
VU Research Portal

Theoretical study on conformational flexibility and weak interactions of asymmetric
organo-catalysts in solution
Heshmat, M.

2014

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Heshmat, M. (2014). Theoretical study on conformational flexibility and weak interactions of asymmetric organo-
catalysts in solution: The case of Cinchona derivatives and Binaphthyl ligands. [PhD-Thesis - Research and
graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/15b36eef-735c-47b2-9bfa-71693ed749ad


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 syn-

theses and it is not just an environment. The continuum solvation models currently

available can not describe the effects induced in asymmetric syntheses by the solvent.

Thus the explicit interactions of some interactive solvent molecules with catalysts

are investigated in detail in this thesis. To this end, the Vibrational Circular Dichro-

ism (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. How-

ever, in the area of flexible molecules some perturbations due to the large number 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, ampli-

fication 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 effect 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
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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

increases the difference 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 effects of

the solvation can make such an important difference. The enhancement of the enan-

tiomeric 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 cin-

chona 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 calcu-

lations. By comparison of the calculated VCD spectra of each conformer to the

experimental spectrum in different frequency regions, some outstanding features of

each conformer can be traced in the experimental spectrum, which can be consid-

ered 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 localized on particular atoms and they are delocalized almost over

the entire molecule, which causes the VCD spectra become very complex in the
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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 vibrations 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 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 different computational methods, i.e. different 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.

In chapter 5, we have studied the effect 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 effects 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 al-
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most 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 different

spectrum than the measured one. 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 “converged” structure, depending on computational param-

eters and particular implementation. We have found that these energetically close

lying structures can have very different 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 affect the appear-

ance 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 α 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 asymmet-

ric synthesis and catalysis, a crucial step for understanding the mechanisms behind

such reactions.

In chapter 6 we investigate another example of the effects induced in a solute VCD

spectrum by complex bonding to another moiety, namely the effect on the VCD

spectrum of the [Co(en)3]
3+ molecule in the Λ−δδδ conformation by the association

of counter-ions, in this case Cl− ions. We have shown that the association of the

Cl− ions induces two important effects 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
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N–H wagging, twisting and scissoring modes exhibit VCD sign changes. All these

effects 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 compli-

cate 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.

Λ−δδδ · · · 2Cl−, Λ−δδδ · · · 3Cl−, Λ−δδδ · · · 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 Λ − δδδ · · · 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 com-

plexes were significantly different compared to the spectrum of Λ−δδδ · · · 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 con-

figuration. 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 neighbor-

hood 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 sufficiently 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 effect. 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
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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 characteris-

tics 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 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. The opposite signs of VCD intensities, within the conformers of one enan-

tiomer can become quite critical when we average over all calculated VCD spectra

of various conformers using 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.
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