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Abstract: Full conformational space of cinchonine and cinchonidine has been investigated by means of statistical analysis of quantum chemical
molecular dynamics simulations. Recently developed procedure comprising principal component analysis of molecular dynamics trajectories
was applied on cinchonine and cinchonidine as well as on their protonated and methylated quaternary derivatives. The method for full
conformational analysis includes Cartesian coordinates sampling through quantum chemical molecular dynamics simulations, reduction of
dimensionality by principal component analysis, determination of probability distributions in a reduced space of Cartesian coordinates and
search for all the strict extrema points in probability distribution functions. In order to gain crucial insight in the understanding of chirality
induction of these alkaloids, comparison of the determined conformational spaces of pseudo-enantiomers has been made. It was shown that
protonation of the quinuclidine nitrogen atom stabilizes the conformers with the intramolecular 1N—-H--90 hydrogen bond whereas
methylation on the same position results in the reduction of the domain of internal coordinates responsible for the conformational space.

Keywords: cinchonine, cinchonidine, full conformational analysis, quantum chemical molecular dynamics, principal component analysis.

INTRODUCTION

CINCHONA alkaloids are well-known natural products
isolated from bark of the Cinchona tree with a wide
range of applications in chemistry and biology. They are
used in stereoselective synthesis both in homogenous(t2
and heterogenous34! catalysis, as a chiral resolving
agentsl®l or chiral auxiliaries in enantioselective chromatog-
raphy.[®7] Furthermore, they have interesting biological
properties which include antimalaric, anti-inflammatory
and antiarrhythmic activity.[8]

Their structure consists of a bicyclic aliphatic quinu-
clidine ring and aromatic quinoline ring which are con-
nected through a chiral carbon atom bearing hydroxyl
group. Stereochemistry of these alkaloids is complex since
they contain five stereocenters, at C-(3), C-(4), N-(1), C-(8)
and C-(9) atoms but differ in the configuration only at two

carbon atoms, C-(8) and C-(9), Scheme 1. Naturally occur-
ring Cinchona alkaloids occurs in diastereomeric pairs, but
they behave like pseudo-enantiomers when they are used
as catalysts in asymmetric organic reactions.l®] Understand-
ing of their structural behaviour can provide crucial infor-
mation on chiral inducing and discriminating ability of these
alkaloids.

Because of their structure and stereochemistry,
Cinchona alkaloids have complex conformational behaviour
and a number of conformers are possible.l1%! Knowledge
about the dominant conformers can be crucial for under-
standing reaction pathways and stereochemical outcome
of the catalyzed reactions.[!!] Conformational behaviour of
a few Cinchona alkaloids has been previously investigated
with experimental techniques - NMR spectroscopy.[12-14]
NOESY experiments in D6-acetone suggested the presence
of 3 conformers but due to the small population of other
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cinchonidine cinchonine

Scheme 1. Structure of cinchonidine (CD) and cinchonine
(CN) with the chiral centres highlighted.

conformers, their presence in solution is difficult to
confirm.[25]

Conformational investigations of this class of alka-
loids, based on computational methods, have been under-
taken by Dijkstra et al.l’¢l in 1989 by performing molecular
mechanics (MM) calculations in vacuo with MM2P and
MMX force fields. Later, the interest shifted towards the
understanding of the conformational space of these alka-
loids on a Pt(111) surface and such investigation was con-
ducted by Angelo Vargas and Alfons Baiker(*”! using fully
relativistic Hamiltonian, including spin-orbit coupling. In
2008, conformational behaviour of cinchonidine was revis-
ited by Baiker et al.[*% with DFT metadynamics by using Car-
Parrinello scheme.

The goal of this work is to investigate potential
energy surfaces of cinchonidine derivatives (cinchonidine,
CD-1; cinchonidinium €D-2; 1-methyl cinchonidinium,
CD-3) and cinchonine derivatives (cinchonine, CN-1; cin-
choninium CN-2; 1-methyl cinchoninium, CN-3) (Scheme 2),
in vacuo to make a comparison of the determined confor-
mational spaces on a semiempirical level of theory, using

Z

Comp. R- Comp. R-
CD-1 / CN-1 !
CD-2 H- CN-2 H-
cD-3 CHg— CN-3 CHg—

Scheme 2. Investigated Cinchonidine (CD) derivatives
(cinchonidine, CD-1; cinchonidinium CD-2; 1-methyl
cinchonidinium, CD-3) and Cinchonine (CN) derivatives
(cinchonine, CN-1; cinchoninium CN-2; 1-methyl
cinchoninium, CN-3).

PM7 Hamiltonian.[!8] We used an adapted approach with
the statistical analysis of the molecular dynamics trajectory
using a dimensionality reduction and search through the
probability distribution of molecular geometries in reduced
space.

EXPERIMENTAL

Molecular dynamics simulations were performed using on-
the-fly calculations of forces in each point of the simulation
and velocity Verlet algorithm for integration.!!) The forces
were calculated using the PM7 Hamiltonian!'”! imple-
mented in MOPAC2016.20211 All molecular dynamics simu-
lations were performed using our own program gcc.122-261 To
ensure that most of the phase space relevant for the
conformational space of the investigated compounds was
adequately sampled, the initial temperature for Maxwell
distribution of velocities was set at 798.15 K and this tem-
perature was kept constant throughout the simulations using
a velocity scaling algorithm. The step size was 0.5 fs and total
length of simulation was 2.5 ns (total of 5 000 000 steps).

Each molecular dynamics run for a molecule with N
atoms produced a 2" order data tensor with dimensions
number-of-steps x 3N. Principal component analysis was
used as a dimensionality reduction tool and performed us-
ing a NIPALS algorithm implemented in our own program
moonee.[28-30] Probability distributions were generated in a
reduced space using the n-dimensional parallelepiped and
counting all the points that belong in it. These probability
distributions were then subjected to a procedure for find-
ing all local maxima that correspond to local minima on the
coresponding potential energy surface. A parallelized com-
binatorial optimization algorithm for the arbitrary number
of ways (dimensions) implemented in moonee was used. A
set of structures determined from probability distributions
was used as an initial guess for the full conformational anal-
ysis.3 All structures from the initial guess were optimized
and subsequently clustered. Optimizations of these struc-
tures were performed using the B3LYP-D3 functional and
6-311++G(d,p) basis set. Harmonic frequency analyses
were performed, and standard Gibbs energies of formation
were calculated at T = 298.15 K and p = 101325 Pa. All
guantum-chemical calculations were performed using the
Gaussian 16 program.[32]

RESULTS AND DISCUSSION

Statistical Analysis of Molecular
Dynamics Trajectories
For all investigated compounds trajectory of 5000 000
steps was sampled by conducting molecular dynamics
simulation using on-the-fly calculations of forces. Extraction
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of initial guess structures for full conformational analysis
was performed by determining all strict local maxima in the
probability distribution function of molecules geometries.
These points represented a sampling space from which the
initial guess structures for conformational analysis were
extracted. This extraction was performed by finding all
strict local maxima in the probability distribution of the
molecular geometry coordinates. Since the molecule
spends more time around the minima points on the PES,
probability distribution function in these parts of phase
space would have strict local maximum that correspond to
strict local minima on the corresponding potential energy
surface.

Dimensionality of this search for strict extrema
problem is of the order 3N, where N is the number of atoms
in the molecule. To reduce the problem to fewer
dimensions, 2" order tensor decomposition tool principal
component analysis (PCA) was used. In the PCA data matrix,
X of rank r is decomposed as a sum of r matrices t p' of
rank 1:

X=Ytp M
i=1

PCA enables one to find the best linear projections
for a high dimensional set of data in the least-squares
sense. Scores { represent projections of the original points
on the principal component (PC) direction and can be used
for classification or building of probability distributions,
whereas loadings g represent the eigenvectors of data co-
variance (or correlation) matrix and can be used for the
identification of variability among the data. More details on
PCA can be found in the literature.33!

Maxima in probability distribution

To determine the final number of principal compo-
nents and total number of steps necessary for conducting
the full conformational analysis, we calculated the strict
local maxima plateau during the course of simulation2% by
following the procedure presented on Scheme 3.

For CD-1 this plateau was reached at approximately
2 000 000 points in the simulation and with 4 principal
components, Fig. 1. After this point in the probability
density distribution, the number od strict local maxima
remains constant. These 4 principal components were
describing 84.58 % of the total variance (Table 1.) and the
total number of initial guess structures obtained for CD-1
was 79. Total number of initial guess structures for CD-2
and CD-3 were 84 and 48, respectively.

For CN-1 this plateau was again reached at approx.
2 000 000 points in the simulation and with 4 principal
components, Figure 2. These 4 principal components were

Load geometry and Beginning of
program parameters conformational analysis

Calculate PMF ‘

AN ﬂ
Eiecy Plot total number of Search for
e chedl SLM SLM of PMF
{? yes
PCA - principal component analysis
PMF - probability mass function

Perform molecular 4
‘ dynamics simulation M PCA of trajectory
SLM plateau is.
initial guEenga’:l Cluster Optimize geometries
and optimize geometries geometris at high-level
End of
SLM - strict local maxima conformational analysis

'

Scheme 3. Full conformational analysis procedure using the
tensor decomposition of molecular dynamics trajectories.

Dimensionality of reduced space

6 5 4 3 2 1 0
Number of steps / 10°

Figure 1. Total number of determined strict local maxima in the probability distribution of CD-1 geometries in reduced space
calculated by principal component analysis of molecular dynamics trajectory.

DOI: 10.5562/cca3557

Croat. Chem. Acta 2019, 92(2), 259-267



262 K. SOVIC et al.: Conformational Analysis of Cinhonine ...

ROATICA
CT
HEMICA

describing 87.60 % of the total variance (Table 2.) and the
total number of initial guess structures for CN-1 was 59.
Total number of initial guess structures for CN-2 and CN-3
were 77 and 48, respectively.

Full Conformational Analysis of CD-1,
CD-2, and CD-3
In cases of CD-1, CD-2, and CD-3, search for strict local
maxima in the probability distribution was performed in
4-dimensional space. Since the total variance explained in
these first four PCs was more than 80 % (Table 1.), majority
of the phase space was investigated thus insuring the

Table 1. Total variance represented by principal
components calculated for a set of Cartesian coordinate
geometries from the molecular dynamics run.

Principal CD-1 CD-2 CD-3

COMPO- variance  Total Variance Total Variance Total
nent /g /% /% /% /% /%

PCO1 3551 3551 3272 3272 3592 3592

PC02 27.13 62.64 3061 6333 2552 6144
PCO3 1194 7459 1099 7432 1141 7286
PCO4 10.00  84.58 9.72 84.04 10.00 82.86
PCO5 6.69 91.28 6.62 90.66 6.21 89.07
PCO6 3.03 94.30 211 92.77 2.49 91.56
PCO7 1.54 95.84 1.69 94.46 1.53 93.09
PC0O8 1.22 97.07 1.43 95.88 1.35 94.44
PCOS 1.12 98.19 1.18 97.07 1.19 95.63
PC10 0.29 98.48 0.68 97.74 0.78 96.41

Maxima in probability distribution

completeness of conformational analyses. Each of these
strict local maxima corresponds to a structure that is in
vicinity of the extrema point on PES. Geometry
optimization for these points were conducted at B3LYP-
D3/6-311++G(d,p) level of theory. Optimized geometries
for each compounds were subjected to the clustering
procedure and for CD-1 five conformers with the
abundance larger than 5 % were obtained (Table 3, Figure
3a). Conformational space is mainly determined by the
position of quinoline ring and orientation of O-H group
(Figure 4a). It is confirmed that on this high level of the
theory, lowest energy conformer is the one labelled as

Table 2. Total variance represented by principal
components calculated for a set of Cartesian coordinate
geometries from the molecular dynamics run.

Principal CD-1 CD-2 CD-3

COMPO- variance Total Variance Total Variance Total
nent /% /% /% /% /% /%

PCO1 3635 3635 3314 3314 3276 3276

PC02 2892 65.27 30.00 63.14 2825 6101
pco3 1136 76.63 1158 7472 1221 7321
PCO4 1097 87.60 1057 8529 1013 83.34
PCO5 5.17 92.77 5.67 90.96 5.87 89.21
PCO6 1.78 94.55 1.90 92.86 2.23 91.44
pCo7 1.68 96.24 1.52 94.38 1.58 93.02
PCO8 1.12 97.36 1.36 95.74 1.22 94.25
PCO9 0.81 98.17 1.23 96.96 1.15 95.40
PC10 0.42 98.60 0.70 97.67 0.82 96.21

Dimensionality of reduced space

Number of steps / 10°

Figure 2. Total number of determined strict local maxima in the probability distribution of CN-1 geometries in reduced space
calculated by principal component analysis of molecular dynamics trajectory.
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Open(3) in previous work.[19 For CD-2, and CD-3, five and
three conformers were obtained (Table 4 and Table 5,
Figure 3b and Figure 3c). Energy distribution of conformers
shows that an addition of proton to quinuclidine moiety
causes stabilization of the Gibbs energies of formation for
conformers relative to the most stable one. The most stable
conformer for CD-2 is the one with intramolecular
hydrogen bond N-H---O. Addition of the methyl group does
not allow creation of this hydrogen bond and the lowest
energy conformers are defined by the position of the vinyl
group (Figure 3c and Figure 4a).

Table 3. Relative standard Gibbs energies of formation and
relative abundance for conformers of compound CD-1
calculated by using B3LYP functional and 6-311++G(d,p)
basis set with D3 version of Grimme’s dispersion. (at T =
298.15 K and p = 101325 Pa).

Conformer A¢G® / k) mol™ Abundance®
1 0.000 0.5932
2 4923 0.0814
3 4.985 0.0794
4 5.474 0.0652

@ Only conformers with abundance > 5 % are presented.

Table 4. Relative standard Gibbs energies of formation and
relative abundance for conformers of compound CD-2
calculated by using B3LYP functional and 6-311++G(d,p)
basis set with D3 version of Grimme’s dispersion. (at T =
298.15 K and p = 101325 Pa).

Full Conformational Analysis of CN-1,
CN-2, and CN-3

Similar to the previous case, the search for strict local
maxima in the probability distribution of CN-1, CN-2, and
CN-3 was performed in 4-dimensional space. Total variance
explained in these first four PCs was again more than 80 %
(Table 2.) that insure that the most important parts of the
phase space were investigated. Optimized geometries at
the B3LYP-D3/6-311++G(d,p) level of theory for each
compounds were subjected to the clustering procedure
and for CN-1 three conformers with the abundance larger
than 5 % were obtained (Table 6, Figure 5a). As in the case
of CD-1 conformational space is determined by the position
of quinoline ring and the orientation of O—H group (Figure
4b). For CN-2, and CN-3, five and two conformers were
obtained respectively (Table 7 and Table 8, Figure 5b and
Figure 5c). Energy distribution of conformers confirms
previous findings that an addition of proton to quinuclidine
moiety causes stabilization of the Gibbs energies of
formation for conformer with intramolecular hydrogen
bond whereas addition of the methyl group leads to greater
energy separation for conformers. Addition of the methyl
group does not allow creation of this hydrogen bond and
the lowest energy conformers are defined by the position
of the vinyl group (Figure 4b).

Table 6. Relative standard Gibbs energies of formation and
relative abundance for conformers of compound CN-1
calculated by using B3LYP functional and 6-311++G(d,p)
basis set with D3 version of Grimme’s dispersion. (at T =
298.15 K and p = 101325 Pa)

Conformer A:G® / k) mol™ Abundance* Conformer A¢G® / k) mol™ Abundance®
1 0.000 0.2454 1 0.000 0.5251
2 0.901 0.1706 2 1.316 0.3088
3 1.107 0.1570 3 3.990 0.1050
4 1.606 0.1284 (@ Only conformers with abundance > 5 % are presented.
5 2.630 0.0849

@ Only conformers with abundance >5 % are presented.

Table 5. Relative standard Gibbs energies of formation and
relative abundance for conformers of compound CD-3
calculated by using B3LYP functional and 6-311++G(d,p)
basis set with D3 version of Grimme’s dispersion. (at T =
298.15 K and p = 101325 Pa).

Conformer A:G® / k) mol™ Abundance®
1 0.000 0.5857
2 1.303 0.3662
5 5.512 0.0634

Table 7. Relative standard Gibbs energies of formation and
relative abundance for conformers of compound CN-2
calculated by using B3LYP functional and 6-311++G(d,p)
basis set with D3 version of Grimme’s dispersion. (at T =
298.15 K and p = 101325 Pa).

Conformer A¢G® / k) mol™ Abundance*
1 0.000 0.4680
2 4.021 0.0924
3 4.073 0.0905
4 4.270 0.0836
5 4.299 0.0826

@ Only conformers with abundance > 5 % are presented.

(@ Only conformers with abundance >5 % are presented.
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Figure 3. Conformational space of compound a) CD-1, b) CD-2 and c) CD-3 obtained from 4-dimensional probability distribution
space calculated by principal component analysis of the molecular dynamics trajectory. Standard Gibbs energies of formation
were computed at T=298.15 K and p = 101325 Pa (B3LYP-D3/6-311++G(d,p)).

e =

Figure 4. Total number of determined strict local maxima in
the probability distribution of CN-1 geometries in reduced
space calculated by principal component analysis of
molecular dynamics trajectory.

Table 8. Relative standard Gibbs energies of formation and
relative abundance for conformers of compound CN-3
calculated by using B3LYP functional and 6-311++G(d,p)
basis set with D3 version of Grimme’s dispersion. (at T =
298.15 K and p = 101325 Pa).

Conformer AG° / kI mol™ Abundance'?
1 0.000 0.7343
2 3.052 0.2144

@ Only conformers with abundance > 5 % are presented.
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Figure 5. Conformational space of compound a) CN-1, b) CN-2 and c) CN-3 obtained from 4-dimensional probability distribution
space calculated by principal component analysis of the molecular dynamics trajectory. Standard Gibbs energies of formation
were computed at T=298.15 K and p = 101325 Pa (B3LYP-D3/6-311++G(d,p)).

CONCLUSION

Recently developed method for the full conformational
analysis was applied to determine conformational space of
pseudo-enantiomers of Cinchona alkaloids as well as their
quaternary N-protonated and N-methyl derivatives. Proba-
bility distributions of molecular conformations were gener-
ated in the 4-dimensional reduced space using the tensor
decomposition of Cartesian coordinates space sampled by
quantum chemical molecular dynamics simulations. Di-
mension of the reduced space and length of simulations
were estimated by constructing strict local maxima plateau.

For calculated probability distributions extrema
points were determined. Each particular strict local maxi-
mum point in probability distribution was mapped to the
corresponding potential energy surface and used as an
initial guess structure for the full conformational analysis.
Since the described method of full conformational analy-
sis can be applied to any cyclic/noncyclic molecule,
conformational spaces for investigated molecules were
determined in dependence on free single bonds torsional
movement and concerted torsional bond movement
(quinuclidine ring) present in the investigated com-
pounds.
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Protonation of quinuclidine nitrogen atom caused

separation of the conformer energy levels and stabilization
of the conformers with intramolecular hydrogen bond.
Addition of the methyl group at the same position revealed
that domain of the conformational space was mainly
determined by the position of the vinyl group. While the
conformational spaces of pseudo-enantiomers were mainly
determined by the position of the quinoline rings,
guaternization of each pseudo-enantiomer did not result in
a different position of that moiety in the lowest energy
conformers.
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