the conformers 10 and 16 show a negative peak around 1200 cm!1 that
is corresponding to the experimental spectrum at around 1200 cm!1. Then the two
positive peaks afterwards can be seen in the spectra of conformers 7, 13, 14, 10 and
16.
In region C the two intense negative peaks of the experimental spectrum can be found
clearly in the spectra of conformers 3, and 4. Conformers 11, 14, 6, 8 and 16 have
also weak negative peaks in this region.
Finally region D in the experimental spectrum consists of three positive peaks fol-
lowed by an intense negative and a less intense broad positive peak. The first three
positive peaks can be found in the spectra of conformers 2, 3, 4, 11, 14, 6, 8, 10, 16.
The next negative peak can be clearly seen in the spectra of conformers 1, 2, 3, 4, 7,
13, 11 and 14 at the same frequency (ca. 1510 cm!1). The last broad positive peak
of the experimental spectrum can be observed in the spectra of conformers 1, 2, 3,
4, 7, 13, 11 and 14.

All the VCD spectra shown in Fig. 4.4 are related to the structures within 2
kcal/mol of relative energies, therefore they can practically exist in solution. As
it has been analyzed above, all these structures have some features in their VCD
spectra that can be recognized in the experimental spectrum. It has already been
mentioned that for each conformer within 2 kcal/mol all four computational meth-
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Figure 4.5: Calculated VCD spectra obtained by Boltzmann weights of corresponding

four computational methods. The calculated spectra are shown with dotted lines and the

experimental spectrum with solid line.

ods, i.e. BP86/OLYP in vacuum/COSMO result in similar structures. Since the
VCD spectrum is strongly dependent on the structure, this explains why the four
spectra in Fig. 4.4 of a given conformer, which has very similar structures in the four
computational models, are rather similar. However, as it is clear in Fig. 4.4, they
have very di!erent relative energy orders and consequently quite di!erent Boltzmann
weights. Thus for obtaining the final calculated VCD spectrum and compare it to
the experimental spectrum we do not have a unique series of Boltzmann weights.
Consequently Boltzmann weighted spectra obtained by four methods are di!erent.
Fig. 4.5 shows the resulted spectra considering these Boltzmann weights. As can be
seen in Fig. 4.5, the Boltzmann weighted spectra by four di!erent methods do not
show similar pattern in various regions. In region A the strong negative peak and
the positive multiplet pattern of the experimental spectrum, can be seen in the sim-
ulated spectra of BP86/vacuum, BP86/COSMO and OLYP/vacuum. However, the
obtained pattern by OLYP/COSMO is not similar to the experiment and the other
three simulated spectra. In the calculated spectrum obtained by OLYP/COSMO,
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in region A, there are two intense positive peaks and then one negative peak that is
di!erent from what can be seen in the calculated and experimental spectra.
In region B the !/++/! /+ /+ feature can be recognized in the calculated spec-
trum of OLYP/COSMO, and it resembles the experimental spectrum more than the
other calculated spectra do. However, the spectra simulated by BP86/vacuum and
BP86/COSMO show a !/ + / ! / + /+ pattern in region B that is not so far from
the experimental pattern in this region. The OLYP/vacuum pattern in region B
(+/! /+ /!), is not similar to the experimental spectrum.
In region C the spectra obtained by BP86/vacuum and OLYP/vacuum reproduce the
experimental !!/+/! pattern better than the calculated spectra of BP86/COSMO
and OLYP/COSMO.
Finally region D is reproduced by OLYP/vacuum much better than the other three
computational methods. BP86/vacuum and BP86/COSMO both have an intense
negative peak at 1440 cm!1 that is not visible in the calculated spectrum of OLYP-
vacuum. The negative peak at ca. 1510 cm!1 and the positive one at 1570 cm!1 are
well reproduced by BP86/vacuum, BP86/COSMO and OLYP/COSMO. The pat-
tern obtained by OLYP/COSMO (+/ ! / + +/ ! /+), although is similar to the
three other calculated spectra to some extent, but has less intensity. In the next
section we analyze the normal modes in the four regions to explain the origin of
similarities/dissimilarities in the VCD spectra mentioned above.

4.4.2 Normal mode analysis

As can be seen in Fig. 4.4 the VCD spectra of each conformer obtained by four
di!erent computational methods are rather similar due to the similar geometries by
various methods. As example here we consider the VCD spectra of conformer 13
obtained by BP86 (vacuum/COSMO) as the most populated conformer and analyze
the normal modes intensities and frequencies in all frequency regions, i.e. A, B, C
and D. In Fig. 4.6, the calculated intensities of BP86/vacuum, upper panel, and
BP86/COSMO, middel panel, of the normal modes of the conformer 13 in the finger-
print region are shown. The lower panel of Fig. 4.6, shows the calculated intensities
of the normal modes of conformer 13 in both vacuum and COSMO in comparison
with the Boltzmann weighted (BP86/vacuum) and experimental spectra.

The frequencies obtained by vacuum and COSMO calculations are almost iden-
tical. On the other hand, the intensities of the normal modes calculated by COSMO
are (much) higher than the vacuum ones. In total there are 49 modes in the frequency
interval of 1000-1700 cm!1. Since the geometries obtained by vacuum and COSMO
are almost identical, the overlaps between normal modes of the BP86/vacuum and
BP86/COSMO spectra in the finger print region are larger than 90 for 42 out of 49
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modes in this region, which means they have very similar vibrations. Only 7 modes,
which are in the frequency region of 1415-1460 cm!1, have overlaps smaller than 90.
As can be seen in Fig. 4.6 all the modes with frequencies in between 1440-1460 cm!1

are very weak, even in COSMO spectrum. However three of them in the frequency
interval of 1415-1440 cm!1 are quite intense. We look at these modes later in this
section. Now we look at each region in Fig. 4.6 and compare the calculated fre-
quencies and intensities of conformer 13 with experimental and Boltzmann weighted
spectra, for both vacuum and COSMO calculations. In region A, most of the modes
are localized on the CH2 atoms of quinuclidine ring. That means they are CH2 bend-
ing motions. As can be seen in the lower panel of Fig. 4.6 similar modes calculated
by vacuum and COSMO , have the same signs. In both the vacuum and COSMO
calculated spectra there are modes that have very close frequencies but with oppo-
site signs which can cancel each other quite well. This situation can also be seen
in other regions. Considering the fact that conformer 13 is not the only conformer
existing in solution (Boltzmann weight= 30%) and there are other conformers that
can have normal modes with very close frequencies and di!erent signs, a complicated
experimental feature is expected in this region. We note that besides CH2 bending
vibrations of quinuclidine, other vibrations are present in region A: C-H (in-plane)
bending and C=C stretching vibrations of quinoline moiety and C-C stretching mo-
tions of quinuclidine. The appearance of the spectra therefore has a complex origin.
In region B, C-H bending vibrations of the OCH3 group and H8 bending motion are
the most dominant vibrations. Like region A, one can see modes with very close
frequencies and opposite signs especially in the interval of 1220-1260 cm!1 in both
vacuum and COSMO calculations.
In region C, conformer 13 has rather large number of modes with very weak inten-
sities. Conformer 13 obviously is not responsible for the experimental pattern of
region C. Other conformers must generate the pattern of region C, and indeed the
Boltzmann weighted spectrum in this region does reproduce the !! /+ /! feature
of the experimental spectrum. Looking at Fig. 4.4 shows that conformer 4 has two
strong negative peaks in this region that can improve simulation of the experimental
pattern, considering the fact that conformer 4 has also a large contribution (Boltz-
mann weight= 29%).
Now we consider region D. In the frequency interval of 1415-1440 cm!1 there are
three important modes at frequencies: 1416, 1429, 1438 cm!1 in the spectrum of
BP86/vacuum. These three modes are depicted in Fig. 4.7. The first normal mode
at 1416 cm!1 is a C-H bending vibration of OCH3 group. The second mode at 1429
cm!1 is a very mixed vibration consisting of bending motions of OCH3, O-H, in-plane
bending of C-H and C=C stretching of the quinoline moiety. The third mode at 1439
cm!1 is localized on the O-H and H8 atoms. It is to be noted that the changes in
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Figure 4.6: Calculated intensities of BP86/vacuum, upper panel, and BP86/COSMO,

middel panel, of the normal modes the conformer 13 in the fingerprint region. Lower panel,

calculated intensities of the normal modes of conformer 13 in both vacuum and COSMO in

comparison with the Boltzmann weighted (BP86/vacuum) and experimental spectra.
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Figure 4.7: Three important normal modes that are a!ected by using COSMO or di!erent

functional. The frequencies of the vibrations are written below each normal mode.

intensity of these modes when going from vacuum to COSMO are very large, these
modes are considerably a!ected by using solvation model. From this survey of the
modes of conformer 13 in regions A-D it is clear that COSMO, even if having little
e!ect on the frequencies, a!ects the intensities of the peaks strongly.
The spectrum of one conformer is thus subject to change due to computational
method (vacuum or COSMO). Another source of possible variation in the compu-
tational result is the choice of functional. Fig. 4.8 compares the frequencies and
intensities of conformer 13, obtained by BP86/vacuum with OLYP/vacuum to show
the e!ect caused by using another functional. Again the modes are very similar in
regions A, B and C for BP86 and OLYP functionals, however, the frequencies ob-
tained by OLYP shift around 12-15 cm!1. The overlap between normal modes of
BP86 and OLYP functionals are larger than 90% in region A, B and C. In region D
again the three modes at 1416, 1429, 1438 cm!1 have changed by using OLYP and
the overlaps between the normal modes obtained by BP86 and OLYP are smaller
than 90%. It means that calculation of these three modes is a!ected by functional.

Apart from the variations in the computed spectra due to the computational as-
pects we have mentioned, we also have to keep in mind the presence of the many
conformers, which have widely varying VCD spectra, cf. Fig. 4.4. This leads to the
following conclusion.

In summary, there are several error sources in VCD calculations of flexible molecules
with many conformers. These make a really close comparison of calculated and
experimental spectra virtually impossible. The experimental spectrum is a superpo-
sition of the individual spectra of many low lying conformers. The spectrum of one
conformer can be calculated reasonably well, but by no means perfectly. There is a
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Figure 4.8: Comparison between the frequencies and intensities of the normal modes

calculated by BP86 (red) and OLYP (green) in vacuum.

considerable amount of variation in frequencies and intensities between di!erent com-
putational methods. A computational method is characterized by the functional and
the basis set, and by the use of the isolated molecule (“vacuum”) or embedding in a
continuum (e.g. with COSMO). If there are many conformers, one might expect the
VCD spectrum for one such structure to have the accuracy which is typical for a rigid
molecule with given structure. This accuracy is often su"cient for the interpretation
of the VCD spectrum in simple cases with only one relevant conformer [52, 102, 103],
in particular if one recognizes which modes should be treated with caution because
they are not robust [104, 105]. However, if there are several conformers, in all the
conformers the theoretical method will make small errors in the frequencies (the posi-
tions of the peaks) and the intensities of the peaks. Since the relative energies of the
conformers, i.e. the Boltzmann weight factors, also have considerable error margins,
the compounded spectrum cannot be expected to have a truly close resemblance to
the experimental spectrum. Maybe some features that stand out in the experimental
spectrum can be interpreted, but the experimental VCD spectra, especially in the
fingerprint region, are very complex. Thus, to have good comparison of the calcu-
lated versus experimental spectra, it is required to compute the energies (Boltzmann
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weights), frequencies and intensities extremely accurately for all conformers. This is
not possible to date. In fact, although VCD is satisfactory for many rigid molecules,
it is to be noted that there certainly are large and flexible molecules where a single
chiroptical spectroscopic method may not provide complete structural information.
It is essential to simultaneously use more than one chiroptical spectroscopic method
for determining the structures of these chiral molecules [42].

Stretching region: the 2700 to 3700 cm!1 frequency interval

As was mentioned before, in the fingerprint region normal modes are not specifi-
cally localized on particular atoms and they are delocalized almost over the entire
molecule. On the other hand, in the stretching region (frequencies higher than 2800
cm!1) normal modes are localized on particular atoms or bonds, e.g. C-H and O-H
stretching vibrations are in this frequency region. Fig. 4.9 shows the VCD spectra
of the 12 lowest conformers of the molecule 1 in the stretching region obtained by
BP86 and OLYP calculations, both in vacuum and with COSMO. The same color
codes for the families of conformers are used in Fig. 4.9 as in the fingerprint region.
The numbers at the spectra show the relative energies of each conformer in the vari-
ous models. The calculated frequencies in the stretching region have not been scaled
in any of the computational methods. The frequencies in the BP86/COSMO calcu-
lations appear to be better. The OLYP frequencies show considerable discrepancies
with experiment. The spectra are also in each case summed over all conformers
with appropriate Boltzmann weights and compared to the experimental spectrum
measured in the stretching region in CD2Cl2 solution.

Visualization of the normal modes in the frequency interval of 2800-3000 cm!1,
which exist in the calculated spectra of all 12 conformers and in the similar frequency
interval in the experimental spectrum, shows that these peaks are C-H stretching
vibrations of both quinoline and quinuclidine moieties. As can be seen in Fig. 4.9,
the pattern of the peaks related to these stretching vibrations is quite similar within
the members of one family. However, the experimental spectrum in this frequency
region (2800-3000 cm!1), which consists of a relatively weak positive peak followed by
an intense positive multiplet peak, is less structured than the theoretical spectra. The
individual calculated conformer spectra always yield some clearly negative rotational
strengths, which survive in the Boltzmann weighted spectra, but which cannot be
distinguished in the experimental spectrum.

At higher frequencies there are two clear peaks in the experimental spectrum, at
ca. 3160 and 3300 cm!1. From IR absorption spectra [106] the peak at 3160 cm!1

can be assigned to the O-H stretch vibration. The one at 3300 cm!1 belongs to C-H
vibrations of the C'C-H group. The BP86 theoretical spectra of only conformers 7
and 13 have sharp OH stretch peaks at ca. 3300 cm!1 (BP86/vacuum) and 3180 cm!1
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Figure 4.9: The VCD spectra of the 12 lowest structures in the stretching region obtained

by BP86 and OLYP calculations, both in vacuum and with COSMO for continuum embed-

ding. The same color code is used for the families of conformers in this figure as in the

fingerprint region. The numbers show the relative energies of each conformer. The sum of

all conformer spectra with Boltzmann weights are also shown, as well as the experimental

spectrum.



58 4. VCD study of conformational behavior of flexible catalysts in solution

(BP86/COSMO), while the C-H vibrations are some 110 cm!1 (BP86/vacuum) or
more than 210 cm!1 (BP86/COSMO) higher (in all conformers the calculated C-H
stretch peak of the C'C-H group is at ca. 3400 cm!1). In other conformers than 7
and 13 the calculated OH stretch peak is at much higher frequency, see the (very)
small peaks at ca. 3700 cm!1. This peak in the spectra of conformers 11, 14, 6, 8 and
16 (BP86/vacuum) is very weak. Also, in the spectra of conformers 3 and 4 this peak
has negative sign, while in the spectra of conformers 1, 2 and 10 it has positive sign.
Therefore it is well possible that in the experimental spectrum there is no visible
peak at the frequency of 3700 cm!1 because the peaks from the various conformers
cancel each other. In the conformers 7 and 13 the OH mode has shifted strongly
down from 3700 cm!1 and has gained much intensity. This is a well-known e!ect of
the formation of a hydrogen bond [107–109]. Looking at the structures of conformers
7 and 13 in Fig. 4.3, shows these two conformers make an intramolecular H bond,
the O-H group in both 7 and 13 is directed towards the nitrogen of quinuclidine. The
formation of an intramolecular H bond is much more clearly visible in the calculated
VCD spectra of the stretching region than in the fingerprint region.
The OH stretch peak in the experimental spectrum at the low frequency of ca. 3160
cm!1 is thus evidence for molecules in the conformations 7 and 13 being present in the
solution. However, if the spectra of all conformers are summed up with Boltzmann
weights according to the BP86 energies of the conformers, the intensity of the OH
peak is too high relative to the C-H peak. Apparently, the conformation energies ac-
cording to BP86 overestimate the Boltzmann weights of the conformers 7 and 13. The
OLYP calculations su!er from rather inaccurate frequencies. In the OLYP/vacuum
case we find in conformers 7 and 13 the OH vibration at slightly higher frequency
than the C'C-H vibration, and too close to it and with only little higher intensity. In
OLYP/COSMO the OH stretch is at lower frequency than the CH stretches, but still
too close. The relative energies of the conformations and therefore the Boltzmann
weights are strongly di!erent in the OLYP/vacuum and OLYP/COSMO calculations.
Because of the di!erences in frequencies and conformer energies for OLYP/vacuum
and OLYP/COSMO, the Boltzmann weighted sums result in very di!erent spectra.
The frequencies clearly disagree with experiment in both cases, only the intensities
of the OLYP/COSMO peaks have some resemblance to experiment. That would
agree with rather smaller weight of the conformers 7 and 13 than the BP86 energies
would suggest, which we also concluded from the comparison of BP86 calculations
with experiment. We nevertheless stress that an important result obtained in the
stretching frequency interval, by comparing the calculated and experimental spectra,
is the clear evidence for the presence of conformers with intramolecular H bonding,
i.e. conformers 7 and 13.
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4.5 Cinchona thiourea

As we have already discussed in chapter three, if the Henry reaction takes place in the
DMF solution large enantiomeric excess (ee) of the S configuration is produced. The
dominant conformation of the cinchona thiourea catalyst, is selected by the DMF
solvent due to the complexation with solvent molecules. In principle if the dominant
conformer of the flexible cinchona thiourea catalyst in solution also has the lowest
transition state energy for the formation of one enantiomer of the product, it is the
one featuring in the reaction mechanism. We have found in chapter 3 that conformer
$ of cinchona thiourea is the energetically lowest conformer and consequently the
most abundant conformer in solution. Previously, another conformation of cinchona
thiourea, which we call ', was postulated to be involved in the reaction mechanism.
The two conformers ' and $ are depicted in the upper panel of Fig. 4.10 for the
case of molecular complexes with one and two DMF molecules respectively. We note
that both conformers have almost the same orientations of quinuclidine and quinoline
moieties around 01, 02 and 03 angles, i.e. for conformer ' 01 = 262.9, 02 = 204.5 and
03 = 76.0 and for conformer $ 01 = 267.9, 02 = 201.3 and 03 = 73.8. They only di!er
in the conformation of the thiourea moiety, in ' conformer both N-H bonds are in
the same direction (trans with respect to the C=S bond). However in $ conformer
the N-H groups have opposite directions. As can be seen in Fig. 4.10 upper panel, in
conformer $ the phenyl ring of the thiourea moiety rotates towards the quinuclidine
moiety. Therefore, conformer $ has, besides di!erent orientations of the N-H bonds,
also a di!erent position of the phenyl ring with respect to the situation in conformer
'.

In this section we investigate if VCD can help to discriminate between the two
confomers, either as free molecules or as molecular complexes with solvent molecules.
Also the solvation itself may leave vestiges in the VCD spectrum. Since the VCD
spectrum of the cinchona thiourea in the DMF solution was not measured experimen-
tally, we analyze the calculated VCD spectra (BP86-TZP-vacuum) of free conformers
' and $ of cinchona thiourea and of the molecular complexes of both ' and $ conform-
ers with one or two DMF molecules respectively. Based on the di!erences between
the VCD spectra of the two conformers we can predict to what extent this technique
can be helpful for determination of the dominant conformation of cinchona thiourea
catalyst in the DMF solution. We note that the quinidine part of the molecule in
this case does not present such a severe conformational problem as in the first part
of this chapter, since the 4 low-energy $-type conformers identified in Chapter III
have virtually identical quinidine part (and very close to the quinidine part of the '
conformer, see above). They can be considered as a single conformer for the present
purpose.
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Figure 4.10: Upper panel, the structure of molecular complexes formed between conform-

ers ! and $ with one and two DMF molecules respectively. Lower panel, the calculated

(BP86-TZP-vacuum) VCD spectra of free molecules and molecular complexes of conform-

ers ! and $ in the fingerprint region. The solid lines show the ! and dotted lines the $

conformer.

The lower panel of Fig. 4.10 shows the calculated VCD spectra of the free molecules
in black and molecular complexes in red in the fingerprint region. The spectra of
conformer ' are shown with solid lines and of the $ with dotted lines. For better
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comparison, the finger print region of the VCD spectra has been divided in three
regions A, B and C.
We start from region A, visualization of the normal modes in region A shows that
they are mostly localized in the cinchona moiety (quinuclidine and quinoline). The
modes in this region consist of CH2 bending motions of quinuclidine, in-plane C-H
bending and C=C stretching vibrations of the quinoline moiety. Looking at the VCD
spectra in this region shows that for the case of the two free molecules the spectra are
very similar and almost identical, Fig. 4.10 FMs: ' vs. $. Also, going from the free
molecules to the molecular complexes does not make obvious changes in the VCD
spectra of free molecules in region A. This can be seen in Fig. 4.10, MC vs. FM '
and MC vs. FM $. Comparison of the VCD spectra of the molecular complexes,
MCs: ' vs. $ in Fig. 4.10, shows di!erences that do not stand out so clearly that
they can lead to an unambiguous discrimination. Therefore region A in general is
not informative for the discrimination between the conformers ' and $ either as free
molecules or as molecular complexes.
Next we shift to the region B. In region B the modes are almost delocalized over the
entire molecule, which means that the atoms from both cinchona and thiourea moi-
eties are involved in the vibrations of this region. In a few modes in this region the
vibrations of the thiourea moiety predominate over the vibrations of the other atoms
and the modes are more localized on the thiourea part. Looking at Fig. 4.10, FMs:
' vs. $, shows that the VCD spectra of the ' and $ conformers of the free molecules
di!er more strongly in region B than region A. There are some peaks with opposite
signs and there are clear di!erences in intensities. Going from the free molecules
to the molecular complexes does not change the pattern of the VCD spectra signif-
icantly, although an occasional mode does change, Fig. 4.10 MC vs. FM ' and MC
vs. FM $. Notably the mode at 1210 cm!1 in the molecular complex of the con-
former ' has an opposite sign and a much higher intensity in the molecular complex
of conformer '. Also, in the spectrum of the molecular complex of conformer $ in the
frequency interval of 1310-1380 cm!1 the intensity of modes increases with respect
the free molecule, although the signs are retained. Visualization of these enhanced
normal modes shows that the contribution of the vibrations of the thiourea moiety
is larger for these modes, which is why they are more a!ected by the solvent com-
plexation. Comparison of the VCD spectra of the molecular complexes of ' and $
shows that again there are few peaks with opposite signs, but there are somewhat
di!erent intensities in the spectra of the molecular complexes, Fig. 4.10 MCs: ' vs.
$. Since the VCD spectra in region B mostly consist of normal modes that are the
result of vibrations of the atoms of the entire molecule, the features of the spectra
are complex in this region. The comparison of calculated and experimental spectrum
then becomes quite complicated. Taking into account the limited accuracy of VCD
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calculations (various methods like COSMO or vacuum and di!erent functionals can
reproduce di!erent frequencies and intensities for similar modes) di!erences between
calculated ' and $ are not larger than di!erences that are encountered between cal-
culations and experiment in region B. This is reminiscent of the similar situation we
encountered earlier in this chapter for the case of quinidine derivative.
Now we consider region C of the VCD spectra. The normal modes in region C, i.e.
frequency interval of 1470-1680 cm!1, are mostly localized on the thiourea moiety
either purely on the N-H bonds or with some contribution of the phenyl ring vibra-
tions (C-H in-plane bending or C=C stretching). Fig. 4.10 clearly shows that the
VCD spectra of the two free molecules, which di!er notably in the conformation of
the thiuourea part, are quite di!erent in region C. Almost all peaks have opposite
signs within the two free molecules, Fig. 4.10 FMs: ' vs. $. When going next from
free molecules to molecular complexes, the appearance of the VCD spectra changes
considerably. It is clear in Fig. 4.10, MC vs. FM: ' and MC vs. FM: $, that the
spectra of the free molecules in the region C are a!ected by the solvent more than the
regions A and B. Again this is to be expected, since the solvation takes place at the
thiourea part. Looking at the spectra of the two molecular complexes in Fig. 4.10,
MCs: ' vs. $, shows that for frequencies higher than 1560 cm!1 all the peaks have
opposite signs. Considering these large di!erences, comparison of the VCD spectra in
the frequency interval of 1470-1680 cm!1 should enable the discrimination between
the molecular complexes of conformers ' and $.

To conclude this part, considering the calculated VCD spectra of ' and $ conformers
of the cinchona thiourea either in the free molecules or in the molecular complexes in
the fingerprint region, shows that the VCD patterns especially for frequencies higher
than 1470 cm!1 (region C), are truly discriminating and in principle one should be
able to distinguish between the spectra of conformers ' and $ in this region, both for
the free molecules and for the molecular complexes (and between molcular complex
and free molcule as well).

We now look at the stretching region in the frequency interval of 2700-3700 cm!1.
Fig. 4.11 shows the VCD spectra of the stretching region of the free molecules '
and $ in black and molecular complexes in red. Like the fingerprint region, the
solid lines show the spectra of conformer ' and the dotted lines show the spectra
of conformer $. This frequency region shows more evident di!erences between the
spectra of conformers ' and $ in both free molecules and molecular complexes. The
N-H stretching vibrations in the free molecules show peaks at frequencies higher than
3400 cm!1. In the spectrum of conformer ', the !/+ feature at 3465/3475 (with
the negative one less intense than the positive) corresponds to the N-H stretching
vibrations. In conformer $ the N-H stretching vibrations in the spectrum form a



4.5. Cinchona thiourea 63

2800 3000 3200 3400 3600

Frequency (1/cm)

VC
D

 S
pe

ct
ra

FM_ALPHA
MC_ALPHA_DMF
FM_BETA
MC_BETA_2DMF
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of the corresponding free molecules and molecular complexes of both conformers ! and $.

!/! pattern at 3410 and 3505 cm!1), with now the first peak more intense than the
second one. So the VCD spectra of the free ' and $ molecules have quite di!erent
features in the stretching region, for the frequancies, the intensities and the signs.
Obviously in the spectra of molecular complexes the N-H stretching vibrations shift to
the lower frequencies due to the formation of the intermolecular H bonds with DMF
molecules. The charge transfer due the formation of the H bonds, causes an increase
in the intensities of the N-H stretching peaks in the spectra of molecular complexes
of both conformers, see Chapter VI. In the VCD spectrum of molecular complex of
conformer ' the negative peak of the !/+ feature shifts to the 3310 cm!1, the sign
of this peak changes from negative to positive. The positive peak shifts to 3374 cm!1

without sign change. The result is a strong positive doublet signalling the hydrogen
bonded N-H vibrations. Turning then to conformer $, we note that each N-H bond
makes in that case a separate H bond with a DMF molecule. Since both N-H bonds
in conformer ' make H bonds with one DMF molecule, the strength of the H bonds
is less than the case of conformer $. The frequency shift due to the H bonding is
therefore more pronounced in the case of molecular complex of conformer $. As can
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be seen in Fig. 4.11, the N-H vibrations in conformer $ have both negative sign in the
free molecule. These negative peaks exhibit a larger shift to lower frequency than for
the ' conformer, the first negative peak at 3410 cm!1 shifts to 3160 cm!1 and the
second peak from 3503 cm!1 shifts to 3110 cm!1. The arrows in Fig. 4.11 connect
the similar N-H stretching modes of the free molecules and molecular complexes of
both conformers ' and $. As can be seen in Fig. 4.11, for the molecular complex of
conformer ', the frequency shift of the N-H stretching vibrations due to the formation
of H bond with solvent molecules is around 100-150 cm!1. However, the frequency
shift of the N-H stretching vibrations of the molecular complex of conformer $ is
around 250-400 cm!1. Clearly, more frequency shift in conformer $ is related to the
formation of stronger H bonds with the solvent molecules. Another important visible
di!erence between the VCD spectra of the molecular complexes is the opposite sign
of the peaks related to the conformer ' and $. Based on these observations in the
stretching region of the VCD spectra of the two conformers of cinchona thiourea,
one can clearly distinguish between conformers ' and $. This is already true for
the free molecules, but in particular the VCD spectra of the molecular complexes
are distinctly di!erent in the stretching region. The VCD spectra in the stretching
region should therefore a!ord an unambiguous determination of the conformer that
is present in DMF solution.

4.6 Summary

The two real life examples of the organocatalysts discussed in this chapter, show both
the limitations and the capabilities of the application of VCD for drawing conclusions
about the dominant conformations in a solution. Given the importance of the active
conformer of the catalyst in chiral synthesis, see Chapter III, VCD spectroscopy
can play an important role in the elucidation of an asymmetric reaction mechanism.
We observed that when the asymmetric catalyst is a flexible molecule, it can exist
in various conformations in solution. The dominant conformer can be quite impor-
tant in the catalytic functionality to reduce the barrier of the transition state of one
enantiomer.
Detailed analysis of the structure of the flexible catalyst and considering all possi-
ble low lying conformers is always an essential step. Then if there is an intra or
inter molecular interaction like hydrogen bonding or other types of complexation, it
should be singled out and taken into accounts in calculations. By comparison of the
calculated VCD spectra of each conformer to the experimental spectrum in di!erent
frequency regions, some outstanding features of each conformer can be traced in the
experimental spectrum, that can be a signature of the presence of that conformer in
the experiment. Very often, in the fingerprint region (frequencies between 1000-1700
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cm!1) normal modes are not specifically localized on particular atoms and they are
delocalized almost over the entire molecule that causes the VCD spectra become very
complex in the fingerprint region. On the other hand, in the stretching region (fre-
quencies higher than 2800 cm!1) normal modes are localized on particular atoms or
bonds, e.g. C-H and O-H stretching vibrations are in this frequency region. The VCD
spectra in the stretching region can show more clear evidence than the fingerprint
region for the presence of some conformers in the experiment when there are some
intra and/or inter molecular interactions related to the presence of some functional
groups, e.g. OH or NH, inside the molecule. Thus it is suggested to measure spectra
in both frequency region, i.e. fingerprint and stretching. VCD spectroscopy is very
successful to determine the absolute configuration of rigid chiral molecules even in
solution. On the other hand for flexible molecules with many conformers, there are
several error sources in VCD calculation. Superposition of the individual spectra of
many low lying conformers, variation in frequencies (the positions of the peaks) and
intensities between di!erent computational methods, i.e. di!erent functionals, basis
sets, vacuum or continuum environment might be some sources of the errors. Thus,
to have good comparison of the calculated versus experimental spectra, it is required
to compute the energies (Boltzmann weights), frequencies and intensities extremely
accurately for all conformers.





Chapter 5

Large amplitude motions of
solvent molecules: dibromo-binaphthalene-
diol in DMSO

Adapted from
Heshmat, M.; Baerends E. J.; Polavarapu L. P.; Nicu V. P.

J. Phys. Chem. A, DOI: 10.1021/jp4114738, 2014

5.1 Introduction

It has been already discussed in the previous chapters that the role of an asymmetric
catalyst in the mechanism of an enantioselective reaction is understandable only by
detailed knowledge about the way that catalyst interacts with the substrates and
reaction medium (solvent). Therefore exact information about the structure of the
catalyst, e.g. the sites of complexation between the catalyst and solvent or substrate
molecules are required. Also in the case of flexible catalysts the dominant confor-
mation and the preferred relative orientation of the catalyst and solvent molecules
involved in the intermolecular complexes, are important.

In this chapter to study the solvent e!ects and the interactions between catalyst
(solute) and solvent, we consider one of the 1,1’-bi-2-naphthol compounds. These
compounds are well known ligands for asymmetric catalysis and yield large enan-
tiomeric excess (ee) in catalytic reactions, e.g. additions to carbonyls, imines and
olefines. For this reason they have been extensively studied [88, 110–112]. The
schematic representation of the 6,6’-dibromo-[1,1’-binaphthalene]-2,2’-diol (hereafter
referred to as dibromo-binaphthol) molecule as a prototype 1,1-bi-2-naphthol com-
pound is depicted in Fig. 5.1. As shown in Fig. 5.1, the dibromo-binaphthol molecule
has axial chirality. Given the fact that the naphthalene planes are approximately
perpendicular to each other, and the OH groups are approximately in the naphtha-
lene planes, the orientations of the OH groups lead to three conformers, i.e. the
cis-cis conformer C1, the cis-trans conformer C2 and the trans-trans conformer C3,
which are schematically depicted in Fig. 1. [113, 114]. In DMSO solution, the two
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Figure 5.1: Schematic representation of three di!erent conformers of Dibromobinaphthol:

the OH groups are in Cis-Cis, Cis-Trans and Trans-Trans position, respectively, from C1 to

C3.

O-H bonds of dibromo-binaphthol will form intermolecular hydrogen bonds with the
DMSO solvent molecules [115]. To study the solvent e!ects, we have explicitly con-
sidered the solvent molecules by making molecular complexes between solvent and
solute molecules. Also the long range e!ects of the solvent described as a dielectric
medium, outside the explicitly considered solvent molecules (continuum model) will
be studied. Since the solute-solvent interaction we are studying is relatively weak, the
(continuum) solvation of the complete system may a!ect the strength and geometry
of the weak bonding. As we will see, in particular the geometry of the solute-solvent
complex is sensitive to continuum solvation.

To probe the structural changes of the catalyst due to the solvent interaction,
which can a!ect the stereo-discrimination in some reactions [89], we have used VCD
as a spectroscopic tool. The high sensitivity of the VCD spectra to intermolecu-
lar interactions like intermolecular hydrogen bonding commends this technique for
studying interactions between solute (the asymmetric catalyst in our case) and sol-
vent molecules. Due to the weak complex bond between solute-solvent, the complex
is very floppy and the complexing solvent molecules will carry out large-amplitude
motions with respect to the solute, which are slow relative to the vibration frequency
of the solute modes. To simulate the large-amplitude motions of solvent molecules, we
have systematically varied the relative orientation of the solvent and solute molecules
involved in the molecular complex by performing linear transit calculations in which
one geometrical parameter is varied in steps while optimizing all the other geometrical
parameters, see Sec. 5.4. We calculate infrared (IR) and vibrational circular dichro-
ism (VCD) spectra at each step. Then by comparing the calculated VCD spectra
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with the measured experimental spectrum we should be able to determine which
conformations of the molecular complex between dibromo-binaphthol and DMSO
practically exist in the solution. Since the PES along the intermolecular coordinates
is very flat, many structures are sampled in the large-amplitude motions. We study
how and why the spectra change along these coordinates, and whether Boltzmann av-
eraging over the sampled structures is necessary for, or at least improves, agreement
with experiment. We find that the large-amplitude motions, as well as the e!ect of
the dielectric continuum, are both important to obtain agreement with experiment.
More detailed conclusions are given in section 5.8.

5.2 Computational details

All geometry optimizations (including the linear transit ones), harmonic vibrational
frequencies and VCD intensities were calculated using the ADF program package
[60–62, 94]. The BP86 functional [95, 96] and a Slater type orbital (STO) basis set of
triple-zeta plus polarisation functions (TZP) quality [98] were used in all calculations.
Both vacuum and COSMO [99, 100] calculations have been performed. In the vac-
uum calculations all geometry optimisations, VCD calculations have been performed
for the isolated molecular complex considered. In the COSMO calculations the con-
sidered molecular complex was embedded in the dielectric continuum corresponding
to DMSO (dielectric constant of 46.7). Normal mode overlaps have been calculated
using the ToolsVCD program [101]. The calculated VCD spectra were obtained by
Lorentzian broadening of the peak intensities using a half-width of 8 cm!1.

5.3 Spectra and conformations

Table 5.1 shows the relative energies and the corresponding Boltzmann weights
for the three conformers of dibromo-binaphthol in isolated (vacuum) and molecular
complexes forms. For molecular complexes both di!erent levels of theory, i.e. (vac-
uum, BP86, TZP) and (COSMO, BP86, TZP) are shown. As can be seen in Table
5.1, in the case of the isolated molecules, conformer 1 is predicted to be the only
populated conformer at room temperature (99.76%). However, both vacuum and
COSMO calculations have predicted the molecular complex formed with conformer
C3, i.e. C3-(DMSO)2, to be the dominant one. It is evident from Table 5.1, the
interaction between solute and solvent molecules can completely change the relative
populations of the various solute conformations.

In Fig. 5.2 we present the experimental IR and VCD spectra in DMSO solution
and compare to the calculated IR and VCD spectra of the three conformers with



70
5. Large amplitude motions of solvent molecules: dibromo-binaphthalene-diol in

DMSO

1200 1300 1400 1500 1600 1700

Frequency (1/cm)

IR
 S

pr
ct

ra

EXP.

Boltzmann weighted

A B

C1-(DMSO)2

C2-(DMSO)2

C3-(DMSO)2

1200 1300 1400 1500 1600 1700

Frequency (1/cm)

VC
D

 S
pe

ct
ra

A B
EXP.

C1-(DMSO)2

C2-(DMSO)2

C3-(DMSO)2

Boltzmann weighted

Figure 5.2: Calculated IR (upper panel) and VCD (lower panel) spectra of the molecular

complexes formed between the three conformers and two DMSO molecules in comparison

with Boltzmann weighted spectra of the three molecular complexes and experiment.

the H-bonded DMSO molecules, as well as the Boltzmann weighted (at room tem-
perature) spectra. For the sake of brevity only the calculated spectra of molecular
complexes in vacuum are considered, we note that the same situation can also be
observed for COSMO calculations.
The calculated spectra for the three conformers are very di!erent. As for the agree-
ment/disagreement between the Boltzmann weighted spectra and experiment, the
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Vacuum COSMO
Molec. free molecule BW DMSO complex BW DMSO complex BW

energy (kcal/mol) energy (kcal/mol) energy (kcal/mol)

C1 0.00 0.9976 3.09 0.0040 5.320 0.00

C2 3.58 0.0024 0.73 0.2430 2.850 0.008

C3 6.42 0.000 0.00 0.7530 0.00 0.992

Table 5.1: The relative total energies (kcal/mol) and Boltzmann weights (BW) at room

temperature of three conformers of dibromo-binaphthol as isolated molecules and as molec-

ular complexes with DMSO.

situation is typical for a solute in a complexing solvent: there are many features that
are reasonably well represented, in particular when one allows for some inaccuracy
for the calculated frequencies which may bring about a shift of some peaks in the
calculated spectrum. But there are also unsatisfactory regions: we single out two
regions, A and B, where this is the case. In region A we observe a clear +/ ! /!
pattern of peaks in the experimental VCD spectrum, while the calculated spectrum
has !/ + / + /!. In region B there is a strong +/! pattern, while the calculation
gives a shifted, weaker +/+ pattern. It is a natural question if such discrepancies
can possibly be explained by solvent e!ects.

In our calculations the e!ect of the hydrogen bonding to the explicit solvent
molecules has already been taken into account. Also the relative energies of the
conformers has been taken care of by the Boltzmann weighting. However, an e!ect
that has not yet been accounted for is the following. As already mentioned in the
introduction, because of the weak nature of the intermolecular hydrogen bonds, the
solvent molecule will carry out large-amplitude motions with respect to the solute
molecule. It samples a wide range of values of the geometrical coordinates describing
these motions (see next section for definition of these geometrical coordinates). The
relatively fast vibrations of the normal modes that are considered in the IR and VCD
spectra, will change during the reorientation of the solute and solvent molecules with
respect to each other. We investigate in the following sections what the e!ect can
be on the IR and VCD spectra of these large-amplitude motions in the molecular
complex.

5.4 Geometrical degrees of freedom and large am-

plitude motions

We will systematically vary the coordinates describing the large-amplitude motions.
The changes in the IR and VCD spectra during these coordinate variations will be
displayed, and the total e!ect will be monitored by carrying out Boltzmann weight-
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Figure 5.3: Molecular complex formed by dibromo-binaphthol with two DMSO solvent

molecules. The planes of the naphthalene rings are close to orthogonal and the oxygens

of the DMSO molecules are involved in H bonding to the OH groups. The S=O bond is

approximately in the plane of the naphthalene ring and that plane approximately bisects

the C-S-C angle.

ing of the configurations visited during the large-amplitude motions. Since the C3-
(DMSO)2 molecular complex has the lowest energy amongst the molecular complexes,
we study these e!ects for the molecular complex of conformer C3, Fig. 5.3. The start-
ing geometry of the molecular complex, used as the starting point of this variation,
is a structure obtained by performing a geometry optimization calculation with tight
threshold criteria for the geometry convergence (i.e. 10!6 Hartree for energy; 1.0 #
10!4 Hartree/Å for gradients). The starting structure obtained by these criteria for
the geometry convergence procedure is shown in Fig. 5.3.

To obtain di!erent relative orientations and positions of the solute and solvent
molecules, we systematically change some geometrical parameters within the molecu-
lar complex structure and perform at each value a constrained geometry optimization,
fixing the chosen geometrical parameter and optimizing all other degrees of freedom.
The scanning of a given geometric parameter, with constrained geometry optimiza-
tion at each parameter value, is called a linear transit calculation (going from starting
to final value of the specific geometrical parameter). We scan four geometrical pa-
rameters. They are depicted in Fig. 5.4.

1) The ' dihedral angle.
' is the dihedral angle made by the plane of the DMSO molecule, containing the S=O
bond, and the plane of the corresponding naphthalene ring. This angle has been de-
picted in Fig. 5.4, middle panel. It describes the tilting of the DMSO molecule with
respect to the naphthalene ring. In the starting geometry it is 185" and we vary it
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Figure 5.4: Geometrical variables describing the orientations and positions of the solvent

molecules with respect to the solute. Left panel: the converged structure of C3-(DMSO)2

molecule (vacuum) showing O...H intermolecular hydrogen bonds between the oxygens of

DMSO and the hydrogens of the OH groups of dibromo-binaphthol are varied in steps of

0.025 Å; middle panel: dihedral angle ! between naphthalene ring (plus OH substituent)

and the symmetry plane of the DMSO molecule (containing the S=O bond) is changed in

steps of 10! and $ angle between the S=O bond and the H bond (the (O)H · · · O(=S)

bond) is varied in steps of 2.5!; right panel: dihedral angle % between naphthalene planes.

For clarity, only one naphthol and the associated DMSO molecule (i.e. only half of the

C3-(DMSO)2 complex) is shown in the case of ! and $ angles.

by ±90" in steps of 10".
2) The $ angle.
$ is the angle between the S=O bond of a DMSO molecule and the adjacent H bond
(the O(DMSO) · · · H(OH) bond). This angle is shown in Fig. 5.4, middle panel; it
can be called the intermolecular “H bond angle”. It describes rotation of the DMSO
molecule while keeping the S=O bond (in fact, the symmetry plane of DMSO) in the
naphthalene plane. The starting value of this angle is 109.7" and during the linear
transit scan this angle has been changed by ±40" in steps of 2.5".
3) The H bond length.
The intermolecular H bond is between the oxygen atom of a DMSO molecule and
the hydrogen atom of an OH group of dibromo-binaphthol, see Fig. 5.4, left panel.
The starting value is 1.663 Å and during the linear transit scan this intermolecular
hydrogen bond length has been varied up to ±0.275 Å in steps of 0.025 Å.
4) The dihedral angle + of the two naphthalene planes.
The dihedral angle + between the planes of the two naphthalene rings has starting
value 77". It has been varied up to ±60" in steps of 5".
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Note that the C2 symmetry is kept during all the variations, so the parameters for
the two solvent molecules are changed simultaneously. The starting structure is char-
acterized by the following values for the linear transit parameters: ' dihedral angle:
185"; $ angle: 109.7"; intermolecular H bond length: 1.663 Å; dihedral angle + of
naphthalene planes: 77"

Each linear transit calculation is performed in two steps. In the first step a set
of intermediary structures are obtained by varying the defined parameter (and its
dependent parameters) from its initial value to its final one in a number of defined
steps. For instance the H bond length is a parameter which can be varied. The
dependent parameters are the positions of the H-bonded solvent molecule: not only
the H atom involved in the bond, but all atoms of the solvent molecule are displaced
by the same vector. Then in the second stage starting with the intermediary structure
a constrained geometry optimization calculation is performed, i.e. the linear transit
parameter characterizing the intermediary structure is kept fixed during the geometry
optimization of all other geometrical parameters. Separate linear transit calculations
have been performed for each type of linear transit parameter. Only one parameter
was varied at a time. For each parameter, calculations have been performed where
the value of the parameter is increased and where the parameter is decreased.

Fig. 5.5 shows the dependence of the energy on the variation of all linear transit
parameters, i.e. ' (in steps of 10"), $ (in steps of 2.5"), the dihedral angle + be-
tween two naphthalene planes (in steps of 5") and the intermolecular hydrogen bond
length (in steps of 0.025 Å). In each diagram the starting point in the linear transit
calculations has been singled out by a black symbol. This clearly shows that the
starting geometry is a reasonably well converged structure, although the minimum
in the total energy by tracing the energy “by hand” is occasionally slightly displaced
from the starting structure. We note that the variation in energy is relatively small
- these are weak bonds. Considering that at room temperature Boltzmann popula-
tions may be significant up to an energy of ca. 1 kcal/mol, it is clear that quite large
displacements in these coordinates may play a role. On the other hand, as will be
shown in the following sections slight changes in the relative orientation of the solute
and solvent molecules involved in a molecular complex that result in insignificant
energy changes can yield very significant changes in the spectra. Thus it is required
to perform careful scans of the potential energy surface and investigate the variation
of the spectra along the weak intermolecular coordinates.
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Figure 5.5: Dependence of the total bonding energies on the ! dihedral angles, the $ angle,

the dihedral angle % between the naphthalene planes and the intermolecular hydrogen bond

lengths. The black symbols show the starting structure in the linear transit calculations.

5.5 Results and discussion

In this section we first present the gradual (but in the end fairly large) changes in
the calculated IR and VCD spectra caused by changing the coordinates enumerated
above, which describe the position of solvent molecules and solute molecule with
respect to each other. Then we present the Boltzmann weighted IR and VCD spectra
of all obtained atomic configurations. In section 5.6 this will be repeated while taking
into account the e!ects of the wider solvent environment as dielectric continuum,
using COSMO. Finally we give in section 5.7 an explanation for the observed fairly
large changes in the IR and VCD spectra with variation of the geometric parameters
by analyzing the normal modes involved. The conclusions are then summarized in
section 5.8.
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Figure 5.6: Dependence of the calculated IR (left panel) and VCD (right panel) spectra

on the ! angle. Regions A and B show the largest discrepancies between the calculated and

the experimental spectra. The value of the ! angle and the relative energies are written at

each spectrum.

5.5.1 IR and VCD spectra obtained by linear transit calcula-
tions

Figures 5.6 - 5.9 show the calculated IR and VCD spectra of all structures resulting
from the linear transit scans.

Regions A and B, which have been singled out in Fig. 5.2 as giving the largest
discrepancies between calculation and experiment, show the largest changes with
variation of the linear transit parameters. The spectrum of the experiment is shown
in red in all diagrams. The relative energy and the value of the linear transit param-
eter are written at each spectrum.
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In Fig. 5.6, the IR and VCD spectra at various ' angles (starting from 185" and
ending at 185±90" in steps of 10") can be seen. Considering first region A in the IR
spectrum, we observe that the doublet pattern at the starting geometry ('=185") is
changed both when going up and when going down with the ' angle. In both cases the
frequency of the first peak becomes lower, but not its intensity, while the second peak
remains at about the same frequency, but its intensity diminishes. These changes are
significant on the scale of the discrepancy between calculation and experiment noticed
in Fig. 5.2. With displacement by + or ! 20" or 30" the shape of the double peak
structure in the spectrum agrees much better with experiment. The VCD spectrum
shows even more striking e!ects with variation of the ' angle. The +/! pattern in
region A at the starting geometry (' = 185") is in disagreement with the +/ ! /!
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Figure 5.8: Dependence of the calculated IR (left panel) and VCD (right panel) spectra
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pattern of experiment, but changing ' to 175" already changes the pattern to +/!/!,
which then becomes more pronounced at lower ' angles. On the other hand, going
to higher ' angles makes the !/+ pattern more pronounced. Obviously, any of
the angles from 165" to 205" could have been obtained as the geometry at which
an automatic geometry optimization would have reached “convergence” (depending
on the various threshold parameters set in such a calculation, and the numerical
precision of various computation steps). But the VCD spectrum in region A changes
drastically near zero energy: in the energy range 0.00± 0.15 kcal/mol the spectra in
region A are totally di!erent. In section 5.7 we will explain the causes for this large
change in the spectrum. Here we note two consequences of this state of a!airs. In
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Figure 5.9: Dependence of the calculated IR (left panel) and VCD (right panel) spectra on

the intermolecular hydrogen bond lengths. Regions A and B show the largest discrepancies

between the calculated and the experimental spectra. The value of the R(O· · ·H) and the

relative energies are written at each spectrum.

the first place it is clear that a somewhat accidental result for the VCD spectrum
may be obtained if just one structure (e.g. the present starting structure) is used.
In reality the system will sample many structures in the 0-1 kcal/mol energy range
during the slow large-amplitude motions of the solvent molecules with respect to the
solute molecule. It therefore is mandatory to perform a Boltzmann weigted averaging
over those structures. In the second place the better agreement with experiment for
lower ' values indicates that the actual ' angle in experiment is (much) smaller than
the 185" which happened to be result of automatic geometry optimization (and which
therefore is our “starting structure” for the LT). We will investigate below (section
5.6) whether e!ects of the wider solvent environment can cause such lowering of the
' angle.
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A second weak coordinate, the dihedral angle + of the naphthalene planes, is
traced in Fig. 5.7 which shows IR and VCD spectra of the structures with gradual
changes in + starting at +=77". The trends with + variation in region A are remark-
ably similar to those with ' variation, where increase of + produces a similar e!ect
as decrease of '. It should be mentioned here that the ' angle and the + angle are
correlated, i.e. when ' is constrained at increasing values, the geometry optimization
leads to a decrease in +, and when + is constrained at increasing values, the geometry
optimization leads to decreasing ' values.

Fig. 5.8 presents variation of the $ angle of the H bond (starting at $=109.7"). In
this case, and for the changes in the H-bond length presented in Fig. 5.9 as well, the
changes are very di!erent than for ' and + variation. The VCD spectra in region A
never approach, upon variation of $ and R(O· · ·H), anything resembling the experi-
mental +/!/! pattern. High $ values and long R(O· · ·H) values make the first peak
in the A region VCD spectrum strongly negative, while in the opposite range (low $
angles and short R(O· · ·H) distances) the first peak remains negative, although with
small intensity. Again we note that the VCD spectrum of the starting structure at
$ = 109.7 and R(O· · ·H=1.663) is rather di!erent from that at displaced structures,
indicating the need for Boltzmann averaging. Turning to the IR spectrum, for some
increase of $ and some increase of R(O· · ·H), the calculated IR spectrum does show
a resemblance to the experimental double-peak (high-low) structure, but change of
these parameters in the reverse direction deteriorates agreement with experiment.

We next consider region B. The IR spectra behave in approximately the same
way when increasing (with respect to the starting structure) the ' angle (Fig. 5.6),
decreasing the $ angle (Fig. 5.8), or decreasing the intermolecular hydrogen bond
length (Fig. 5.9). The second peak gains intensity, and the first disappears (except
for short R(O· · ·H)). Experiment has a single broad peak. In the case of the dihedral
angle + of the naphthalene planes the behavior is somewhat di!erent, there is always
a doublet peak. As a matter of fact, the calculations show that there are four modes
in this region, and the appearance of the spectra changes, dependent on the separa-
tions between the frequencies, which of course change during the geometry variation.
This can be made more clear with the VCD spectra to which we now turn.
In the VCD spectra it is only at the shortest R(O· · ·H) distances that the four
close-lying modes, in +/ ! / + /! order, are visible. During the various geometry
variations these modes often get so close that a lot of cancellation of the positive
and negative rotational strengths happens. For small '/ large + a +/! pattern, or
a (weak+)/ + /! pattern results, so some agreement with the (weak!)/ + /! pat-
tern in the experimental spectrum can be observed. Moving to high '/low + this
resemblance to the experimental spectrum disappears. In the case of variation of
the $ angle and R(O· · ·H), the experimental pattern is never mimicked accurately
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in region B.

The investigation in this section shows that the allowed variations (given the small
energy variation) of the geometric parameters are relevant, since they lead to clear
changes in the spectra. These changes can be in the direction of improved agreement
with experiment. It will depend on the Boltzmann weighting of the structures how
large the e!ect of the observed changes will be. This will be addressed next.

5.5.2 Boltzmann weighted spectra versus experiment

To see the overall e!ect of variation of each linear transit parameter and how their
variation a!ects the calculated spectra we depict in Figs 5.10 and 5.11 the Boltzmann
weighted IR and VCD spectra for each linear transit variable separately, and compare
to experiment. We note that the frequencies of all of the calculated spectra have
been scaled by a factor of 1.005 cm!1. Fig. 5.10 shows that the IR spectra for
Boltzmann weighting of each geometric parameter are rather similar. They show
some improvement over the original calculated spectrum at the starting geometry (
Fig. 5.2), but not dramatic. In region A all simulated IR spectra are similar with
a doublet peak where the second is too close to the first and too strong. In region
B the simulated IR spectra of ' and + angles show a distinct doublet, which in the
spectra of $ angle and R(O· · ·H) is reduced to a peak with a shoulder. The shoulder
is not clear in the experimental band. We also note that the band at ca. 1420 cm!1

in between the A and B regions is far too intense in all calculated spectra.
The simulated VCD spectra, Fig. 5.11, show more pronounced di!erences in region A
for the Boltzmann weighted spectra over di!erent geometrical parameters. Variation
of $ and R(O· · ·H) is not able to change the discrepancy with experiment that was
observed at the starting geometry (a calculated !/+/+/! pattern where experiment
had +/ ! /!). It seems to enhance the discrepancy: it produces a pattern that is
almost opposite to the experimental one, starting with a strong negative peak where
experiment has the strongest positive one. However, Boltzmann averaging over either
the ' or the + angles reproduces approximately, but not very accurately, the +/!/!
pattern of the experimental spectra.
Turning to the VCD spectrum in region B we note that, remarkably, the experimental
(weak!)/ + /! experimental pattern is reproduced considerably better now in the
' and + averaged spectra than it was at the starting geometry in Figs 5.6 and 5.7,
at least as far as the strong +/! peak structure at the right side is concerned.
This is another example of the danger of just using a single geometry in these floppy
systems. The Boltzmann averaging over $ and R(O· · ·H) is not e!ective in improving
the theoretical spectrum, as could be expected from the poor spectra when varying
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Figure 5.10: Simulated IR spectra; in each diagram the Boltzmann average over all spectra

of a given linear transit variable versus experiment has been depicted.

these geometric parameters in the figures for $ and R(O· · ·H) variation, Figs 5.8 and
5.9. As for the peaks at ca. 1420 cm!1, in between regions A and B, there are two
peaks with opposite signs in the VCD spectrum, which are always reproduced, but
much too intense with the ' and + variations. Variation of the $ and R(O· · ·H)
parameters leads to a broadening of the peaks in the frequency interval between A
and B regions (which improves further, though to a lesser degree, the agreement with
experiment).
We obviously need to consider the variation of all parameters to get a full view.

When we average over all four geometrical parameters simultaneously, we obtain
in Fig. 5.13 the total Boltzmann weighted vacuum IR spectrum (upper panel) and
vacuum VCD spectrum (lower panel). The notable discrepancies that were men-
tioned for the $ and the R(O· · ·H) averaged spectra have now disappeared, and the
comparison to experiment is slightly better than with the spectra that were averaged
over exclusively ' or +. The most important conclusion seems to be that Boltzmann
averaging over all weak coordinates is needed because there is considerable variation
of the spectrum over the geometry range that is sampled in the Boltzmann averaging.
Taking a spectrum for just one structure in that range may happen to yield quite a
discrepancy with experiment.
These e!ects are a consequence of the weak bonding (shallow potential energy sur-
faces), which causes large-amplitude motions of the solvent molecules with respect
to the solute. At the same time, this weak bonding makes the minimum energy
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Figure 5.11: Simulated VCD spectra; in each diagram the Boltzmann averaged over all

spectra of a given linear transit variable versus experiment has been depicted.

geometry (and therefore the range of geometries to be sampled in the Boltzmann av-
eraging) susceptible to considerable change upon perturbation. Such a perturbation
is the wider solvent environment. We will therefore consider in Sec. 5.6 the e!ect of
this solvent environment with a continuum model for solvation (COSMO).

5.6 Continuum solvation (COSMO) of the solute-

solvent complex

Although the solvent molecules that interact directly with the solute molecule have
evidently to be taken into account explicitly, the e!ect of the wider solvent environ-
ment as a dielectric medium on the geometry of the solute-solvent complex may be
probed by a continuum model for the solvation. Such a continuum model in gen-
eral has little e!ect on the geometry of a molecule with only covalent bonds [114],
but it may a!ect the much weaker noncovalent bonds between solute molecule and
first-sphere solvent molecules. To investigate this we have used the COSMO model
[99, 100, 116] to converge the structure of the C3-(DMSO)2 molecular complex em-
bedded in the dielectric continuum corresponding to DMSO (dielectric constant set
at 46.7). In this way we obtained a new converged starting structure. The linear
transit calculations have again been performed using this structure as starting ge-
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ometry and the same geometrical variables have been considered as before. Then,
COSMO IR and VCD spectra have been computed for all COSMO structures.
It has proven more di"cult to unambiguously establish the equilibrium geometry
with the COSMO calculations than for the isolated solute-solvent complexes in the
vacuum calculations. This is of course a consequence of the shallow energy surfaces
as well as the computational particularities of the COSMO implementation. We have
not relied on automatic geometry optimization, even when using the most stringent
convergence criteria for the geometry optimization and the highest value for the nu-
merical integration accuracy parameters. That is, to determine the ' and + values
with the lowest energy we have performed a two-dimensional scan of the potential
energy surface in the ' and + coordinates, optimizing all other coordinates at each
(', +) point. In the energy minimum determined in this way, the $ angle and the H
bond length change with a small amount, i.e. less than 10%. However, in particular
the ' angle changes strongly from 165"-200" in vacuum to 85"-110" in COSMO. The
dihedral angle + of the naphthalene planes changes from 80"-105" to the range of
70-90" (the energy variation becomes very small when + changes in this range and
the ' angle changes in response). The change in notably ' is quite large and from
the e!ects we have observed before, such a change in ' will bring significant change
in the spectra: ' changing to smaller values would bring about better agreement
with experiment (see previous discussion of Fig. 5.6). The change in +, which again
appears to be connected to ', is smaller but still notable. As will be shown below,
this shift in the position of the energy minimum has important implications for the
appearance of the calculated spectra, also when Boltzmann averaging the spectra of
all COSMO structures.

Fig. 5.12 shows the IR and VCD spectra computed (at COSMO/BP86/TZP level
of theory) for the whole range of ' and + parameters.

The experimental IR and VCD spectra are shown in red in Fig. 5.12. For brevity,
the individual COSMO spectra of $ and R(O· · ·H) variables are not shown here, we
note that as in the case of the vacuum spectra, the variation of the $ and R(O· · ·H)
parameters leads mostly to a broadening of the spectra. The individual COSMO
spectra exhibit, at the same ' or + angles, most of the time similar features as their
vacuum counterparts (compare Figures 5.6 - 5.7 with Fig. 5.12). The geometry is
a determining factor for the spectra, and when ' or + is kept fixed the geometry
optimization often leads to rather similar structures in the COSMO and vacuum
cases. For example, in region A the VCD spectra at a given + are rather similar in
Fig. 5.12 (COSMO) and in Fig. 5.7 (vacuum). The spectra go from a +/!/! pattern
at high + to !/+ at low +. For ' the similarity of the COSMO and vacuum spectra
at the same ' also holds, except at high ' values. The main e!ect of the COSMO
calculation therefore arises from the change of the minimum geometry, which is quite
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Figure 5.12: Calculated IR (upper panel) and VCD (lower panel) spectra of ! and %

variables versus experiment using COSMO. The calculated spectra have been scaled by a

factor of 1.01.



86
5. Large amplitude motions of solvent molecules: dibromo-binaphthalene-diol in

DMSO

1300 1400 1500 1600
Freaquency (1/cm)

IR
 S

pe
ct

ra

Experimental spectrum
Boltzmann weighted of all vacuum spectra
Boltzmann weighted of all COSMO spectra

A B

1300 1400 1500 1600
Frequency (1/cm)

VC
D

 S
pe

ct
ra

Experimental spectrum
Boltzmann weighted of all vacuum spectra
Boltzmann weighted of all COSMO spectra

A B

Figure 5.13: Comparison of the IR (upper panel) and VCD (lower panel) experimen-

tal spectra to vacuum and COSMO simulated spectra. The simulated spectra have been

obtained by Boltzmann weighting the spectra of all structures.

large for '. At the new minimum with ' ) 100" the COSMO VCD spectrum is
similar to the vacuum VCD spectrum at the same ', cf. ' = 105" in Fig. 5.6.
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However the vacuum spectrum at the minimum in the vacuum case, ' ) 185" is very
di!erent. In fact, the COSMO spectrum at ' ) 100" exhibits the +/ ! /! shape
of the experimental spectrum, while we have seen that the vacuum spectrum at its
minimum geometry of ' ) 185" lacked this shape. The use of COSMO has shifted
the position of the energy minimum towards the structures that have spectra more
similar to the experimental one. So if we consider a single structure, the change in
minimum geometry in the COSMO calculations causes the COSMO spectrum to be
very di!erent from the vacuum spectrum and in better agreement with experiment.
The e!ect is still discernible if we carry out in both cases the Boltzmann averaging.

This is also mandatory in the COSMO case, for also in that case the spectrum
changes strongly when we move away from the minimum structure, compare ' = 100"

with ' = 90" in Fig. 5.12. But the Boltzmann weighting of course smoothes out the
e!ect. The Boltzmann weighted IR and VCD spectra over all calculated spectra
with varied geometric variables, i.e. all ', +, $ and R(O· · ·H) structures, have been
depicted in Fig. 5.13 for both vacuum and COSMO calculations and are compared
to the experimental spectra (the red curves).

The COSMO spectra provide an overall closer description of the experimental
spectra most notably in region A where the vacuum IR and VCD simulated spectra
struggle to reproduce the experimental patterns. For the COSMO VCD spectrum,
the discrepancies with experiment have been clearly reduced compared to the vacuum
BW spectrum, although the e!ect is not spectacular. In region A the experimental
+/ ! /! structure is quite convincingly reproduced. In region B there is still not
a good simulation of the negative first peak of the experimental spectrum, but the
+/! pattern of the next two peaks is very nicely reproduced. Also the +/! structure
in between regions A and B (at ca. 1420 cm!1) is now satisfactorily reproduced.
Overall the simulation by COSMO is quite good, comparable to what one achieves
with simple rigid molecules in an inert solvent.

5.7 Analysis of the normal modes

In this section we investigate in some detail the causes for the sensitivity of the
VCD spectra to the position of the solvent molecules in the molecular complex. The
shape of the VCD spectra, in particular the peaks singled out in regions A and B,
depend sensitively on the relative orientation and position of the solvent and solute
molecules. In region A we are dealing with normal modes mostly localized on the
atoms involved in hydrogen bonds with the solvent molecules, i.e. the O-H bonds.
However in region B the modes are mostly localized on the atoms of the naphthalene
rings.
We start with region A and variation of the ' angle. As we have already seen in
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Fig. 5.6, right panel, the !/+ feature in the VCD spectrum at the starting geometry
is reversed when the ' angle is decreased. Upon increase of the ' angle the !/+
pattern survives, but the intensity increases strongly. This pattern is determined
by the two modes 126 (negative rotational strength) and 127 (positive rotational
strength). Table 5.2 shows the behavior of this pair of modes for the structures with
' angles smaller than the starting structure, while ' angles with values larger than
the starting structure are displayed in Table 5.3.
We first consider decreasing ' angles. Table 5.2 shows the behavior of the original
normal modes 126 (upper part) and 127 (lower part) for decreasing ' angle. The
overlap data allow us to follow each mode, let us call them the negative and the
positive mode (referring to the sign of the rotational strength). It is clear from the
overlap data in Table 5.2 that for ' angles equal to 165, 155, 145, 135 and 125 the
negative mode (normal mode 126) of the starting structure corresponds to normal
mode 127 of the other structures. So at these structures with decreased ' values
another mode has become 126, i.e. its frequency has crossed the frequency of the
original 126. The data for normal mode 127 of the starting structure (lower part)
show that indeed the original 127 of the startinge structure (the positive mode) has
crossed the negative mode: at the starting structure (' = 185") it was 2.8 cm!1

above 126, but at 165" it has crossed and is 2.3 cm!1 below the negative mode (the
original 126). Its frequency continues to go down with decreasing ', so it does not
cross again with the negative peak, which stays at approximately the same frequency.
Since the peaks separate more, their positive and negative rotational strengths stand
out better in the spectrum. At very low ' values the negative mode starts to “spread”
into mode 128 too, but loses little intensity to that mode. We note that at 95" the
appearance of the A region changes again; we briefly comment on that below.

For increasing values of ' (Table 5.3) there is no crossing: now the negative peak
(126 at the starting structure, at 1338.0 cm!1) and the positive peak (127 at the
starting structure, at 1340.8 cm!1) both go down in frequency, but the negative
peak somewhat more, so it never crosses the positive peak again. It separates a bit
more from the positive peak, so both peaks become more distinct in the spectrum.
In fact, taking the whole range of ' values we see that at low ' the negative peak is
at higher frequency, then it approaches the positive peak, crosses the positive peak
close to the starting geometry and continues to become lower than the positive peak
at larger ' values. In the starting structure with ' equal to 185" we are close to the
crossing point, so the positive and negative rotational strengths of the two modes,
which remain strong at all frequencies, to a large extent cancel, resulting in two weak
peaks in the spectrum. At 175" the negative mode (which is still 126 at that point) is
practically annihilated by its two intense positive neighbors (125 and 127). Therefore
it is not visible in the spectrum. We note in passing that the change in the appearance
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' NM Freq. Shift Rot. strength Overlap with 126
of ref. struct.

185 126 1338.0 — !527.6 1.00

175 126 1338.6 0.6 !447.7 0.99
165 127 1339.8 1.9 !420.9 0.97
155 127 1340.7 2.7 !455.0 0.95
145 127 1340.0 2.0 !525.3 0.91
135 127 1339.5 1.5 !479.8 0.89
125 127 1337.5 !0.5 !568.1 0.81
115 127 1335.5 !2.4 !643.2 0.66
115 128 1341.4 3.4 7.4 0.69
105 127 1330.2 !7.8 !719.5 0.51
105 128 1341.1 3.1 !21.0 0.81
95 128 1341.3 3.3 !39.9 0.85

185 127 1340.8 — 635.4 1.00

175 127 1339.4 !1.4 723.8 0.99
165 126 1337.5 !3.3 872.4 0.96
155 126 1335.9 !4.9 939.9 0.93
145 126 1333.1 !7.7 974.4 0.90
135 126 1331.8 !9.1 911.0 0.89
125 126 1328.9 !11.9 859.5 0.88
115 126 1326.4 !14.4 798.9 0.86
105 126 1323.3 !17.6 756.4 0.84
95 127 1318.5 !22.3 662.2 0.79

Table 5.2: Normal modes 126 and 127 of the molecular complex of C3-(DMSO)2 at decreas-

ing (in steps of 10!) ! angle. Frequency and frequency shifts (cm"1), rotational strengths

(units: 10"44 esu2cm2) and the overlap between a normal mode of the starting structure

(185!) and the corresponding modes of the structures with di!erent ! values are shown. Up-

per part: the mode with negative rotational strength (126 in the starting structure). Lower

part: the mode with positive rotational strength (mode 127 in the starting structure).

of the spectrum at '=95" is also due to a cancellation e!ect of neigbouring modes,
which we do not further elucidate here.
We note that the IR spectrum is less discriminating: it does show that from the
starting structure the lowest peak moves to lower frequency both at higher ' and
at lower ', but since these peaks are always positive the IR spectrum gives no clue
to the fact that there has been a crossing, i.e. that this lower peak corresponds to a
di!erent mode at low and high values of '.
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' NM Freq. Shift Rot. strength Overlap with mode 126
of ref. struct.

185 126 1338.0 — !527.6 1.00

195 126 1337.6 !0.4 !613.9 1.00
205 126 1335.9 !2.1 !721.8 0.98
215 126 1335.8 !2.2 !630.2 0.99
225 126 1335.0 !3.0 !691.6 0.98
235 126 1332.9 !5.1 !785.2 0.94
245 126 1329.9 !8.0 !905.1 0.89
255 126 1323.8 !14.2 !1079.5 0.79
255 128 1341.1 3.1 6.7 0.54
265 126 1321.9 !16.1 !894.2 0.73
265 128 1339.7 1.7 !0.2 0.60
275 126 1307.2 !30.8 !984.8 0.60
275 128 1338.3 0.4 !24.3 0.71

185 127 1340.8 — 635.4 1.00

195 127 1340.2 !0.6 594.9 1.00
205 127 1338.4 !2.4 600.4 1.00
215 127 1339.6 !1.3 520.9 0.99
225 127 1338.4 !2.4 525.8 0.99
235 127 1336.2 !4.6 527.7 0.98
245 127 1334.0 !6.8 574.8 0.97
255 127 1330.3 !10.5 605.5 0.93
265 127 1329.7 !11.1 498.3 0.92
275 127 1324.3 !16.5 453.6 0.84

Table 5.3: Normal modes 126 (upper part, negative rotational strength) and 127 (lower

part, positive rotational strength) of the molecular complex C3-(DMSO)2. The ! angle

is increased in steps of 10!. Frequency and frequency shifts (cm"1), rotational strengths

(units: 10"44 esu2cm2) and the overlap between the normal mode of the starting structure

and related modes of structures with di!erent ! values are shown in the table.

Fig. 5.14 shows this behavior of modes 126 and 127 in the region A (Table 5.2
and Table 5.3 ) of the VCD spectra of the vacuum structures with ' between 145"

and 245" (modes with overlaps larger than 90). The position and intensity of the
normal modes 126 and 127 in this region are indicated by vertical bars, green and red
respectively. We note that the structure with ' = 185" is considered as our starting
structure. The thin vertical lines indicate the position of the modes 126 and 127 in
the starting structure. The value of ' angle and the relative energy are indicated at
each spectrum.
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It is now easy to recognize that a similar situation of crossing modes is also
happening during the variation of the dihedral angle + of the naphthalene planes. The
mode yielding the leftmost positive peak at high + at the bottom of the right panel
of Fig. 5.7 (the same positive mode as discussed before), moves to higher frequency
when + is lowered and crosses around the starting structure with the negative mode.
Actually this behavior is much the same as with the ' angle variation, since these
two angles (' and +) are correlated. Fig. 5.11, left panel, shows that with Boltzmann
weighting of the ' angles or the + angles, the +/ ! /! feature of the experimental
spectrum can be reproduced.

We turn now to region B. Here again the changes in the spectra upon variation
of the geometry can be understood from shifts in frequencies (sometimes crossing)
of the modes and ensuing (partial) cancellation for a range of geometry parameter
values. There are 4 modes (135-138) with close frequencies in this region. Normal
mode 137 is an intense positive mode while normal mode 138 is an intense negative
mode. In the structures with smaller ' angles than the starting structure the fre-
quency interval between these two modes is 4 cm!1 or larger, and they are distinct
in the calculated spectrum. However in the structures with ' angles larger than
the starting structure the frequency di!erence between these modes is 1.5 cm!1 or
smaller, and they partly cancel each other, producing a net positive but very weak
peak. The other two modes produce a net very weak positive peak for most of the '
values.
Variation of the dihedral angle of the naphthalene planes (+) (see region B in Fig.
5.7, right panel) gives similar trends. We already noted that only at low values of
R(O· · ·H) values all four peaks are visible, producing a !/+ /! /+ pattern.

Turning to the variations of the $ angle and the intermolecular hydrogen bond
length R(O· · ·H), we observe that these also lead to changes which can be analyzed
in the same way. However, those changes are less obviously leading to better agree-
ment with experiment. The changes in VCD spectra with theses variations do not
lead to improvement in region A, where the !/+ pattern of the starting structure
survives in all spectra (see Figs 5.8 and 5.9, right panels). Normal modes 126 and
127 do not switch their places under these geometry variations. In region B modes
137 and 138 mix much more than in the case of variation of the ' and + angles. Also
there is similar cancelation of these two modes. But at larger values of $, mode 138
is gradually going to be visible because of more di!erence between the frequencies of
modes 137 and 138 and less cancelation. By decreasing the values of the $ angle a
switch between the two modes takes place.
In the case of variation of the intermolecular hydrogen bond lengths cancelation of
modes 137 and 138 happens due to their very close frequencies
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We have thus demonstrated that the changes in the spectra with variation of
an LT parameter have causes that can be easily understood: the relative position
of close lying modes changes from one linear transit structure to another. In some
cases the modes interchange their positions (e.g. 126 and 127 in region A), with
cancelation e!ects close to the crossing point, while in some cases just the separation
of the frequencies of close lying modes varies with geometry, resulting in di!erent
patterns due to partial cancelations (as with modes 135-138 in region B).

5.8 Conclusions

We have studied the e!ect of explicit solvent molecules on the geometry and the
VCD spectra of the dibromo-binaphthol molecule, an important ligand for asym-
metric catalysis, in DMSO solvent. It is well known that it is necessary to take
the solvent molecules explicitly into account that are (noncovalently) bonded to the
solute molecule, if only because such complexation may reverse the Boltzmann pop-
ulation of the various conformers (which is the case here). Since the bonding of the
solvent molecules to the solute is weak, i.e. the potential energy surface is shallow
in the intermolecular coordinates, the solvent molecules are expected to carry out
large-amplitude motions with respect to the solute. We have here examined what
e!ects the large-amplitude motions can have on the VCD spectra.
We have found that in some regions of the spectrum the spectra may change strongly
when an intermolecular coordinate is varied. These changes have been traced to
close-lying modes getting very close or even crossing at some geometries. If one has
positive and the other one negative rotational strength, in the crossing region they
will almost cancel each other while at one side they will give a !/+ pattern but
on the other side a +/! pattern. In that case just taking a VCD spectrum at one
specific geometry may give a wrong spectrum. Because the potential energy surface
is rather flat, a geometry optimization may yield any of a group of energetically very
close lying structures as the “converge” structure, depending on computational pa-
rameters and particular implementation. We have seen that these energetically close
lying structures can have very di!erent VCD spectra. In the experimental situation,
the solvent molecule will carry out a slow large-amplitude motion and sample the
low-energy structures. It is therefore much more realistic to Boltzmann average the
calculated spectra of a sample of low-energy structures. This is close to the actual
experimental situation and it avoids that a spectrum of an “accidental” structure
from automatic geometry optimization is considered as the theoretical result.
It is cumbersome to carry out these linear-transit calculations. It is not clear be-
forehand that they are necessary. But if there is a disturbing discrepancy between
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calculated and experimental spectrum, in the case of a floppy system like our solute-
solvent complexes, then one should investigate if the cause of this discrepancy is the
e!ect we have been describing. Indeed, the reason that calculated VCD spectra of
simple rigid molecules with strong covalent bonds in inert media are in general in
much better agreement with experiment than the calculated spectra of molecules
that form molecular complexes with the solvent, or of floppy molecules with many
conformations in general, can be caused by the e!ects we have been describing.
Finally, we note that it may sometimes be possible to obtain structural information
from the VCD spectra. By varying some weak coordinates one may observe an im-
provement in the agreement with experiment. An example in the present case would
be the lowering of the ' angle compared to the vacuum structure. This suggests that
VCD spectroscopy could also provide key information for elucidating the role played
by the solvent in asymmetric synthesis and catalysis, a crucial step for understanding
the mechanisms behind such reactions.



Chapter 6

Signatures of counter-ion association and
hydrogen bonding in VCD spectra

Adapted from
Nicu, V. P.; Heshmat, M.; Baerends, E. J.

Phys. Chem. Chem. Phys., 13(19), 881, 2011

6.1 Introduction

The donor-acceptor interactions are commonly encountered in both organic and in-
organic compounds and especially in solution. The solvent molecules may act both
as H-bond acceptors, like the Cl! counter-ions, or as H-bond donors, for instance
when water forms H-bonds with oxygen atoms in carbonyl, carboxylic or alcoholic
groups. Also positive counter-ions, like K+ or NH+

4 will lead to similar interactions.
The VCD spectra exhibit great sensitivity to this complexation interactions in solu-
tion. Analyzing the e!ects of this interactions on the VCD spectra can unravel the
facts behind the complexation in solutions, e.g., charge transfer mechanism. In this
chapter we study the interactions between the [Co(en)3]3+ complex, as the solute,
and the Cl! counter ion in a solution with 10-fold excess chloride ions. Since the
associated Cl! ions are single atoms, no coupling between solvent and solute vibra-
tions will take place upon association of the Cl! ions to the [Co(en)3]3+molecule.
On the other hand the [Co(en)3]3+ molecule (with and without associated ions) has
symmetry (either D3 or C2 depending on the conformation). These two factors sim-
plify considerably the analysis of the normal modes and assignment of the vibrational
spectrum.
We follow the e!ects of counter ion-association by investigation of the VCD spectra of
free [Co(en)3]3+ complex and the molecular complexes formed between [Co(en)3]3+

complex and Cl!. We show that with comparison between calculated and experi-
mental VCD spectra the type of complexation in solution is detectable.
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!"

Figure 6.1: Schematic representations of & and ' conformations of ethylenediamine ligand

coordinated to the metal center.

6.2 Computational Details

All calculations (geometry optimization and IR/VCD calculations) were performed
using the ADF program package [60–62, 94]. The geometries were optimized using
the optimizer described in reference [117]. Analytical derivative techniques [118–120]
were employed for the calculation of the atomic polar tensor (APT), atomic axial
tensor (AAT) and harmonic force field, within the framework of density functional
theory. For the calculation of the AATs, London atomic orbitals based on Slater-type
orbitals, and the common origin gauge were used [94]. The BP86 functional together
with the TZP basis set have been used in all calculations [84]. The analysis of the
normal modes and of the various contributions of the electric and magnetic dipole
transition moments was done using the ToolsVCD program [101].

6.3 Molecular structures

We start by briefly describing the structure of the [Co(en)3]3+ molecule (with and
without associated Cl! ions) as this is essential for the understanding the e!ects we
will discuss further. For a detailed description of the structure of [Co(en)3]3+ the
reader may refer to ref. [121]. The [Co(en)3]3+ molecule is a chiral transition metal
complex consisting of three ethylenediaminato (en) bidentate ligands coordinated to
the metal center by the two N lone pairs, each Co(en) group forming a puckered
five-membered ring. When viewing the metal through the midpoint of the CC bond
of an en ring, Fig. 6.1, there are two possible conformations for the NCCN bonds:
either the C atom to the left is down and the C atom to the right is up (% confor-
mation), or the C atom to the left is up and the C atom to the right is down (!
conformation). Because in a [Co(en)3]3+ molecule the three bidentate en ligands can
have di!erent conformations, the enantiomers of [Co(en)3]3+, i.e. # and $, can exist
in four di!erent conformations [121]. The various isomers of [Co(en)3]3+ are labeled
by indicating first the enantiomer, i.e. # and $, and then the conformation of each
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of the three en rings, i.e. ! and %. For example the four conformations of the $
enantiomer of [Co(en)3]3+ are labeled $ ! !!!, $ ! !!%, $ ! !%% and $ ! %%%. As
will be shown in Sec. 6.4.1, in solution with 10-fold excess Cl! ions $ ! !!! is the
most important conformation. Therefore, unless mentioned otherwise, from now on
we will consider only the $! !!! conformer of [Co(en)3]3+.
There are two details related to the molecular structure of the $ ! !!! conformer
that need to be pointed out as they are very important for the present study:
Firstly, it is important to note that the conformation $! !!! has D3 symmetry, i.e.
there are one C3 symmetry axis and three C symmetry axes (that are perpendicular
to the C axis). The optimized (BP86/TZP) structure of $ ! !!! is shown in Fig.
6.2. The left panel of Fig. 6.2 shows $ ! !!! viewed along the C3 symmetry axis
(which we choose as the z axis), whereas in the middle panel of Fig. 6.2 the molecule
is viewed along one of the C2 axes.
Secondly, it is important to note that the two NH bonds of each N atom in the en
ligands have di!erent orientation, we can distinguish between axial and equatorial
NH bonds. The axial NH bonds are almost parallel to the C3 axis, whereas the
equatorial NH bonds are almost perpendicular to the C3 axis (see the right panel of
Fig. 6.2). As can be seen in the middle panel of Fig. 6.2, the NH axial bonds form
two triads, one at the positive z axis (H34, H26, H30) and one at the negative z axis
(H28, H32, H36). As shown in the left panel of Fig. 6.2 the equatorial NH bonds, on
the other hand, form three dyads, one at each C2 axis: (H27, H33), (H29, H35), (H31,
H37).

6.3.1 The [Co(en)3]3!n complexes, n = 2, 3, 5

The high concentration of Cl! ions in the experimental spectra leads to a high equi-
librium concentration of complexes with hydrogen bonds between the Cl! ions and
the [Co(en)3]3+ molecules. There are three main types of complexes that can be
formed upon association of the Cl! ions to a [Co(en)3]3+ molecule. The optimized
structures (BP86/TZP) of the three complexes formed with $ ! !!! conformation
are shown in Fig. 6.3. The first type of complex is formed between one [Co(en)3]3+

molecule and two Cl! ions, i.e. $ ! !!! · · · 2Cl!. The $ ! !!! · · · 2Cl! complex is
depicted in the upper left panel of Fig. 6.3 (viewed along one of its C2 symmetry
axes). As can be seen, the two Cl! ions are situated along the C3 axis (at the positive
and negative z axes). Consequently, the three hydrogen atoms at each triad will form
hydrogen bonds with the Cl! ion in front of them, i.e. only the NH axial bonds (all
six) are involved in hydrogen bonds in the $! !!! · · · 2Cl! complex.
The second type of complex is formed between one [Co(en)3]3+ molecule and three
Cl! ions, i.e. $! !!! · · · 3Cl!. The $! !!! · · · 3Cl! complex is shown in the upper
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Figure 6.2: Optimized (BP86/TZP) structure of ! ! '''. In the right panel ! ! '''
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representation indicating the orientation of the N–H bonds at the N atoms of a ' en ligand

in the ! conformation of the [Co(en)3]
3+ molecule. The equatorial hydrogens are indicated

in the left panel, and the axial ones in the middle panel.

right panel of Fig. 6.3 (viewed along its C3 symmetry axis). As can be seen, the three
Cl! ions are situated along the C2 axes, i.e. one at each dyad. Therefore, the two
hydrogen atoms at each dyad will form hydrogen bonds with the Cl! ion in front of
them, i.e. only the NH equatorial bonds (all six) are involved in hydrogen bonds in
the Fig. 6.3 complex.
The third type of complex is formed between one [Co(en)3]3+ molecule and five Cl!

ions, i.e. $ ! !!! · · · 5Cl!. The $ ! !!! · · · 5Cl! complex is depicted in the lower
panel of Fig. 6.3 (viewed along one of its C2 symmetry axis). As can be seen, two
Cl! ions are situated along the C3 axis, while the other three are situated along the
C2 axes, i.e. all NH bonds (axial and equatorial) are involved in hydrogen bonds,
Fig. 6.3.

6.4 E!ects of Cl! association on the vibrational

modes: sign changes and giant enhancements

6.4.1 Preference for the ! ! !!! conformation of [[Co(en)3]3+

in all complexes with Cl!

When isolated, the four conformations of the free [Co(en)3]3+ are very close energet-
ically, i.e. their relative bonding energies are within 0.65 kcal/mol (see Table 6.1).
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!! !!! · · · 2Cl! !! !!! · · · 3Cl!

!! !!! · · · 5Cl!

Figure 6.3: Molecular complexes formed between !! ''' and 2, 3 and 5 Cl" ions.

As this is below the accuracy of the DFT calculations it is not possible to tell which
of the free conformers is the most stable. In the case of the molecular complexes,
on the other hand, the four conformations are well separated energetically. Further-
more, the $ ! !!! conformation is the most stable conformation in all three types
of complexes. As can be seen in Table 6.1, the separation energies between the two
lowest conformations of the molecular complexes formed with 2, 3 and 5 Cl! ions
are 3.54, 6.02, and 6.85 kcal/mol, respectively. These large values of the relative to-
tal energies suggest that at room temperature only the lowest energy conformation,
i.e. $ ! !!!, will be significantly populated in each case. Which of the three types
of complexes predominates in solution with 10-fold excess chloride will be discussed
later in connection with the interpretation of the VCD spectra.

6.4.2 Correspondence of normal modes of free and complexed
[Co(en)3]3+

To identify the e!ects induced in the VCD spectra by chloride association it is nec-
essary to compare the VCD spectra of the free molecule (FM), i.e. $ ! !!!, to
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!E(kcal/mol)
"! ### "! ##$ "! #$$ "! $$$

3+ 0.65 0.21 0.02 0.00
2 Cl" 0.00 3.54 7.25 11.10
3 Cl" 0.00 6.02 15.62 30.97
5 Cl" 0.00 6.85 15.77 26.49

Table 6.1: Calculated relative free energies ("E) for the ! ! ''', ! ! ''' · · · 2Cl", ! !
''' · · · 3Cl", !! ''' · · · 5Cl". Units: kcal/mol.

the spectra of the three complexes, i.e. $ ! !!! · · · 2Cl!, $ ! !!! · · · 3Cl!, and
$ ! !!! · · · 5Cl!. However, because the perturbation induced by Cl! association
causes some of the normal modes of the isolated $! !!! conformer to mix, it is nec-
essary, before comparing their VCD spectra, to determine for which normal modes
a one to one correspondence between the mode of the FM and the corresponding
mode in each of the three complexes can be made. We have therefore calculated
normal mode “overlaps” between the FM and complex modes, by calculating inner
products between the nuclear displacement vectors of a given normal mode. First
a normalized 3N dimensional vector is defined for each mode, containing the 3N
Cartesian displacements of the atoms in the mode. Overlaps are then determined as
inner products between the vector for a mode of the FM with a mode of a complex
(see reference [104] for a detailed description).

We have found that upon going from $! !!! to $ ! !!! · · · 2Cl!, 57 modes out
of the 105 normal modes of FM survive, i.e. the normal mode overlaps were larger
than 0.9. We note that two identical modes have an overlap of 1.0. Only 38 and 42
modes of the FM survive (have overlap > 0.9 with the corresponding mode in the
complex) when going to $! !!! · · · 3Cl! and $! !!! · · · 5Cl!, respectively.

6.4.3 E!ects of counter-ion complexation on the VCD spectra:
the 1000 to 1800 cm!1 frequency interval

In this subsection we examine the di!erences between the calculated VCD spectra
of the FM and of the three complexes for the 1000 to 1800 cm!1 frequency interval
(see Fig. 6.4). The modes of the FM and of the complexes that are similar, i.e. have
an overlap of at least 0.90, have been indicated in Fig. 6.4 by arrows.

The frequency interval between 1000 to 1800 cm!1 is dominated by C–H and
N–H bending modes, i.e. wagging, twisting and scissoring modes. The scissoring
modes are pure modes that involve movements of only one type of bond, i.e. they are
localized either on the N–H or on the C–H bonds. The wagging and twisting modes
often mix and in general are delocalized over both N–H and C–H bonds.

We start by comparing the calculated VCD spectra of $!!!! and $!!!! · · · 2Cl!
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(see the upper panel of Fig. 6.4). As can be seen, the VCD signals of three mode
pairs (out of nine that are closely similar between FM and complex) have di!erent
signs in $ ! !!! compared to $ ! !!! · · · 2Cl!, i.e. 55/56 vs. 61/62 and 60 vs. 68.
The modes exhibiting VCD sign changes are wagging and twisting modes localized
mostly on the N–H axial bonds.

The comparison between the VCD spectra of $ ! !!! and $ ! !!! · · · 3Cl! (see
middle panel of Fig. 6.4) shows that three pairs of modes (out of six) have VCD
signals of di!erent signs, i.e. 82 vs 91 and 86/87 vs. 95/96. This time the sign
changes occur only in the N–H scissoring modes (which involve movements of both
N–H axial and equatorial bonds).
Finally, in the lower panel of Fig. 6.4 where the VCD spectra of $ ! !!! and $ !
!!! · · · 5Cl! are compared, we have seven mode pairs (out of nine) with VCD signals
of di!erent signs, i.e. 58/59 vs. 73/74, 60 vs. 75, 83/84 vs 99/100, and 86/87 vs.
101/102.

It is to be noted that these sign changes are not related to a change of con-
figuration from one enantiomer to the other one, they occur within one particular
conformer, just as a result of complexation. The sign changes thoroughly change
the appearance of the spectra. For the correct interpretation of VCD spectra they
need to be understood and need to be taken into account in the determination of the
absolute configuration of the conformer under study.

We note that it is the association with Cl! that causes the sign changes. Visu-
alization of the displacement vectors of the modes in the VCD spectra compared in
Fig. 6.4 shows that without exception the modes that exhibit VCD sign changes are
N–H based modes that have large amplitudes on the N–H bonds involved in hydrogen
bonding with the associated Cl! ions. It is also important to note the dependence
of the mechanism responsible for the VCD sign change on the type of normal mode
motion and on the molecular geometry. For example, only association of Cl! ions on
the C2 symmetry axes will induce VCD sign changes in the N–H scissoring modes.
Even though the equatorial and axial H atoms move with equal magnitudes in the
N–H scissoring modes, association of Cl! ions on the C3 symmetry axis does not
induce VCD sign changes (compare the VCD signals associated to N–H scissoring
modes in the upper and middle panels of Fig. 6.4).

6.4.4 E!ects of counter-ion complexation on the VCD spec-
tra: the N–H stretching region (the 2400 - 3600 cm!1

frequency interval)

Fig. 6.5 shows a comparison of the VCD spectra calculated for the FM and for the
three complexes for the frequency interval between 2400 and 3600 cm!1, i.e. the VCD
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signals associated with the N–H stretching modes. As can be seen in Fig. 6.5, some of
the modes of the complexes have extremely large VCD intensities, i.e. approximately
two orders of magnitudes more intense than the VCD signals in the spectrum of
the FM. As shown in reference [105] for the case of the $ ! !!! · · · 2Cl! complex,
the association of the Cl! ions to the $! !!! molecules induces giant enhancement
of the VCD (also IR) intensities of the N–H stretching modes localized on the N–
H bonds involved in hydrogen bonding. Visualization of the nuclear displacement
vectors of the normal modes of the $! !!! · · · 3Cl! and $ ! !!! · · · 5Cl! molecular
complexes with huge VCD intensities, shows that indeed the enhancements occur for
stretch modes of N–H bonds involved in donor-acceptor interactions with Cl!. It is
therefore clear that the enhancement of the VCD intensities of the N–H stretching
modes upon complexation of a Cl! ion is a general phenomenon that a!ects both
N–H equatorial and axial bonds.

The association of the chloride ions gives rise to donor-acceptor interactions be-
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tween the occupied 3p orbitals of the Cl! ions as donor, and 2$ virtual orbitals
localized on the N–H bonds (involved in the hydrogen bond with the Cl! ions) as
acceptors. As a result charge will be transferred between the Cl! ions and the N–
H bonds in all three molecular complexes considered here, i.e. $ ! !!! · · · 2Cl!,
$! !!! · · · 3Cl! and $! !!! · · · 5Cl!.

A very detailed electronic mechanism in terms of the atomic electric and magnetic
transition dipole moments (ETDM and MTDM) for the donor-acceptor interactions
between the Cl! and the N–H axial bonds for the case of the $!!!! · · · 2Cl! complex
has been performed in reference [122]. The interested readers are referred to ref. [122].

In the Sec. 6.5 we show the comparison of the calculated VCD spectra for $ !
!!! · · · 2Cl!, $ ! !!! · · · 3Cl! and $ ! !!! · · · 5Cl! with the experimental spectrum
measured in a solution with excess Cl! ion concentration to elucidate the relevant
type of the complexation in solution.

6.5 Comparison with experiment

In this section we compare the VCD spectra calculated for the $ ! !!! · · · 2Cl!,
$ ! !!! · · · 3Cl!, and $ ! !!! · · · 5Cl! complexes to the experimental VCD spectra
measured in solution with 10-fold excess Cl! ions [123, 124]. The calculated spectra
have been obtained by broadening the calculated rotational strengths with Lorentzian
bands [52]. Similarly, the experimental spectra have been obtained by broadening
the experimental intensities reported by Nafie et. al in references [123, 124]. A half-
width of 8 cm!1 was used for the fingerprint region, while for the stretching region a
half-width of 15 cm!1 was used. The calculated normal mode frequencies have not
been scaled.

As can be seen (see Fig. 6.6), the VCD spectra calculated for the $! !!! · · · 5Cl!
complex reproduce very well the experimental spectra, i.e. almost all bands in the
experimental spectra can be unambiguously assigned and there is no need to scale
the frequencies. This is in agreement with previous observations [94, 125], i.e. the
harmonic frequencies obtained using the BP86 functional reproduce very well the
experimental frequencies and in general do not require scaling.

On the other hand, the VCD spectra calculated for the $ ! !!! · · · 3Cl! and
$! !!! · · · 2Cl! complexes reproduce quite poorly the experimental spectra. In both
cases the assignment of the fundamentals is not straightforward. This is true for both
the fingerprint region, upper panel of Fig. 6.6, and the N–H stretch region, lower panel
of Fig. 6.6. For the N–H stretch region it is clear that the normal mode frequencies
would have to to be scaled strongly in order to align the experimental spectra with
the calculated ones for the $! !!! · · · 3Cl! and $! !!! · · · 2Cl! complexes, but not
for the $! !!! · · · 5Cl! complex.
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Figure 6.6: Comparison between the experimental VCD spectra and the VCD spectra

calculated for the three molecular complexes of ! ! '''. The upper panel shows the VCD

spectra for the frequency interval between 1100 and 1550 cm"1. The lower panel shows the

VCD spectra for the the frequency interval between 2500 and 3250 cm"1. The experimental

spectra have been obtained by broadening the experimental intensities reported by Nafie et.

al in references [123, 124]. A half-widths of 8 cm"1 was used for the for the fingerprint region,

while for the stretching region a half-width of 15 cm"1 was used. Computed frequencies are

not scaled.

In reference [105], in order to achieve good agreement between the experimen-
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tal VCD spectrum reported by Nafie et al. in reference [124] and our calculations
performed for the $ ! !!! · · · 2Cl! complex, we have scaled with di!erent factors
the frequencies of the N–H stretching modes and C–H stretching modes according to
the suggestion in reference [124]. Clearly, as shown here, this is not necessary when
the calculations are performed for the $ ! !!! · · · 5Cl! complex. (The conclusions
we have drawn in reference [105] for the giant enhancement mechanism, which we
investigated there, are still correct, being corroborated in the present study.)

We can explain the striking di!erence of the spectra in the N–H stretch region
for the various complexes as follows. The observed red shifts of the mode frequencies
in the complexes with respect to the FM (see Fig. 6.5) are related to the amount of
charge that flows into the N–H bonds, viz. when charge flows into a bond it weakens
the bond which as a result will have a lower stretching frequency. As already men-
tioned, the amount of charge that flows from the Cl! into the the N–H bonds is larger
in the $! !!! · · · 2Cl! and $! !!! · · · 3Cl! complexes than in the $! !!! · · · 5Cl!
complex, viz. the Coulomb repulsion between the equatorial and axial Cl! ions
makes the Cl! · · ·H bonds longer in the $ ! !!! · · · 5Cl! complex than in the other
two complexes. This explains the large di!erences, i.e. approximately 400 cm!1,
between the N–H stretching modes in the $! !!! · · · 5Cl! complex compared to the
$ ! !!! · · · 2Cl! and $ ! !!! · · · 3Cl!complexes. Furthermore, because the frequen-
cies calculated for the $! !!! · · · 5Cl! complex are very similar to the experimental
ones, whereas the frequencies calculated for the other two complexes are red shifted
with respect to the experimental ones by a considerable amount (approximately 400
cm!1), we have an additional indication (besides the very good pattern agreement
between calculation and experiment) that the $ ! !!! · · · 5Cl! complex is the pre-
dominant complex in the experimental sample. We note that this inference di!ers
from the conclusion drawn by Nafie et al. in reference [124], who have concluded that
$ ! !!! · · · 2Cl! is the predominant complex in the experimental sample, but who
did have to scale the calculated frequencies (with di!erent factors for N–H and C–H
frequencies) in order to obtain agreement with experiment. The present agreement
without scaling is more satisfactory.

We conclude that an experimental VCD spectrum, when combined with accu-
rate calculations, can be used to obtain information about the degree of counter-ion
complexation in solution.

6.6 Conclusions

In this work we have studied the e!ects induced in the VCD spectrum of the
[Co(en)3]3+ molecule in the $ ! !!! conformation by the association of counter-
ions, in this case Cl! ions. We have shown that the association of the Cl! ions
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induces two important e!ects in the VCD spectra: 1) the N–H stretching modes
at high frequencies (above 3000 cm!1) exhibit giant enhancement of the VCD (also
IR) intensities; 2) in the finger print region (1000 – 1800 cm!1) several of the N–H
wagging, twisting and scissoring modes exhibit VCD sign changes. As it has been
shown in detail in ref. [122], all these e!ects arise from the charge transfer that is
inherent in the donor-acceptor type of interactions between the Cl! counter-ions and
the N–H bonds.

The sensitivity of the VCD spectra to these complexation interactions in solu-
tion may complicate AC determinations, but it also has clear advantages. We have
compared the VCD spectra calculated for the three molecular complexes we have
considered, i.e. $ ! !!! · · · 2Cl!, $ ! !!! · · · 3Cl!, $ ! !!! · · · 5Cl!, to the exper-
imental VCD spectra reported by Nafie et al. [123, 124] in solution with 10-fold
excess Cl! ions. The experimental spectrum is reproduced very well by the one cal-
culated for the $ ! !!! · · · 5Cl! complex, i.e. almost all bands in the experimental
spectra can be unambiguously assigned and there is no need to scale the frequencies.
The VCD spectra calculated for the other two complexes were significantly di!er-
ent compared to the spectrum of $! !!! · · · 5Cl! and, consequently, reproduced the
experiment rather poorly. The combination of accurate calculations and experimen-
tal VCD spectroscopy may be a powerful tool to study complexation and solvation
phenomena.

Since the donor-acceptor interaction is commonly encountered in both organic and
inorganic compounds, the mechanism for the e!ect on the VCD spectra uncovered in
this work, see Ref.[122], is generally applicable. So the e!ects reported in this work,
i.e. the sign changes and enhancements of the VCD intensities, will be general, and
should for instance be observed whenever intermolecular hydrogen bonding is present
in the experimental sample.

For the case of H-bonding, it is significant that the transfer of charge induces
di!erent e!ects in the stretching modes compared to the wagging, twisting and scis-
soring modes. One can in principle obtain complementary information about the
solute-solvent interactions present in the experimental sample by analyzing the VCD
spectra below 1800 cm!1 and above 3000 cm!1. Unfortunately, measurements most
of the time do not include the high frequency region (> 3000 cm!1) where the
stretches occur.

It is important to note that the transfer of charge resulting from typically weak
donor-acceptor interactions, represents a strong perturbation for VCD, due to the
disturbance of the balance between nuclear and electronic contributions of the ET-
DMs and MTDMs. The charge transfer can easily change the sign of a VCD signal
even in the case of robust modes. Clearly, one has to be very cautious when con-
sidering the VCD sign of modes involved in intermolecular hydrogen bonding for the
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purpose of determination of the absolute configuration of chiral compounds. When
confronted with sign changes in experiment compared to a calculation on the isolated
molecule one should: 1) first consider if the mode is maybe non-robust? 2) if the
mode is robust, could it be an O–H or N–H fingerprint mode susceptible to hydrogen
bonding to a solvent molecule or a counter-ion?
We may formulate a general strategy: First, perform an IR measurement in the C–
H/N–H/O–H stretching region. The giant enhancement of the intensities of stretching
modes also accompanied by large frequency shifts, is a well documented phenomenon
that has been associated to the presence of hydrogen bonding in the experimental
sample for a long time now [126, 127]. If hydrogen bonding indeed occurs in the
experimental sample then one should analyze the magnitudes of the electronic and
nuclear components of the TDMs obtain from a calculation performed for the free
molecule. We then know the e!ects to be expected in the VCD spectrum as a conse-
quence of H-bonding. Next the modes in the fingerprint region can be used to check
on the expected consequences for the signs and intensities. This of course requires
explicit use of these modes, not as fingerprints but with full knowledge of the type
of mode (wagging, scissoring, bending). It is of course very useful if an experimental
spectrum without any complexation can first be obtained as benchmark.

Finally, we have not used a solvent molecule with internal structure, but just the
ion Cl!. In case of molecular complexation, one may encounter chirality transfer, i.e.
some modes of the solvent molecule (assumed achiral) may acquire some intensity
due to the complexation to the chiral solute molecule. However, because both the
sign change and the enhancement of the VCD intensities of the modes of the chiral
solute are large e!ects, exploitation of these phenomena should provide much more
information regarding the interaction between solute and solvent than the chirality
transfer phenomenon (which usually is a very minor e!ect because the modes of the
achiral molecule have no intensity to begin with).
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On the equivalence of
conformational and enantiomeric changes of
atomic configuration for VCD signs

Adapted from
Heshmat, M.; Nicu, V. P.; Baerends, E. J.
J. Phys. Chem. A, 116 (13), 3454, 2012

7.1 Introduction

It has been already mentioned that applying VCD is not without complications. Con-
formational freedom appears to be the most important complication for the practical
application of VCD to determine the absolute configuration [128–131]. While dif-
ferent conformations may have rather di!erent VCD spectra, the inability of the
computational methods available today to compute accurately the Boltzmann popu-
lations [132] for conformations of a chiral molecule makes the interpretation of VCD
spectra of flexible molecules very di"cult. One fundamental question is what relation
there is, if any, between the VCD spectra of di!erent conformers of one enantiomer,
and possibly between a given conformer of one enantiomer with conformers of the
other enantiomer that are not the pure mirror image of the given one.

In this study we restrict ourselves to a simple prototypical series of molecules: a
secondary alcohol (one chiral carbon) and an achiral aliphatic chain of varying length
(from 4 carbon atoms (2-butanol) till 11 carbon atoms), a similar class of molecules
was previously studied by Nafie et al.[133]. We start by determining whether we
can identify in this class of molecules with a single chiral carbon a ”chiral part”
and an ”achiral part”. We would expect that vibrational modes that involve only
atoms that are distant from the chiral carbon (in the ”achiral part”) to show only
weak VCD intensities. Can that be verified and how far away is then ”distant”?
It would mean that a large part of the conformational space can be ignored for
enantiomer determination. Which part of the molecule exactly is important for the
optical activity? Next we concentrate on those conformational changes that induce
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Figure 7.1: Division of the 2-alkanols in a chiral part (red encircled) and an achiral part

(R).

large changes in the VCD spectrum. Using as example two typical chiral molecules,
i.e. 2- chloro-2-cyanobutane and 2-chloro-2-nitro-phenylpropane, we will show that
conformational changes can lead to sign changes in the VCD spectrum that make
the conformational change look like an enantiomeric change. We then discuss the
mechanism of the VCD sign and intensity changes induced by conformational changes
and compare to change to the opposite enantiomer.

7.2 Computational details

All geometry optimizations, harmonic vibrational frequencies and VCD intensities
were calculated using the ADF program package [60–62, 94]. The BP86 functional
and TZP (triple zeta Slater type orbital basis plus polarization functions) basis set
were used in all calculations [84]. The analysis of the various contributions of the
ETDMs and MTDMs and of the normal modes, e.g. their overlaps (see [101] for
details) and localizations, have been done using the ToolsVCD program[101]. The
calculated VCD intensities have been broadened using Lorentzian bands with a half
width of 8 cm!1. The nuclear displacement vectors of various normal modes have
been visualized using the XCrysDen [134] and ADF GUI programs.

7.3 Chiral and achiral modes

In this study we have considered the series of chiral molecules with general
structure depicted in Fig. 7.1. They are all secondary alcohols (2-alkanols),
CH3C*H(OH)CH2R. The second carbon atom, i.e. C*, is the chiral carbon. For
investigation of the e!ects of all possible conformational changes in the selected
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molecules and understanding the type and localization of the normal modes, we
have partitioned each molecule into two parts. We call the chiral carbon plus its first
neighbors with their substituents (except of course for the variable chain R) the chiral
part (Fig. 7.1)[135]. The other part is the chain (R) of varying length, which has no
chiral carbon. Normal modes mostly localized (more than 90 percent) on the chiral
fragment of the molecule are categorized as chiral normal modes. Modes localized
mostly (more than 90 percent) on the achiral part are called achiral modes. Finally,
the modes which are delocalized over the two parts of the molecule (less than 90
percent on a single part) are considered as mixed modes. In this way we distinguish
between chiral, achiral and mixed modes. Of course, “achiral mode” refers only to
this spatial localization, it does not imply that the mode has zero VCD intensity.

7.3.1 Conformational changes in the achiral part (the R sub-
stituent)

We expect, and will verify later, that the modes around the chiral carbon are crucial
for the determination of the absolute configuration. The e!ect of conformational
changes in that part will be studied in section conformational changes in the chiral
part. We first want to study to what extent the vibrational modes of the chiral part
are a!ected by changes in the achiral part of the molecule. Therefore, we keep the
conformation around the chiral carbon fixed and study the e!ect of lengthening of
the carbon chain R in the rest of the molecule. Fig. 7.2 shows the VCD spectra in
the 1000 - 1600 cm!1 range.

We have used squares, triangles and circles of di!erent color to indicate the char-
acter of the various modes (green squares for chiral, yellow circles for achiral and red
triangles for mixed modes). We observe a set of relatively intense modes in the 1200
-1400 cm!1 region, at roughly 1240, 1330 and 1380 cm!1, which are localized on the
chiral part of the molecule (green squares), and which persist throughout the whole
series of molecules, retaining the sign and magnitude of the rotational strength. The
modes on the achiral part (yellow circles) have all very low intensity. The mixed
modes (red triangles) can have both weak and strong VCD intensities. Moreover,
their VCD sign is often unstable, i.e. it changes from one conformation to another
[133].

In the following we will have a closer look at the modes singled out in Fig. 7.2
and labeled as 1, 2 and 3, see Fig. 7.2 ). As can be seen in Fig. 7.2, these three
modes yield very similar patterns in the VCD spectra of the entire series of molecule.
This is because these modes do not change much within the series of molecules, (they
exhibit similarities of 90 % or more). The nuclear displacement vectors of these three
modes are shown in Fig. 7.3. As a further characterization of these modes we give in
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Figure 7.2: VCD spectra of the 2-alkanols with di!erent chain length (the number of

carbon atoms in chain R is specified above each spectrum). Green squares label chiral

modes, yellow circles label achiral modes and red triangles label the mixed modes. The

modes labeled 1, 2 and 3 are localized on the chiral part of the molecule (see 7.3).

Table 7.1 the percentages of some internal coordinates in these modes according to a
PED (potential energy distribution) analysis (see for the atom numbers Fig. 7.3). As
can be seen they are localized almost exclusively on the chiral fragment. Therefore,
it is clear that modes can be identified that are localized on the chiral part (“chiral
modes”) and that the same pattern in the VCD spectrum survives for these modes in
all molecules, at least if we do not change the conformation of the chiral part. Also
lengthening of the chain R has little e!ect.

It is of interest how sensitive the pattern of chiral modes is to changes in the con-
formation of the achiral chain. Since lengthening the chain has no e!ect, apparently
the more distant part of the chain has no influence. This is important as there are
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Figure 7.3: The normal modes of 2-hexanol labeled in 7.2 as 1, 2 and 3. These modes, at

ca. 1240 cm"1, 1330 cm"1 and 1380 cm"1, exist in all molecules of the series (R = 1 to 8

C atoms).

Int. Coord. 1240 cm"1 1330 cm"1 1380 cm"1

bend. (H17,C2,O7) 15.2 19.5 9.8
bend. (H18,O7,C2) 36.4 2.7 24.0
bend. (H17,C2,C3) 2.3 28.0 1.2
bend. (H17,C2,C1) 20.3 14.5 14.0
bend. (H19,C1,H21) 4.2 - 3.4
bend. (H19,C1,H20) 1.6 - 2.4
bend. (H20,C1,H21) - 1.0 2.3
bend. (C2,C1,H20) 3.7 - 2.3
bend. (C2,C1,H21) - - 2.3
bend. (C2,C1,H19) - - 2.2
Outp. (C1,C2,C3,O7) 2.6 - 1.1
bend. (C4,C3,H16) - 4.8 2.8
bend. (C4,C3,H15) - 4.7 2.7
bend. (C2,C3,H16) - 5.0 2.7
bend. (C2,C3,H15) - 5.1 2.7
str. (C2,C3) - 1.0 2.6
str. (C1,C2) - - 10.0
bend. (C1,C2,O7) - - 1.8
bend. (C3,C2,O7) - - 2.1

Table 7.1: Percentage of Potential Energy Distributions (PED) for normal modes 1, 2

and 3 in the region 1200-1400 cm"1 (see 7.3 for the atom numbering). Only the internal

coordinates with percentage larger than 1.0 have been considered. bend = bending mode;

str = stretching mode; outp = out-of-plane mode.

three conformational minima due to rotation around each C-C bond – there is an
extremely large number of possible conformations. We study the e!ect of conforma-
tional change which is at least one bond away from the chiral part, i.e. conformational
change due to rotation around the C4-C5 bond, connecting the next-nearest neighbor
of the chiral carbon to the next carbon in the chain, see Fig. 7.3 and Fig. 7.4. The
VCD spectra of the three di!erent conformers resulting in the case of 2-hexanol can
be seen in Fig. 7.5. The peaks of modes 1, 2 and 3 of Fig. 7.2 clearly survive, so
changes induced by conformations arising from rotation around bonds that are fur-



114
7. On the equivalence of conformational and enantiomeric changes of atomic

configuration for VCD signs

H
4

CH2C*H(OH)CH3

H
CH3

H

HH
4

CH3

H

H

CH2C*H(OH)CH3

H
H

4
H

CH3

H
H

CH3C*H(OH)CH2

55 5

Figure 7.4: Schematic representation of the three conformers of 2-hexanol obtained via

120! rotations around the C4-C5 bond, i.e. two C–C bonds away from the chiral center

(C*=C2).

1000 1100 1200 1300 1400 1500
Frequency (1/cm)

VC
D

 S
pe

ct
ra

1 2 3

Figure 7.5: The computed VCD spectra of three conformers of 2-hexanol obtained by 120!

rotations around the C4-C5 bond (see 7.4). The bottom spectrum is the same spectrum

shown in 7.2.

ther away than the nearest neighbor - next nearest neighbor bond can be neglected.
This indeed narrows down the conformational changes to be studied to those in the
chiral part of the molecule, see next section.

7.3.2 Conformational changes in the chiral part

We now consider all possible conformational changes around the chiral carbon, tak-
ing 2-hexanol as an example. Three di!erent dihedral angles involving the chiral
center can be defined (Fig. 7.6): The first dihedral angle is H-O–C2-C3 which defines
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Figure 7.6: The 27 conformers of 2-hexanol are categorized in three di!erent families: 1)

conformers obtained via rotations around the C*-O axis (denoted as OH1, OH2, OH3),

2) conformers generated via rotations around the C*-C3 axis (denoted as A, B and C), and

3) conformers generated via rotations around the C3-C4 axis (denoted as a, b and c).

the OH1, OH2 and OH3 orientations for the O-H bond. The second angle is for
rotation around the C2-C3 bond, the orientations being denoted A, B and C. Fi-
nally, the third angle is for rotation around the C3-C4 bond, generating the a, b and
c cases. We have calculated the VCD spectra for all 27 conformers resulting from
these bond rotations. For brevity, we show in Fig. 7.7 the calculated spectra of only
four suggestive conformers. A comparison of the VCD spectra of all 27 conformers
is shown in the electronic supplementary information material of [136]. As before we
use, green squares to label the chiral modes, red triangles for the mixed modes and
yellow circles for the achiral modes.

As can be seen, the chiral normal modes of the molecule (green squares) are



116
7. On the equivalence of conformational and enantiomeric changes of atomic

configuration for VCD signs

extremely sensitive to conformational change within the chiral fragment. The pattern
of the modes 1, 2 and 3 that we have observed in Fig. 7.2 and Fig. 7.5, which was
stable under changes in the achiral part of the molecule, was for the AaOH1 conformer
according to the nomenclature defined in Fig. 7.6. It is clear that this pattern is
completely destroyed in other conformers. Careful analysis of all 27 conformers shows
that the changes are not completely random. For instance the OH1 conformers have,
independent of the C2-C3 and C4-C5 rotations, all a positive peak of considerable
intensity for mode 3. The OH2 conformers, however, all have a negative peak for
mode 3, while the OH3 conformers show erratic behavior, i.e. less pronounced peaks,
but both positive and negative.

It is common practice to determine the relative energies of the conformers with
the help of DFT calculations, and then average with the Boltzmann weights over
the theoretical VCD spectra. This can be done for both enantiomers, and the best
comparison with experiment for one enantiomer then is assumed to reveal the absolute
configuration in the experiment. Our results so far have been encouraging to the
extent that they suggest that the conformational weighting could be limited to the
conformations of the chiral part. Evidently, if the e!ect of the conformational changes
in the chiral part is so large as we observe here, leading to complete sign reversals,
the Boltzmann weighting becomes quite critical, and one can even ask if Boltzmann
weighting is the right procedure to follow since the DFT energies are not so reliable
and the changes in the spectra are so large. This issue will be considered in future
work. But first we need a better understanding of the origin of the large e!ects when
conformational changes occur in the chiral part of the molecule. In particular the sign
changes are relevant. They suggest that there is a relation between enantiomeric and
conformational change of the nuclear configuration. Therefore in the next section we
analyze the origin of the observed VCD sign changes.

7.4 Conformational versus enantiomeric changes in

atomic configuration around a chiral carbon

As we have already discussed, the most intense normal modes, which therefore ap-
pear most suitable for AC determination, are associated with the chiral fragment.
However, if changing the relative orientations of the atoms in the chiral fragment
from one enantiomer to its mirror image will generate the important sign changes,
then the e!ect of changes of the relative orientations of these atoms by making a
conformational change may have an equally large influence, as indeed demonstrated
in Fig. 7.7. Evidently conformational and enantiomeric changes of the atomic con-
figuration of a molecule can both lead to sign change of a VCD peak. Alternatively,
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Figure 7.7: Comparison of the VCD spectra of the AaOH1, BbOH2, CcOH3 and BbOH3

conformers of 2-hexanol (see7.6 for the nomenclature). Green squares label chiral modes,

yellow circles label achiral modes and red triangles label the mixed modes.

as we will see, in an enantiomeric pair of molecules one can choose the conformation
for each one in such a way that the same sign for the VCD intensities of a particular
normal mode is obtained. Consequently, the VCD sign of such normal modes does
not discriminate the enantiomers. This situation has obviously consequences for the
determination of the AC with VCD. When for instance two conformers of one enan-
tiomer have di!erent signs for the rotational strength of a mode that occurs in both
conformers, the net e!ect becomes totally dependent on the Boltzmann weights of
the conformers. Therefore, it is of interest to study the equivalence of enantiomeric
and conformational changes. Possible consequences for AC determination, which are
related to the accuracy of the computed Boltzmann weights, will be addressed in a
future work.

In this section we will first show that the above mentioned equivalence of con-
formational and enantiomeric changes of the atomic configuration is general. Then,
we will discuss a few examples for molecules of medium size. In the next section we
will show how this equivalence of enantiomeric and conformational changes can be
understood from the theoretical framework of VCD.
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Figure 7.8: Upper panel: the R and S enantiomers of a given conformer A1. Middle panel:

Conformers S/A1 and R/A2. The group of atoms singled out in red have the same spatial

arrangement in S/A1 and R/A2. Lower panel: Conformers S/A1 and S/A2. The groups of

atoms singled out in blue are in mirror-image positions in S/A1 with respect to S/A2.

We first show that it is understandable from simple geometric considerations that
VCD peaks with similar signs can be obtained in an enantiomeric pair. In Fig. 7.8
we consider two enantiomers, S and R, each in a specific conformation denoted A1,
such that the enantiomers S/A1 and R/A1 are mirror images (upper panel of Fig.
7.8). Because they are mirror images with respect to each other they have completely
opposite VCD signs. Now we rotate one of these enantiomers (R/A1) and get another
conformer of the same enantiomer: R/A2 (middle panel of Fig. 7.8).

Then we should compare conformer A1 of the S enantiomer with conformer A2
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of the R enantiomer (middle panel of Fig. 7.8). The normal modes localized on the
geometrically similar parts of these two enantiomers, which have been singled out in
Fig. 7.8 by a red semicircle, should exhibit the same VCD sign in the spectra. This
will hold in particular for vibrations involving the atoms (groups) H, CH3, B, and
possibly the connecting atoms C%-C2. In other words one can find conformers of the
two enantiomers which have groups of atoms which are positioned with respect to
each other exactly as if they are in one enantiomer. Therefore they are expected
to show the same sign of the VCD intensities. The reverse can happen too: in one
enantiomer (e.g. in S/A1) we can change the conformation in such a way that a
selected group of atoms acquires positions which are the mirror image of the ones
in the starting conformation. This is illustrated in the bottom panel of Fig. 7.8.
For instance by rotating fragment A in S/A1 into the position of B we obtain the
conformation A2 of enantiomer S (which is indeed the mirror image of conformer
R/A2). Then comparing a mode on the group of atoms which are singled out by
a blue semicircle we expect a sign reversal of a mode on that group of atoms, even
though they belong to (di!erent conformers of) the same enantiomer. The groups of
atoms singled out by the blue semicircle are in mirror image position with respect
to each other. Modes localized on these atoms are expected to have opposite signs,
even though they belong to the same enantiomer.

We will now illustrate this phenomenon of analogy between conformational and
enantiomeric changes with a few examples. The examples are for the same sign
obtained in di!erent enantiomers (case 1 above, middle panel of Fig. 7.8). In each
of the figures the VCD spectrum is given, and the group of atoms with the same
spatial arrangement in the two enantiomers is represented with red color. It should
also be mentioned that in each case the di!erence in relative energy between the two
configurations we are considering is less than 1 kcal/mol (which is about the accuracy
of the computational method employed).

2-Hexanol. As an example we have chosen two di!erent conformers of 2-hexanol,
one in the R configuration, i.e. R/AaOH1 (the equivalent of R/A1 in 7.8), and the
other one in the S configuration, i.e. S/AaOH2 (the equivalent of S/A2 in Fig. 7.8).
The relative energy of the two conformers is 0.1 kcal/mol. As shown in Fig. 7.9 the
(red) OH and C*H groups have the same orientation with respect to each other and to
the intermediary OC bond (H is “to the left” of the OH in both). The normal modes
that are mostly localized on H and OH experience a very similar local environment,
and therefore should have VCD intensities of the same sign, irrespective of the fact
that they are on di!erent enantiomers. Such modes can be seen in the VCD spectra
around 1240 and 1380 cm!1 (singled out by black rectangles in Fig. 7.9). These two
modes are very similar to the modes 1 and 3 in Fig. 7.3 and consist of C*-H and O-H
bending modes. On the other hand, the pair of modes at ca. 1330 cm!1 (singled
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Figure 7.9: Computed VCD spectra and structures of the R and S enantiomers of 2-

hexanol in the AaOH1 and AaOH2 conformations, respectively. The atoms in red have

identical orientation in the two enantiomers. The pairs of modes singled out by black

rectangles are very similar in the two enantiomers and are localized almost entirely on the

atoms in red (modes 1 and 3 in Fig. 7.3. The pair of modes in the red rectangle is a bending

mode involving both the C*-H and C3-H.

out by a red rectangle in Fig. 7.9) have opposite VCD signs. This pair of peaks is
associated to a bending mode involving both the C*-H and C3-H that is very similar
to mode 2 in Fig. 7.3. Those groups are in mirror symmetry positions in the two
chosen conformers and indeed the peak related to mode 2 reverses sign.

2-Chloro-2-Cyano-Butane. Fig. 7.10 shows the structures and VCD spectra
of two di!erent conformers of 2-chloro-2-cyano-butane in the R and S configurations.
It is clearly observable that there is a group of atoms (indicated in red) which stay
in similar position within the two enantiomers. The relative energy computed for
these conformers is 0.39 kcal/mol. As can be seen in Fig. 7.10, the VCD spectra of
the two enantiomers are remarkably similar in the 700 - 1500 cm!1 frequency region.
The mode pairs at 745, 962, 988, 1077-1200, 1260-1380 and 1420-1470 cm!1 (singled
out in Fig. 7.10 by black rectangles) that exhibit the same VCD signs in the two
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Figure 7.10: Computed VCD spectra and structures of the R and S enantiomers 2-chloro-

2-cyanobutane in di!erent conformations. The atoms in red have identical orientation in the

two enantiomers. The pairs of normal modes singled out by black rectangles are localized

almost entirely on the groups of atoms in red and are very similar in the two enantiomers.

enantiomers, are very similar in the two conformers and are localized almost entirely
on the groups indicated in red.

2-Chloro-2-Nitro-Phenyl Propane. Fig. 7.11 shows the structures and VCD
spectra of two di!erent conformers of 2-chloro-2-nitro-phenyl propane in the R and S
configuration. The relative energy of the considered conformers is 0.85 kcal/mol. As
in the previous example, there are no significant sign di!erences between the VCD
spectra of the R and S enantiomers. The similar features at 670-720, 1200-1250,
1310, 1485 and 1540-1590 cm!1, singled out in Fig. 7.11 by black rectangles, are
associated to modes localized on groups of atoms in in red and are very similar in
the two conformers.
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Figure 7.11: Computed VCD spectra and structures of the R and S enantiomers 2-chloro-2-

nitro-phenylpropane in di!erent conformations. The atoms in red have identical orientation

in the two enantiomers. The pairs of normal modes singled out by black rectangles are

localized almost entirely on the groups of atoms in red and are very similar in the two

enantiomers.

7.5 VCD sign change due to change of confor-

mation and its relation to enantiomeric sign

change

As can be seen from the above examples, sign change is not a unique feature of
enantiomeric change. It is equally well possible in conformational change. The tacit
assumption in our discussion has been that this phenomenon could be understood
because the sign of the VCD peaks is related to the geometrical arrangement of the
atoms. It is known that the vibrational motions, i.e. both the atomic displacement
vectors of normal modes and their frequencies, are determined for many modes by
the local environment, not by the global shape of a molecule. This is apparent from
the success of a determination of normal modes with force field matrices, where force
constants (i.e. diagonal elements of the Hessian matrix of second derivatives in terms
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Molec. Freq. R Localization

R/AaOH1 1384.7 +44.2 97.8
R/AaOH2 1376.9 !50.8 93.1

Table 7.2: Normal mode i = 42 of 2-hexanol in the conformers AaOH1 and AaOH2 of the

R enantiomer: Frequency (Freq.), rotational strength (R), and localization of the mode on

the C*H(OH) fragment. Units: Freq. (cm"1), R(10"44 esu2·cm2), Localization (%).

of internal coordinates, e.g. stretches, bends, torsions etc.) determine to zero order
the normal modes, with important coupling matrix elements coming from coupling
to nearby stretches, bends, torsions etc.. Our simple explanation of the observed
e!ects of conformation on the sign of the VCD peaks assumes implicitly that the
VCD intensity (the rotational strength) is similarly a primarily local quantity. For
a vibration in a local group of atoms, apparently just the relative positioning of
the atoms and bonds with respect to each other, determines the VCD sign. In this
section we use the theory of VCD as summarized in theory section to further detail the
mechanism of the sign change in VCD spectra, revealing the origin of the equivalence
of conformational and enantiomeric structural changes.

As an example we have selected mode 42 of 2-hexanol (see Table 7.2 and Fig.
7.12). This mode is localized on the chiral part of the molecule in all 27 conformers
of 2-hexanol and consists of bending motions of the H15 and H19 atoms. Furthermore,
the mode has reasonable VCD intensities and its nuclear displacement vectors are
practically identical in the two conformers considered. As can be seen in Table 7.2,
this mode has di!erent VCD signs in the conformers R/AaOH1 and R/AaOH2.

Based on the theoretical concept of VCD that has already mentioned in the in-
troduction chapter, here we analyze the origin of either di!erent signs of the VCD
intensities for two conformers of one enantiomer, or the same sign of the VCD in-
tensities of two conformers of an enantiomeric pair. According to eq. 1.10 rotational
strength of a normal mode i is determined by the inner product of the ETDM and
MTDM vectors associated to the respective normal mode i. Further, from eq. 1.14
and eq. 1.15, these two vectors are constructed by multiplication of the atomic ten-
sors (i.e. APTs and AATs) and nuclear displacement vectors. Therefore, in order to
understand the similarities/di!erences between the VCD signs of di!erent conform-
ers, in the following, we will compare their atomic tensors and nuclear displacement
vectors.

To have a meaningful comparison of the Cartesian components of the atomic
tensors and the nuclear displacement vectors, we have oriented the various molecular
configurations in the same way with respect to the Cartesian axis system. In our case
the oxygen atom is always at the origin and the H19, O and C$ (chiral carbon) atoms
are always in the same plane (XZ). This situation has been depicted in Fig. 7.12
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Figure 7.12: Nuclear displacement vectors of the mode 42 of 2-hexanol in the conformers

R(AaOH1), R(AaOH2) and S(AaOH1). The R(AaOH1) and S(AaOH1) conformations are

mirror images of each other. Conformation R(AaOH2) is generated from R(AaOH1) by a

rotation over 120! around the O-C* bond, i.e. H15 goes to the position of C3, C3 to the

position of C1 and C1 to the position of H15.

for normal mode 42 of two di!erent conformers of the R enantiomer (R/AaOH1 and
R/AaOH2). We also show in this figure the S enantiomer in AaOH1 conformation of
2-hexanol. S/AaOH1 is the mirror image (with respect to the XZ plane) of R/AaOH1,
i.e. its enantiomer without any conformational change. The conformation AaOH2 of
the R enantiomer is generated from AaOH1 by rotation over 120" around the O-C*
bond (see Fig. 7.12). In this rotation H15 is rotated into the previous C3 position, C3

into the previous C1 and C1 into the previous H15 position. Mode 42 is characterized
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by large amplitudes of the H15 (at O) and H19 (at C*) bending motions in all these
configurations. We can construct the AaOH2 conformation of enantiomer S by simply
mirror imaging R/AaOH2. This conformation is not shown in the figure, but will be
used for completeness in the tables below.

In Table 7.3 the Cartesian components of the APTs and the nuclear displace-
ment vectors of this normal mode for H15 in the various atomic configurations
are shown. The resulting x, y and z Cartesian components of the electronic
ETDM are also given. The corresponding components of the electronic MTDM
are shown in Table 7.4. There must be a simple sign change in the inner product
R(i) = "E01(i) · Im[ "M10(i)], i = 42, when going from the R/AaOH1 conformer to its
enantiomer S/AaOH1. The sign change can easily be traced in the components of
the atomic polar tensor P and atomic axial tensor A, and the displacement vectors
"S. These are mathematically related by the transformation (mirroring with respect
to XZ) that carries R/AaOH1 into S/AaOH1. Since our coordinate system has de-
liberately been chosen so as to make the transformation simple (just reflection in the
XZ plane) the tensors and vectors can directly be compared between R/AaOH1 and
S/AaOH1. The components are all equal except for an occasional sign change. The
sign changes are evident from the simple nature of the transformation (just changing
the sign of y components): "Sx and "Sz are unchanged and "Sy reverses sign; the P!"

components change sign when there is one y index; the A!" components change sign
in exactly the opposite cases. The net e!ect is that the total inner product just re-
verses sign. This is just a mathematical necessity, there is no further information in
this comparison of R/AaOH1 with S/AaOH1. However, the comparison of R/AaOH1
with R/AaOH2 is meaningful. Now the tensors and vectors are not mathematically
related, but possible similarities must depend on structural and electronic similari-
ties. It is clear from Fig. 7.12 that the H15 and H19 vibrations are very similar in
R/AaOH2 to those in S/AaOH1, where H15 and H19 are similarly positioned with re-
spect to each other, and to the connecting atoms C* and O. The displacement vectors
"S# for % =H15, H19 are apparently not much a!ected by the di!erent arrangement of
the methyl CH3 and butanyl C4H9 groups in the R/AaOH2 and S/AaOH1 systems.
The similarity in the "S15 vectors of R/AaOH2 and S/AaOH1 is not a mathematical
property, it comes from the physical circumstance that the atomic vibrations are
strongly governed by the bond of the atom with its nearest neighbor, and by the
coupling of the vibration involving that bond with a few nearby bonds. A similar
situation holds for the two atomic tensors. If we compare the P tensor components
in Table 7.3 between R/AaOH2 and S/AaOH1 we observe that their components
are numerically roughly similar, and the signs are equal. Precisely the same holds
for the R/AaOH2 atomic axial tensors A in Table 7.4: numerically very similar in
both magnitude and sign to those of S/AaOH1. One can conclude that the fact that
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Molec. P 15
xx

&S15
x P 15

xy
&S15
y P 15

xz
&S15
z (&E15

01)x(42)

R/AaOH1 !1.1030 !0.1263 +0.0897 +0.1054 +0.0317 !0.4000 +0.136
R/AaOH2 !1.0963 !0.0911 !0.0958 !0.1286 +0.0237 !0.4228 +0.102
S/AaOH1 !1.1030 !0.1263 !0.0897 !0.1053 +0.0317 !0.3996 +0.136
S/AaOH2 !1.0963 !0.0907 +0.0958 +0.1286 +0.0238 !0.4224 +0.101

Molec. P 15
xy

&S15
x P 15

yy
&S15
y P 15

yz
&S15
z (&E15

01)y(42)

R/AaOH1 +0.0717 !0.1263 !1.1487 +0.1054 !0.0707 !0.4000 !0.102
R/AaOH2 !0.0548 !0.0911 !1.1677 !0.1286 +0.0242 !0.4228 +0.145
S/AaOH1 !0.0717 !0.1263 !1.1486 !0.1053 +0.0707 !0.3996 +0.103
S/AaOH2 +0.0548 !0.0907 !1.1677 +0.1286 !0.0242 !0.4224 !0.145

Molec. P 15
xz

&S15
x P 15

yz
&S15
y P 15

zz
&S15
z (&E15

01)z(42)

R/AaOH1 !0.0007 !0.1263 !0.0311 +0.1054 !1.0546 !0.4000 +0.419
R/AaOH2 !0.0102 !0.0911 +0.0497 !0.1286 !1.0354 !0.4228 +0.432
S/AaOH1 !0.0007 !0.1263 +0.0311 !0.1053 !1.0546 !0.3996 +0.418
S/AaOH2 !0.0102 !0.0907 !0.0497 +0.1286 !1.0354 !0.4224 +0.432

Table 7.3: Comparison of Cartesian components (!, $) of the APTs, P!
"# , the nuclear

displacement vector, (S!
# , and atomic ETDM, ( (E!

01)#(i), associated to atom H15 (& = 15)

and the normal mode i = 42 of 2-hexanol. Units: a.u. (see ref.[137] for conversion factors

to cgs units.)

the vibrating atoms have the same type of bonds (to C* and to O) and have the
same arrangement with respect to each other and to the connecting bond C*O in
R/AaOH2 and in S/AaOH1 makes these vectors and tensors so similar. It is the
physics of the local chemical bonding situation that determine the atomic polar and
axial tensors. Because these local atomic arrangements, which apparently determine
the vectors and tensors, are similar in R/AaOH2 and S/AaOH1, the sign reversal
in the enantiomeric change R/AaOH1 to S/AaOH1, which is necessary in that case,
also happens in the change R/AaOH1 to R/AaOH2, where it is not necessary but is
a chemical bonding e!ect. This justifies the simple geometric argument we gave in
the previous section for the equivalence of conformational and enantiomeric changes
for some of the VCD signs.

We note that our results imply that the APTs and AATs are fairly transferable.
If we consider a certain type of atom in a particular bonding situation (like here H
at the end of an OH bond, or the di!erent case of H at the end of a CH bond, or
e.g. C in an alkane, etc.) it is to be expected that in all systems with the atom in
that particular bonding situation the tensors will be similar. In particular, if the new
situation (with tensors P # and A#) is generated from the old one by an operation
X (some (im)proper rotation, then T # ) XTX!1 (T = A,P ). In the present case
we note that the di!erences in the tensor components for H15 in the R/AaOH2 and
S/AaOH1 (equivalently R/AaOH1) cases are often quite small, but di!erences of ca
30% occasionally occur. It is an open question if the transferability of the atomic
polar and axial tensors is su"ciently accurate to be of practical use.
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Molec. A15
xx

&S15
x A15

xy
&S15
y A15

xz
&S15
z ( &M15

01 )x(42)

R/AaOH1 !0.0322 !0.1263 !0.1635 +0.1054 !0.3614 !0.4000 +0.131
R/AaOH2 +0.0347 !0.0911 !0.1676 !0.1286 +0.3532 !0.4228 !0.131
S/AaOH1 +0.0322 !0.1263 !0.1635 !0.1053 +0.3614 !0.3996 !0.131
S/AaOH2 !0.0347 !0.0907 !0.1676 +0.1286 !0.3532 !0.4224 +0.131

Molec. A15
xy

&S15
x A15

yy
&S15
y A15

yz
&S15
z ( &M15

01 )y(42)

R/AaOH1 +0.0856 !0.1263 !0.0775 +0.1054 !0.9384 !0.4000 +0.356
R/AaOH2 +0.0592 !0.0911 +0.0798 !0.1286 !0.9195 !0.4228 +0.373
S/AaOH1 +0.0856 !0.1263 +0.0775 !0.1053 !0.9384 !0.3996 +0.356
S/AaOH2 +0.0592 !0.0907 !0.0798 +0.1286 !0.9195 !0.4224 +0.373

Molec. A15
xz

&S15
x A15

yz
&S15
y A15

zz
&S15
z ( &M15

01 )z(42)

R/AaOH1 +0.3845 !0.1263 +1.0019 +0.1054 +0.1153 !0.4000 +0.011
R/AaOH2 !0.3845 !0.0911 +1.0248 !0.1286 !0.0867 !0.4228 !0.060
S/AaOH1 !0.3845 !0.1263 +1.0018 !0.1053 !0.1153 !0.3996 !0.011
S/AaOH2 +0.3845 !0.0907 +1.0248 +0.1286 +0.0867 !0.4224 +0.060

Table 7.4: Comparison of Cartesian components (!, $) of the AATs, A!
"# , the nuclear

displacement vector, (S!
# , and atomic MTDM, ( (M!

01)#(i), associated to atom H15 (& = 15)

and the normal mode i = 42 of 2-hexanol. Units: a.u. (see ref.[137] for conversion factors

to cgs units.)

7.6 Summary

In this study we have used a very simple prototype series of chiral molecules as a
model to show that in the case of conformationally flexible molecule the VCD sign
of some of the normal modes may not be good signatures of the absolute configura-
tion. Conformational change frequently changes the signs in much the same way as
enantiomeric change does. This applies to modes that involve the immediate neigh-
borhood of a chiral carbon. We have also investigated the division of the modes in
“achiral” ones (involving vibrations of atoms in achiral substituents of the chiral car-
bon) and “chiral” ones (involving vibrations in the neighborhood of the chiral center).
This appears to be possible, the modes su"ciently far removed from the chiral center
(by at least two bonds) exhibit low VCD intensity, and the conformational changes
in that part of the molecule have negligible e!ect. The equivalence of enantiomeric
and conformational change pertains to the chiral part of the molecule.

The equivalence of enantiomeric and conformational change has been traced back
to the possibility of similarity in the spatial arrangement of the set of atoms vibrating
in a specific mode: going to the enantiomer of a specific conformer may produce the
same topological arrangement of the involved atoms as does going to a specific other
conformer (not changing enantiomer). This observation implies that the electronic
and nuclear characteristics that determine the VCD intensity - the atomic polar and
axial tensors, and the vibrational amplitudes - are to a high degree local quantities.
They should be determined by the electronic structure, i.e. the type and direction-
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ality of the bonds formed by a vibrating atom to its neighbors, as well as those of
the connecting bonds to second and maybe third nearest neighbors. In an example
we have demonstrated that indeed the atomic tensors and mode vectors do have this
similarity in similar environments. The implication is that atomic tensors may be
transferable, although it is not yet clear if this holds with such accuracy that it can
be made practically useful.

One obvious message of the present results is that the common procedure of av-
eraging the calculated VCD spectra over the Boltzmann weighted conformations in
order to obtain a theoretical result to be compared to experiment, can be quite crit-
ical. When conformations are averaged that have opposite signs for the VCD peaks
of analogous modes (which are at approximately the same frequency), the outcome
will be very dependent on the exact Boltzmann weights. The present state-of-the-art
of DFT calculations does not allow very accurate determination of those weights. It
would be desirable to have a method for absolute configuration determination that
does not depend on such theoretical Boltzmann weighting. The findings in this paper
do not indicate a clear route to such a procedure, but certainly will have to be taken
into account when alternatives are contemplated.



Chapter 8

Summary

Theoretical study on conformational flexibility and weak interactions of
asymmetric organo-catalysts in solution

The case of Cinchona derivatives and Binaphthyl ligands

In this thesis, a theoretical and computational study on the conformational behavior
of two important organocatalysts, i.e. Cinchona alkaloids and Binaphthyl ligands
is performed. Moreover, solvent plays a very important role in many asymmetric
syntheses and it is not just an environment. The continuum solvation models cur-
rently available can not describe the e!ects induced in asymmetric syntheses by the
solvent. Thus the explicit interactions of some interactive solvent molecules with cat-
alysts are investigated in detail in this thesis. To this end, the Vibrational Circular
Dichroism (VCD) spectroscopic technique can help and explain many features about
the conformational behavior and catalyst-solvent interactions in solution. VCD is
quite successful in determination of absolute configuration of the rigid molecules.
However, in the area of flexible molecules some perturbations due to the large num-
ber of degrees of freedom make the interpretation of the VCD spectra complicated.
Some of these perturbations are investigated in this thesis.

Chapter 1 gives a general introduction of chirality, asymmetric syntheses, am-
plification of the enantiomeric excess and chiroptical spectroscopic techniques with
emphasis on VCD.

Chapter 2 gives a short overview of the concept of potential energy surface and
the quantum theoretical method used to perform the calculations in this thesis.

In chapter 3 the e!ect of complexation and hydrogen bonding of the dimethyl-
formamide (DMF) molecules as the solvent to the asymmetric catalyst cinchona
thiourea, in enhancement of the enantiomeric excess of the Henry reaction is inves-
tigated. The enantiomeric excess of the Henry reaction can change from almost a
racemic mixture to more than 90 % using DMF solvent. We found that the Henry
reaction mechanism that was proposed before, does not change under the influence
of the solvent molecules. The solvent changes the population of the conformers of
the flexible catalyst molecule. The solvent preferentially stabilizes one type of con-
formers of the catalyst. More importantly, the selected conformation of the catalyst
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increases the di!erence between transition state barriers for the formation of R and
S configurations in the C-C coupling step. Since generally the enantiomeric excess in
an asymmetric synthesis is really sensitive to the barrier heights, the e!ects of the sol-
vation can make such an important di!erence. The enhancement of the enantiomeric
excess is due to the strong Lewis base character of the DMF molecules, which is in
agreement with experiment.

In chapter 4 using two real life asymmetric organocatalysts, i.e. quinidine and
cinchona thiourea, we show the limitation and capabilities of VCD spectroscopy to
determine the dominant conformations of the flexible catalysts in solution. Given
the importance of the active conformer of the catalyst in chiral synthesis, VCD spec-
troscopy can play an important role in the elucidation of an asymmetric reaction
mechanism. We observed that when the asymmetric catalyst is a flexible molecule,
it can exist in various conformations in solution. The dominant conformer can be
quite important in the catalytic functionality to reduce the barrier of the transition
state of one enantiomer. Detailed analysis of the structure of the flexible catalyst
and considering all possible low lying conformers is always an essential step. Then if
there is an intra or inter molecular interaction like hydrogen bonding or other types
of complexation, it should be singled out and taken into account in calculations. By
comparison of the calculated VCD spectra of each conformer to the experimental
spectrum in di!erent frequency regions, some outstanding features of each conformer
can be traced in the experimental spectrum, which can be considered as a signature
of the presence of that conformer in the experiment. Most often, in the fingerprint
region (frequencies between 1000-1700 cm!1) normal modes are not specifically lo-
calized on particular atoms and they are delocalized almost over the entire molecule,
which causes the VCD spectra become very complex in the fingerprint region. On
the other hand, in the stretching region (frequencies higher than 2800 cm!1) normal
modes are localized on particular atoms or bonds, e.g. C-H and O-H stretching vibra-
tions are in this frequency region. When there are some intra and/or inter molecular
interactions related to the presence of some functional groups, e.g. OH or NH, inside
the molecule, the VCD spectra in the stretching region can show more clear evidence
than the fingerprint region for the presence of some conformers in the experiment.
Thus it is suggested to measure spectra in both frequency regions, i.e. fingerprint
and stretching. VCD spectroscopy is very successful to determine the absolute con-
figuration of rigid chiral molecules even in solution. On the other hand for flexible
molecules with many conformers, there are several error sources in VCD calculation.
Superposition of the individual spectra of many low lying conformers, variation in fre-
quencies (the positions of the peaks) and intensities between di!erent computational
methods, i.e. di!erent functionals, basis sets, vacuum or continuum environment,
might be some sources of the errors. Thus, to have good comparison of the calcu-
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lated versus experimental spectra, it is required to compute the energies (Boltzmann
weights), frequencies and intensities extremely accurately for all conformers.

In chapter 5, we have studied the e!ect of explicit solvent molecules on the ge-
ometry and the VCD spectra of the dibromo-binaphthol molecule, an important
ligand for asymmetric catalysis, in dimethylsulfoxide (DMSO) solvent. Since the
complexation of the solvent molecules via hydrogen bonding to the solute (catalyst)
molecule is inherently weak, which means the potential energy surface over the in-
termolecular coordinates is shallow, the solvent molecules are expected to carry out
large-amplitude motions with respect to the solute. We investigate the e!ects that
these large-amplitude motions can have on the VCD spectra. We have found that
in some frequency regions the spectra may change strongly when an intermolecular
coordinate is varied. These modes are very close together, i.e. have very similar
frequencies. They might even interchange at some geometries. If one has positive
and the other one negative rotational strength, in the crossing region they will almost
cancel each other while at one side they will give a !/+ pattern but on the other side
a +/! pattern. In this situation, considering the VCD spectrum of only one structure
obtained by normal geometry optimization can give a very di!erent spectrum than
the measured one. Because the potential energy surface is rather flat, a geometry op-
timization may yield any of a group of energetically very close lying structures as the
“converged” structure, depending on computational parameters and particular im-
plementation. We have found that these energetically close lying structures can have
very di!erent VCD spectra. Performing a Boltzmann average of the spectra of all low
energy structures can simulate a spectrum more similar to the actual experimental
situation and it avoids that a spectrum of an “accidental” structure from automatic
geometry optimization is considered as the theoretical result. Besides, considering
the solvent molecules explicitly complexed to the solute, a dielectric environment,
e.g. COSMO, can also a!ect the appearance of the simulated VCD spectra due to
noticeable change of the geometries and Boltzmann factors. Finally, we note that it
may sometimes be possible to obtain structural information from the VCD spectra.
By varying some weak coordinates one may observe an improvement in the agreement
with experiment. An example in the case of dibromo-binaphthol molecule would be
the lowering of the ' angle compared to the vacuum structure. This suggests that
VCD spectroscopy could also provide key information for elucidating the role played
by the solvent in asymmetric synthesis and catalysis, a crucial step for understanding
the mechanisms behind such reactions.

In chapter 6 we investigate another example of the e!ects induced in a solute
VCD spectrum by complex bonding to another moiety, namely the e!ect on the VCD
spectrum of the [Co(en)3]3+ molecule in the $! !!! conformation by the association
of counter-ions, in this case Cl! ions. We have shown that the association of the
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Cl! ions induces two important e!ects in the VCD spectra: 1) the N–H stretching
modes at high frequencies (above 3000 cm!1) exhibit giant enhancement of the VCD
(also IR) intensities; 2) in the finger print region (1000 – 1800 cm!1) several of the
N–H wagging, twisting and scissoring modes exhibit VCD sign changes. All these
e!ects arise from the charge transfer that is inherent in the donor-acceptor type
of interactions between the Cl! counter-ions and the N–H bonds. The sensitivity
of the VCD spectra to these complexation interactions in solution may complicate
AC determinations, but it also has clear advantages. We have compared the VCD
spectra calculated for the three molecular complexes we have considered, i.e. $ !
!!! · · · 2Cl!, $! !!! · · · 3Cl!, $! !!! · · · 5Cl!, to the experimental VCD spectra in
solution with 10-fold excess Cl! ions. The experimental spectrum is reproduced very
well by the one calculated for the $ ! !!! · · · 5Cl! complex, i.e. almost all bands
in the experimental spectra can be unambiguously assigned and there is no need to
scale the frequencies. The VCD spectra calculated for the other two complexes were
significantly di!erent compared to the spectrum of $!!!! · · · 5Cl! and, consequently,
reproduced the experiment rather poorly.

In chapter 7 using a very simple prototype series of chiral molecules as a model,
we show that in the case of conformationally flexible molecules the signs of VCD
intensities of some normal modes may not be good signatures of the absolute config-
uration. The sign of some normal modes change due to conformational changes for
one enantiomer. This sign change is similar to opposite signs that are observed for
two enantiomers. This applies to modes that involve the immediate neighborhood
of a chiral carbon. We found that categorizing of the normal modes of a flexible
molecule to “chiral” (vibrations in the proximity, the four connected groups, of the
chiral center) and “achiral” (vibrations far from chiral center by at least two chemical
bonds) can be one solution to overcome conformational problem. The modes su"-
ciently far removed from the chiral center (by at least two bonds) exhibit low VCD
intensity, and the conformational changes in that part of the molecule have negligi-
ble e!ect. The equivalence of enantiomeric and conformational change pertains to
the chiral part of the molecule. The equivalence of enantiomeric and conformational
change has been traced back to the possibility of similarity in the spatial arrange-
ment of the set of atoms vibrating in a specific mode: going to the enantiomer of
a specific conformer may produce the same topological arrangement of the involved
atoms as does going to a specific other conformer (not changing enantiomer). This
observation implies that the electronic and nuclear characteristics that determine the
VCD intensity - the atomic polar and axial tensors, and the vibrational amplitudes
- are to a high degree local quantities. They should be determined by the electronic
structure, i.e. the type and directionality of the bonds formed by a vibrating atom
to its neighbors, as well as those of the connecting bonds to second and maybe third
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nearest neighbors. In an example we have demonstrated that indeed the atomic
tensors and mode vectors do have this similarity in similar environments. The im-
plication is that atomic tensors may be transferable, although it is not yet clear if
this holds with such accuracy that it can be made practically useful. The opposite
signs of VCD intensities, within the conformers of one enantiomer can become quite
critical when we average over all calculated VCD spectra of various conformers us-
ing Boltzmann weights, to obtain a simulated spectrum. When conformations are
averaged that have opposite signs for the VCD peaks of analogous modes (which are
at approximately the same frequency), the outcome will be very dependent on the
exact Boltzmann weights. The accuracy limitation of the DFT calculations does not
allow to obtain accurate Boltzmann weights. It would be desirable to have a method
for absolute configuration determination that does not depend on such theoretical
Boltzmann weighting.





Chapter 9

Samenvatting

Theoretische studie over het conformationele flexibiliteit en zwakke
interacties van asymmetrische organische katalysatoren in oplosmiddel

Cinchona derivaten en binaphthyl liganden

In dit proefschrift wordt een theoretische en computationele studie uitgevoerd over
het conformationele gedrag van twee belangrijke organokatalysatoren, namelijk Cin-
chona alkalöıden en binaphthyl liganden. Bovendien speelt het oplosmiddel een heel
belangrijke rol in vele asymmetrische syntheses en het is niet alleen een omgeving.
De continuüm solvatatie modellen die nu beschikbaar zijn, kunnen de e!ecten gein-
duceerd in asymmetrische syntheses door het oplosmiddel niet beschrijven. Daarom
zijn de expliciete interacties van een aantal interactieve oplosmiddelmoleculen met
katalysatoren in detail in dit proefschrift onderzocht. Hierbij wordt de vibratie cir-
culair dichröısme (VCD) spectroscopische techniek betrokken, die veel kan bijdragen
tot het verklaren van het conformationele gedrag en de katalysator-solvent interac-
ties in het oplosmiddel. VCD is bij de bepaling van de absolute configuratie van
stijve moleculen heel succesvol. Maar op het gebied van flexibele moleculen maken
een aantal perturbaties door het grote aantal vrijheidsgraden de interpretatie van de
VCD spectra gecompliceerd. Sommige van deze perturbaties zijn in dit proefschrift
onderzocht.

Hoofdstuk 1 geeft een algemene introductie van chiraliteit, asymmetrische syn-
theses, verhoging van de enantiomere zuiverheid en chiroptische spectroscopische
technieken met de nadruk op VCD.

Hoofdstuk 2 geeft een kort overzicht van het concept van het potentiële energieop-
pervlak en de quantum theoretische methode die is gebruikt om de berekeningen uit
te voeren in dit proefschrift.

In hoofdstuk 3 is het e!ect van complexatie en waterstofbinding van de dimethyl-
formamide (DMF) moleculen van het oplosmiddel aan de moleculen van de asym-
metrische katalysator cinchona thiourea op de verhoging van de enantiomere zuiv-
erheid van de Henry reactie onderzocht. De enantiomere zuiverheid van de Henry
reactie kan veranderen van bijna een racemisch mengsel naar meer dan 90% met
DMF oplosmiddel. We vonden dat het Henry reactiemechanisme dat eerder was
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voorgesteld niet verandert onder invloed van de oplosmiddelmoleculen. Het oplosmid-
del verandert de populatie van de conformeren van het flexibele katalysator molecuul.
Het oplosmiddel stabiliseert bij voorkeur één soort conformeren van de katalysator.
Belangrijker is dat de gekozen conformatie van de katalysator, het verschil tussen
transitietoestand barrières voor de vorming van R en S configuraties in het C-C
koppelingsstap verhoogt. Omdat in het algemeen de enantiomere zuiverheid in een
asymmetrische synthese heel gevoelig voor de barrière hoogten is, kunnen de e!ecten
van de solvatatie zo’n belangrijke verschil maken. Het vergroten van de enantiomere
zuiverheid is een gevolg van het sterke Lewis base karakter van de DMF moleculen,
wat in overeenstemming is met het experiment.

In hoofdstuk 4 tonen we, met gebruik van twee echte asymmetrische
organokatalysatoren, namelijk quinidine en cinchona thiourea de beperkingen en
mogelijkheden van VCD spectroscopie om de dominante conformaties van de flex-
ibele katalysatoren in oplosmiddel te bepalen. Gezien het belang van de actieve
conformeer van de katalysator in de chirale synthese, kan VCD spectroscopie een
belangrijke rol spelen bij de opheldering van een asymmetrisch reactiemechanisme.
We merkten op dat wanneer de asymmetrische katalysator een flexibel molecule is,
het in verschillende conformaties in oplosmiddel kan bestaan. De dominante con-
formeer kan heel belangrijk zijn in de katalytische functionaliteit om de barrière
van de transitietoestand van een enantiomeer te verminderen. Gedetailleerde anal-
yse van de structuur van de flexibele katalysator en beschouwing van alle mogelijke
laaggelegen conformeren is altijd een essentiële stap. Als er dan een intra- of inter-
moleculaire interactie zoals waterstofbinding of een andere vorm van complexvorm-
ing is, moet deze worden uitgekozen en in aanmerking genomen bij de berekeningen.
Door vergelijking van de berekende VCD spectra van elk conformeer met het exper-
imentele spectrum in verschillende frequentiegebieden kan een aantal opmerkelijke
kenmerken van elk conformeer in het experimentele spectrum worden gevonden die
kunnen worden beschouwd als een handtekening van de aanwezigheid van die con-
formeer in het experiment. Meestal worden in het vingerafdrukgebied (frequenties
tussen 1000-1700 cm!1) vibraties niet specifiek gelokaliseerd bij bepaalde atomen en
ze worden bijna over het gehele molecuul verspreid, waardoor de VCD spectra in het
vingerafdrukgebied zeer ingewikkeld worden. Aan de andere kant, in het strekking ge-
bied (frequenties boven 2800 cm!1) worden vibraties op bepaalde atomen of groepen
gelokaliseerd, bijv. C-H, O-H en N-H strekking in dit frequentiegebied. Wanneer er
een aantal intra- en/of intermoleculaire interacties plaatsvinden door de aanwezigheid
van sommige functionele groepen, zoals OH of NH in het molecuul, kunnen de VCD
spectra in het betre!ende gebied een duidelijker bewijs leveren dan die in het vinger-
afdrukgebied voor de aanwezigheid van bepaalde conformeren in het experiment. Zo
wordt er gesuggereerd om spectra te meten in beide frequentiegebieden, namelijk
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vingerafdruk- en strekkinggebied. VCD spectroscopie is heel succesvol om de ab-
solute configuratie van stijve chirale moleculen ook in een oplosmiddel te bepalen.
Anderzijds zijn er verscheidene oorzaken van fouten in de VCD berekening voor flex-
ibele moleculen met veel conformeren. De verschillen in Boltzmanngewichten in de
superpositie van de individuele spectra van vele laaggelegen conformeren, en de vari-
atie in frequenties (de posities van de pieken) en in de intensiteiten van de pieken
tussen verschillende computationele methoden, gekarakteriseerd door verschillende
functionalen, basis sets, vacuüm of continuüm omgeving, zijn een aanwijzing voor de
fouten die berekeningen kunnen tonen. Het is nodig dat een rekenmethode in staat
is de energie (Boltzmann gewicht), frequenties en intensiteiten zeer precies voor alle
conformeren te berekenen om een zinvolle vergelijking van de berekende versus de
experimentele spectra te hebben.

In hoofdstuk 5 hebben we het e!ect van expliciete oplosmiddelmoleculen op de
geometrie en de VCD spectra van het dibromo-binaphthol molecuul, een belangri-
jke ligand voor asymmetrische katalyse, in dimethylsulfoxide (DMSO) oplosmiddel
onderzocht. Daar de complexatie van de oplosmiddelmoleculen via waterstofbind-
ing aan de opgeloste stof (katalysator) molecuul inherent zwak is, wat inhoudt dat
het potentiële energieoppervlak via de intermoleculaire coordinaten ondiep is, voeren
de oplosmiddelmoleculen naar verwachting bewegingen met grote amplitude uit ten
opzichte van de opgeloste stof. We onderzoeken de e!ecten die deze grote-amplitude
bewegingen kunnen hebben op de VCD spectra. We hebben gevonden dat in bepaalde
frequentiegebieden de spectra sterk kunnen veranderen wanneer een intermoleculaire
coördinaat wordt gevarieerd. De vibraties van overige normaalcoördinaten (andere
dan de intermoleculaire coördinaten) liggen heel dicht bij elkaar, dus hebben ze zeer
gelijkaardige frequenties. Ze zouden bij bepaalde geometrieën zelfs kunnen kruisen.
Als de één een positieve en de ander een negatieve rotatiesterkte heeft, he!en zij elkaar
bijna op in het kruisingsgebied, terwijl ze aan één zijde een !/+ patroon maar aan de
andere kant een +/! patroon vertonen. In deze situatie kan het VCD spectrum van
slechts één structuur verkregen door normale geometrie optimalisatie een heel ander
spectrum geven dan het spectrum dat gemeten is. Omdat het potentiële energieopper-
vlak redelijk vlak is, kan een geometrie optimalisatie één van een groep energetisch
zeer dicht bij elkaar liggende structuren opleveren als de “geconvergeerde” struc-
tuur, afhankelijk van computationele parameters en een bepaalde implementatie. We
hebben gevonden dat deze energetisch dicht bij elkaar liggende structuren heel andere
VCD spectra kunnen hebben. Het uitvoeren van een Boltzmann-gemiddelde van de
spectra van alle lage-energiestructuren kan een spectrum dat meer lijkt op de feitelijke
experimentele situatie nabootsen en het voorkomt dat een spectrum van een “toe-
vallige structuur” van een automatische geometrie optimalisatie als het theoretische
resultaat beschouwd wordt. Doordat de oplosmiddelmoleculen een zwakke complexe
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verbinding met de opgeloste stof vormen, met een vlak potentiële-energieoppervlak,
kan een diëlektrische omgeving, bijv. gesimuleerd met COSMO, ook invloed hebben
op het uiterlijk van de berekende VCD spectra door merkbare verandering van de
geometrie en Boltzmann-factoren. Tot slot merken we op dat het soms mogelijk is
om structurele informatie uit de VCD spectra te verkrijgen. Door het variëren van
enkele zwakke coördinaten kan men een verbetering in de overeenkomst met het ex-
periment observeren. Een voorbeeld zou zijn het verlagen van de ' hoek vergeleken
met de vacuüm structuur bij het dibromo-binaphthol molecuul. Dit suggereert dat
VCD spectroscopie ook belangrijke informatie kan geven bij het ophelderen van de
rol van het oplosmiddel bij asymmetrische synthese en katalyse, een cruciale stap
voor het begrijpen van de mechanismen achter zulke reacties.

In hoofdstuk 6 onderzoeken we een ander voorbeeld van de e!ecten gëınduceerd
in het VCD spectrum van een opgeloste stof door complexe binding aan een andere
eenheid, namelijk het e!ect op het VCD spectrum van de [Co(en)3]3+ moleculen in
de $!!!! conformatie door de associatie van tegenionen, in dit geval Cl! ionen. We
hebben aangetoond dat de associatie van de Cl! ionen twee belangrijke e!ecten in de
VCD spectra induceert: 1) de N-H strekmodes bij hoge frequenties (boven 3000 cm!1)
vertonen een enorm grote verhoging van de VCD (ook IR) intensiteiten; 2) in het
vingerafdrukgebied (1000-1800 cm!1) vertonen verscheidene van de N-H zwaaiende,
draaiende en scharende vibraties veranderingen van de VCD-tekens. Al deze e!ecten
ontstaan door de ladingsoverdracht die inherent is aan het donor-acceptor type in-
teracties tussen de Cl! ionen en de N-H bindingen. De gevoeligheid van de VCD
spectra voor deze interacties (complexe bindingen) in een oplosmiddel kan het moeil-
ijk maken de absolute configuratie te bepalen, maar zij heeft ook duidelijke voordelen.
We hebben de VCD spectra berekend voor de volgende drie moleculaire complexen,
namelijk $!!!! · · · 2Cl!, $!!!! · · · 3Cl!, $!!!! · · · 5Cl!, om te vergelijken met de
experimentele VCD spectra in een oplosmiddel met 10-voudige overmaat Cl! ionen.
Het experimentele spectrum wordt zeer goed gereproduceerd door een berekening
voor het $ ! !!! · · · 5Cl! complex. Bijna alle banden in de experimentele spec-
tra kunnen duidelijk ingedeeld worden en de frequenties behoeven niet geschaald te
worden. De VCD spectra berekend voor de andere twee complexen waren signifi-
cant verschillend in vergelijking met het berekende spectrum van $! !!! · · · 5Cl! en
hebben dus het experiment nogal slecht gereproduceerd.

In hoofdstuk 7 wordt met een aantal zeer eenvoudig prototype chirale moleculen
als voorbeeld aangetoond dat het bij conformationeel flexibele moleculen kan
voorkomen dat de tekens van de VCD pieken van sommige normale modes geen
duidelijk indicatie voor de absolute configuratie geven. Het teken van sommige nor-
male modes kan wijzigen als gevolg van een conformationele veranderingen van het
molekuul van een één enantiomeer. De verandering van dit teken is vergelijkbaar
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met de tegengestelde tekens die worden waargenomen voor twee enantiomeren. Dit
geldt voor modes die betrekking hebben op de onmiddellijke nabijheid van een chirale
koolstof. We vonden dat de indeling van de normaalmodes van een flexibel molecuul
in “chiraal” (vibraties in de nabijheid van het chirale centrum, de vier met de chirale
C verbonden groepen) en “achiraal” (vibraties ver van het chirale centrum, ten min-
ste twee chemische bindingen verwijderd van de chirale C) één oplossing kan zijn om
het conformationele probleem te overwinnen. De modes die voldoende ver verwijderd
zijn van het chirale centrum (met tenminste twee bindingen) vertonen een lage VCD
intensiteit en de conformatieveranderingen hebben in dat deel van het molecuul een
verwaarloosbaar e!ect. De gelijkwaardigheid van enantiomere en conformationele
verandering heeft betrekking op het chirale gedeelte van het molecuul. De gelijk-
waardigheid van enantiomere en conformationele verandering is terug te voeren tot
een mogelijke gelijkenis in de ruimtelijke opstelling van de reeks atomen die vibr-
eren in een bepaalde mode: het overgaan naar het enantiomeer van een bepaalde
conformeer (spiegelen) kan dezelfde topologische rangschikking van de betrokken
atomen produceren als het gaan (door rotatie om een binding) naar een bepaalde
ander conformeer (bij onveranderd enantiomeer). Deze observatie impliceert dat de
elektronische en nucleaire kenmerken die de VCD intensiteit - de atomaire polaire en
axiale tensoren, en de vibratie amplitudes - bepalen, in hoge mate lokale grootheden
zijn. Zij moeten worden bepaald door de elektronische structuur, dwz. het soort en
de richting van de bindingen gevormd door een vibrerend atoom naar zijn buren,
evenals die van de aansluitende bindingen met tweede en misschien derde buren. In
een voorbeeld hebben we aangetoond dat inderdaad atomaire tensoren en mode vec-
toren deze overeenkomst in vergelijkbare omgevingen hebben. De implicatie is dat
atomaire tensoren overdraagbaar kunnen zijn, maar het is nog niet duidelijk of dit
inhoudt dat de nauwkeurigheid zodanig is dat dit praktisch bruikbaar kan worden
gemaakt. De tegenovergestelde tekens van VCD intensiteiten, binnen de conformeren
van één enantiomeer kunnen heel kritisch worden als we het gemiddelde nemen over
alle berekende VCD spectra van verschillende conformeren met gebruik van Boltz-
mann gewichten, om een gesimuleerd spectrum te verkrijgen. Wanneer conformaties
worden gemiddeld, die tegengestelde tekens hebben van de VCD pieken van analoge
modes (die ongeveer dezelfde frequentie hebben), zal de uitkomst sterk afhangen van
de exacte Boltzmann gewichten. Door het gebrek aan nauwkeurigheid van de DFT
berekeningen is het niet mogelijk accurate Boltzmann gewichten te verkrijgen. Het
zou wenselijk zijn een werkwijze voor een absolute configuratie bepaling te hebben
die onafhankelijk is van de theoretische Boltzmann gewichtsbepaling.
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