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The tautomeric equilibrium of citrinin in dichloromethane was investigated using classical molecular dynam-
ics and linear-response QM/MM calculations of 7O NMR shielding constants. MD simulations showed that sol-
vent distribution around the para- and ortho-quinone methide tautomers is essentially uniform, as expected for
an isotropic non-hydrogen-bonding solvent of medium polarity. The tautomeric ratio between the p- and o-citrinin
forms was optimized to best match experimental and computed relative 7O NMR spectra. The resulting tautomeric
ratio of p-to-o-citrinin of 7:4 closely reproduces the experimental value of 4:3, confirming the near-thermodynamic
equivalence of the two tautomers, with a slight preference for the para form. A thermodynamic-cycle-based quan-
tum-chemical estimate yielded virtually the same qualitative conclusion. Attempts to include the endiol tautomer of
citrinin showed it to be unstable in a dielectric-continuum solvent model; thus, the endiol tautomer is not expected
to form in dichloromethane and does not contribute to the observed NMR spectra.
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1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy
has long proven to be an invaluable and versa-
tile tool in structural studies of a wide range of
solid- and liquid-state materials [[1-3] as well as
of biological macromolecules [@, ]. The shape
of the high-resolution NMR spectra is, however,
also dictated by the rate of the dynamical pro-
cesses occurring in the sample on the molecular
level. In the case of the so-called fast chemical
exchange regime, the absorption peaks record-
ed in the NMR spectrum correspond to nuclear
responses averaged over all states involved in
the rapid interconversion, which is to be contrast-
ed to the conditions of the slow exchange where
a series of separate state-resolved signals from all
magnetically inequivalent nuclei are normally re-
corded instead [E]. The fast exchange occurs when
the rate of the interconversion between some
states A and B, £, is much higher than the differ-
ence of the Larmor frequencies, v, of the nucleus

in these two states with the associated chemi-
cal shifts §, and J, — that is, k » 2zv, |6, — J,|.
Typical examples of the fast chemical exchange
include various conformational transitions, e.g.
methyl group rotation, proton transfer reactions
or ion pairing phenomena. Tautomerization reac-
tions have been widely studied using NMR [ﬂ],
and they usually also occur under conditions of
the fast chemical exchange. In the case of the fast
interconversion between tautomeric forms A and
B, a single tautomer-averaged NMR spectrum is
recorded where the observed chemical shifts §°
are given according to

5°bS:XA-8A+XB-8B. (1)

In Eq. (1), quantities y, and y, are the relative
equilibrium populations of tautomers A and B
with x, + x, = 1. Thus, tautomeric equilibrium con-
stants could be deduced from Eq. (1) provided that
the NMR spectrum of every individual tautomer
is known. However, these are seldom available
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with the required precision. They could be meas-
ured by suppressing the tautomeric interconver-
sion using appropriate chemical substitutions or
shifting to some model systems or solid-phases
where a single tautomer is predominant [[f], yet
the effects of these alterations on the NMR chemi-
cal shifts of the tautomers are non-negligible and
can be hard to estimate or control.

An alternative route to achieve the NMR
spectra of individual tautomeric forms is by
using modern molecular modelling techniques
based on quantum mechanics, see, for example,
Refs. []. Because tautomeric interconver-
sion is usually mediated by the environment,
a reliable description of solute-solvent interac-
tions ought to be incorporated into the electron-
ic structure approach. Solvation models used in
connection with the electronic structure methods
can be generally categorized into implicit and ex-
plicit solvent models. The implicit solvent model
such as, for example, the polarizable continuum
model [[12, ] or the conductor-like screening
model [[14]] considers the environment as a homo-
geneous medium that surrounds the solute with-
in a molecule-shaped cavity. The explicit solvent
model preserves the discrete nature of solvent
molecules that can be treated at different levels of
sophistication. Ideally, solvent molecules should
be described using the same electronic structure
method as that applied for the solute, a modelling
scheme that has historically been termed as a su-
permolecular approach [[15]. However, the severe
scaling of the electronic structure methods does
not allow including a sufficient number of solvent
molecules around the solute to achieve the con-
verged effect of electrostatic interactions, and
therefore this model is only feasible by consider-
ing a small number of solvent molecules in the vi-
cinity of the solute. Alternatively, the so-called
combined quantum mechanics/molecular me-
chanics (QM/MM) models [@] could be utilized
where the multipole expansion of the electronic
density of the solvent molecules is considered
instead. Polarizable QM/MM models have been
developed as well where, in addition to the stat-
ic multipole expansion, dipole-dipole polariz-
abilities are assigned to the molecules, leading to
the explicit account of solute—solvent polarization
interactions [, @]. Furthermore, solvent mole-
cules in the vicinity of the solute can be described

quantum mechanically, thus accounting for short-
range intermolecular interactions of non-classical
origin.

The QM/MM models are often used in con-
nection with the molecular simulation tech-
niques [[19-23]. Monte Carlo or molecular dy-
namics (MD) simulations are employed to explore
the configurational phase space of the molecular
system under study. Then, QM/MM calculations
of a molecular property in question are performed
on a number of molecular solute-solvent configu-
rations. The final liquid-phase result is obtained
as a statistical average over the molecular configu-
rations. Such integrated modelling scheme com-
bining classical MD simulations and QM/MM
methods has been succesfully used previously by
us to address the tautomeric equilibrium of ade-
nine through predictions of its tautomer-averaged
"N NMR spectrum [] and also to study other
molecular systems with the inherent fast chemi-
cal exchange. For example, we have elucidated
the molecular self-association of liquid acetic
acid [@], rationalized the composition depend-
ence of the 'H NMR chemical shift of exchang-
ing protons in the aqueous mixtures of choline
lysinate ionic liquid @], and studied ion paring
effects in the dilute solutions of 1-butyl-3-methyl-
imidazolium chloride ionic liquid [é}

The focus of the present contribution is on
the tautomeric equilibrium of mycotoxin citrinin
in the dichloromethane (DCM) solution. Citrinin
is a secondary metabolite of some fungi of gen-
era Penicillium, Aspergillus and Monascus, often
found together with the nephrotoxic ochratox-
in A. First identified in 1931 after it was extracted
from Penicillium citrinum fungus [@], citrinin
was found to possess antibacterial properties.
However, citrinin’s toxicity to mammalian cells
was soon discovered [@], and enthusiasm for
conducting further research of the properties of
this compound has quickly diminished. The exact
mechanism of citrinin’s toxicity is still not clear,
although the main pathway is considered to be
related to the oxidative stress and the suppression
of existing antioxidants in the cells, such as glu-
tathione. Recently, the interest in citrinin as well
as its metabolites has risen due to their potential
anti-inflamatory, anticancer and neuroprotective
properties []. In addition, it has become in-

creasingly relevant to develop reliable means of
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the detection of even miniscule amounts of citrin-
in in food products and living organisms [@, @],
so as to prevent food poisoning caused by citrinin
found in stored grains [@], beans, fruits and fruit
juice, other plant-based products, and spoiled
dairy products [@].

Citrinin in the solid state as well as in an in-
ert solution such as DCM exists as a mixture of
two tautomers — para-quinone methide and or-
tho-quinone methide, see Fig. , referred to as,
respectively, p-citrinin and o-citrinin in the fol-
lowing []. The tautomerization of citrinin in
the solid state has been studied well, and the tau-
tomeric equilibrium constant of around 0.5 has
been established at room temperature by X-ray
diffraction and *C NMR measurements, in favour
of the p-citrinin form [@, @, @]. The tautomeric
equilibrium in solution is less understood, partly
because citrinin in certain solvents like methanol
or water is unstable [@, @]‘ In the dichlorometh-
ane solution, the ratio of p-citrinin and o-citrin-
in has been estimated to be around 4:3 at room
temperature based on the measured temperature
dependences of *C NMR spectra [@]. Surpris-
ingly, the O NMR spectrum of citrinin in di-
chloromethane showed virtually no temperature
dependence, thus preventing a reliable derivation
of the equilibrium populations of p- and o-citrinin
tautomers in this case. We are here determined to
predict the 7O NMR spectra of tautomeric forms
of citrinin in the dichloromethane solution by
using the integrated computational scheme that
combines classical MD simulations and the lin-
ear-response QM/MM approach for NMR iso-
tropic shielding constants. In addition to p- and
o-citrinin tautomers, we will also consider the en-
diol form of citrinin shown in Fig. (c), which was

(a) (b)

studied previously using computational meth-
ods [@]. The knowledge of the tautomeric equi-
librium of citrinin in the solution is of importance
for understanding the mechanism of its cytotox-
icity and other biological or potential pharmaco-
logical functions [@].

2. Methods
2.1. Molecular dynamics simulations

MD simulations of two systems were conducted
in this work - p- and o-citrinin in the dichlo-
romethane solution at infinite dilution condi-
tions. The liquid-phase geometries of p-citrinin,
o-citrinin and dichloromethane molecules were
derived by geometry optimization employing
the B3LYP density functional [#4]], the aug-cc-
pVTZ one-electron basis set [¢#5] and the PCM
model [, @] to account for solute-solvent in-
teractions. Optimizations of the geometries were
performed using the Gaussianl6 program [@]
along with tightened criteria for convergence as
well as an ultrafine grid for 2-electron integrals.
The structures of all the molecules were kept rigid
in the MD simulations. Atomic point charges of
p-citrinin, o-citrinin and DCM molecules were
calculated using a CHELPG procedure [@] at
the B3LYP/aug-cc-pVTZ level of theory, impos-
ing constraints on the dipole moment and em-
ploying the PCM model to account for the di-
chloromethane environment for each molecule.
Intermolecular van der Waals interactions were
modelled by the 6-12-type Lennard-Jones po-
tential. The Lennard-Jones parameters were se-
lected from the OPLS force field for citrinin [@]
and DCM [@] molecules, and Lorentz-Berthelot

(c)

Fig. 1. The para-quinone methide (a), ortho-quinone methide (b) and endiol (c) tautomers of citrinin. Also
included is atom labelling in citrinin following Ref. [37].
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mixing rules were utilized. Molecular dynamics
simulations were performed using the MolSim
3.3.0 program [ﬂ].

The systems simulated in this work consist-
ed of a single p- or o-citrinin molecule and 500
DCM molecules. Periodic boundary conditions
were used for simulations in the cubic box with
cut-off distances for intermolecular Coulomb and
van der Waals interactions set to half of the box
side length. Newton’s equations of motion were
integrated using the velocity Verlet method []
with an integration step of 1 fs. A Berendsen ba-
rostat and thermostat [E] were used to maintain
a constant pressure of 1 atm and temperature of
298.15 K, respectively.

To achieve thermodynamic equilibrium condi-
tions, the MD simulation of each system was first
performed in the NPT ensemble for 300 ps, which
was sufficient to achieve converged mass den-
sities. The resulting cubic box side lengths were
38.04 and 38.32 A for the DCM solution of p-cit-
rinin and o-citrinin, respectively. The equilibra-
tion phase was continued in the NVT ensemble
for another 500 ps, followed by 2 ns NVT produc-
tion run. Molecular configurations were sampled
every 10 ps, and the trajectory files therefore con-
tained 200 snapshots for each system to be con-
sidered in the structural analysis. Reduced sets of
100 molecular configurations were used for sub-
sequent QM/MM calculations of NMR isotropic
shielding constants.

2.2. QM/MM calculations

To compute the 7O NMR chemical shifts of cit-
rinin, we relied on the polarizable linear-response
QM/MM model based on the density func-
tional theory [, , @] that is implemented in
the electronic structure program Dalton2019 [@].
Gauge-origin including orbitals were used to as-
sure origin-independent NMR shielding tensors.
The quantum mechanical part (QM) of the system
was described by the PBEO exchange-correlation
functional [@] along with the def2-TZVP basis
set [@]. Two different molecular mechanics (MM)
force fields (FF) were considered for the solvent
molecules in the classical region. The non-polar-
izable FF for DCM molecules includes the same
atomic point charges as used in the MD simula-
tions (vide supra). The polarizable FF for DCM

molecules includes atomic point charges as well as
atomic isotropic dipole polarizabilities. The point
charges were derived using the CHELPG proce-
dure with the constraint on the dipole moment
for the liquid-phase geometries of DCM but
using in-vacuum electronic densities computed at
the B3LYP/aug-cc-pVTZ level of theory. The iso-
tropic dipole polarizabilities were calculated accord-
ing to the LoProp method [@] using the B3LYP
functional and the aug-cc-pVTZ basis set that was
recontracted to be of atomic natural orbital type as
required by the LoProp method.

For either system, four different series of
QM/MM calculations were conducted. In the first
series labelled Runl, the QM region included
sole citrinin, while all solvent molecules were de-
scribed by the nonpolarizable potential. In the se-
ries labelled Run2, the QM region was expanded
by 5 solvent molecules selected in each configura-
tion based on their proximity to the oxygen atoms
in citrinin, i.e. one DCM molecule closest to each
of the five oxygen atoms. In the series labelled
Run3, the QM region was further expanded by
now including 2 closest DCM molecules to each
oxygen atom of citrinin, thus 10 in total. Finally
in the series labelled Run4, the QM region of each
configuration was exactly like in the series Run2,
but classical solvent molecules were described by
the polarizable potential instead. The solvent mol-
ecules to be included to the QM/MM calculation
were selected by considering a spherical cut-oft
radius of 15 A, centred at the centre of mass of cit-
rinin. The final liquid-phase results for 7O NMR
isotropic shielding constants were determined as
statistical averages over 100 molecular configura-
tions, and the statistical errors were evaluated as
standard deviations of the sample.

2.3. Constant of tautomeric equilibrium

To determine the tautomeric equilibrium between
the tautomers of citrinin in the DCM solution,
the constants of tautomeric equilibrium pK_ were
calculated using the so-called thermodynamic cy-
cle approach as described in previous works |

]. The Gibbs free energies in the gas phase and
in the dichloromethane solution were calculated
at 298 K for p-citrinin, o-citrinin and citrinin en-
diol using the M05-2X density functional [@] and
cc-pVTZ basis set [@] together with the implicit
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solvation model based on density (SMD) [] to
account for solvation. The Gaussianl6 program
was used for all calculations of free energies.

3. Results and discussion
3.1. Constant of tautomeric equilibrium

A straightforward way to quantify the tautomer-
ic equilibrium in the solution using electronic
structure methods is through the predictions of
the Gibbs free energy change of the tautomeriza-
tion reaction in the gas phase as well as solvation
free energies of the two interconverting tautom-
ers [@, ]. These thermodynamic quantities are
then combined to calculate the Gibbs free energy
change of the tautomerization reaction in the liq-
uid phase according to the thermodynamic cycle,
and that allows calculating the logarithmic equi-
librium constant of tautomeric conversion pK..
However, in order to calculate pK with the ac-
curacy of one log-unit, the free energy change of
the tauromerization reaction should be calculated
with an error of 1.37 kcal/mol at room tempera-
ture only. It is difficult to reach such precision for
energies of isolated molecules, achievable only by
correlated ab initio methods, let alone of those in
the condensed phases. Therefore, the accuracy of
the quantum chemical predictions for pK s of
a few log-units is quite common [@].

The pK. value of 0.12 for o-citrinin relative
to p-citrinin in the DCM solution was reported
based on experimental C NMR measurements
at room temperature [@], indicating that the two
tautomers are nearly energetically equivalent,
with a slight preference for p-citrinin. The cor-
responding value of pK computed in this work
using the thermodynamic cycle approach is -0.04,
thus predicting the populations of the p- and o-
citrinin tautomers to be virtually equal in DCM,
with a very small preference for the o-citrinin
tautomer. Having in mind the typical uncertainty
of 1-2 logarithmic units in the quantum chemi-
cal predictions of pK , the agreement between
the theoretical and experimental values of pK_
achieved here is to be considered as remarkably
good.

We have also attempted to predict the pK_ for
the endiol tautomer of citrinin w.r.t. p-citrinin.
The difference in the electronic energy of endiol

citrinin relative to that of the most stable p-citrinin
tautomer in the gas phase has been reported to be
around 10.4 kJ/mol, calculated using the B3LYP
functional and 6-311++G(2d,2p) basis set [@].
The corresponding value computed at the M05-
2X/cc-pVTZ level in this work is 6.29 kJ/mol,
leading to a similar conclusion that both p- and
o-citrinin tautomers are considerably more stable
than endiol in the gas phase. Furthermore, the en-
diol tautomeric form of citrinin was found to be
unstable in the DCM solution modelled by SMD,
evolving to either the p- or o-citrinin form dur-
ing the geometry optimization. On this ground,
the pK_ for the endiol tautomer could not be cal-
culated, and the endiol tautomer has not been
considered in the remainder of this work.

3.2. MDD simulations

To inspect the structural distribution of the DCM
solvent molecules around the citrinin solute, radi-
al distribution functions (RDFs) between oxygen
atoms in the tautomers of citrinin and hydrogen
atoms in DCM molecules have been computed
and depicted in Fig. Pl. DCM is a solvent of me-
dium polarity and it has poor capabilities for hy-
drogen bonding, and this is reflected in relativel

unstructured shapes of the RDFs seen in Fig. P.
That is particularly evident in Fig. @(a) show-
ing no trace of any specific hydrogen bonding
interaction between the ether oxygen atom O2
in p- or o-citrinin and DCM molecules. Due to
the tautomeric shift, the O13/015 and 014/016
switch their character between the carbonyl- and
hydroxyl-type in p-citrinin and o-citrinin. As
seen in Fig. P(b—e), the distribution of DCM mol-
ecules in the first coordination shell of carbonyl
oxygen atoms in p- or o-citrinin has the most pro-
nounced character, possibly forming a weak hy-
drogen bonding in these cases. The distribution of
solvent molecules around hydroxyl oxygen atoms
of citrinin is rather similar to that seen around
the ether oxygen atom O2, and resembles the un-
structured distribution typical for inert solvents.

3.3. QM/MM calculations

The O NMR isotropic magnetic shielding con-
stants of p-citrinin and o-citrinin computed using
the QM/MM approaches are collected in Table 1.
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Fig. 2. Radial distribution functions between oxygen atoms of p-citrinin and o-citrinin and hydrogen atoms of

dichloromethane. Refer to Fig. 1 for atom labelling.

In addition, we have calculated the '’O NMR shield-
ings of the two tautomers of citrinin using their con-
densed-phase geometries but neglecting their inter-
actions with the solvent molecules altogether. Thus,
the obtained results are included in Table 1 under
thelabel ‘in vacuum’ in the 2nd column, and they will
serve as a reference to quantitatively assess the di-
rect solvent effect on the magnetic shielding con-
stants of citrinin in the solution. As seen in Table [1,
the direct solvent effect on the O NMR shield-

ings of citrinin is qualitatively different for specific
types of an oxygen atom. For the ether oxygen atom,
the shielding is seen to decrease by around 12-
14 ppm due to the direct effect of the solvent mod-
elled as point charges, while the shielding constants
of carbonyl oxygen atoms have increased by around
20-30 ppm in this case. The shielding constant of
hydroxyl oxygen atom has been comparatively lit-
tle affected by the direct solvent effect, leading to an
increase of the value by around 1-8 ppm.
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Table 1. The QM/MM results for the O NMR isotropic shielding constants o of the oxygen atoms of p-citrinin
and o-citrinin tautomers given in units of ppm as averages over 100 molecular configurations. For each entry
of 0, the standard deviation of the sample (SD) has been provided. Refer to the main text for the description of
different series of QM/MM calculations performed in this work. Refer to Fig. 1 for atom labelling.

Tautomer Series 02 013 o ob or6
o |sp| o |sD| o SD o SD s | s
p-citrinin  invacuum = 134.35 - -105.54 - 172.66 - -25.69 - 101.03 -
Runl 120.23 051 -73.22 1.19 173.26 0.48 -6.35 0.75 108.59 0.42
Run2 11799 053 -7294 1.23 169.78 0.52 -9.83 0.71 104.51 041
Run3 11732 0.52 -73.96 1.25 167.95 0.55 -11.52 0.76 102.50 0.44
Run4 11930 048 -75.19 1.12 169.65 0.50 -11.21 0.66 104.06  0.39
o-citrinin  invacuum  134.15 - 137.05 - -32.59 - 101.65 - -21.63 -
Runl 12198 0.53 140.24 0.53 -7.28 1.06 109.53 0.44 -2.24  0.65
Run2 11947 058 136.89 0.63 -8.67 1.08 105.47 0.45 -5.73  0.66
Run3 118.78 0.60 135.09 0.66 -9.50 1.07 103.45 0.49 -7.77  0.67
Run4 120.44 0.54 136,59 0.59 -10.38 1.00 104.86 0.42 -7.04 0.61

The extension of the QM region to include some
solvent molecules around the solute offers an im-
proved description of electrostatic and polarization
intermolecular interactions, and, in addition, intro-
duces non-classical effects such as Pauli repulsion
and dispersion. The comparison of the results be-
tween the QM/MM series Runl and Run2 in Table 1
reveals that the inclusion of five DCM solvent mol-
ecules to the QM region of the model leads to a small
decrease by up to around 4 ppm of all shielding
constants of oxygen atoms in p- or o-citrinin. Fur-
thermore, the computational results of series Run2
can be considered to be the fairly converged w.r.t.
number of quantum-mechanically described solvent
molecules, as further expansion of the QM region
by including 10 DCM molecules leads to further re-
duction of the shielding constants by no more than
around 2 ppm. Finally, we have also used the polar-
izable potential for classical DCM molecules by also
retaining 5 closest DCM molecules to the five oxygen
atom sites in citrinin, thus introducing the full non-
linear many-body description of solute-solvent po-
larization. The comparison of the results of QM/MM
series Run2 and Run4 shows that direct polarization
interactions lead to a small reduction of shieldings of
carbonyl oxygen atoms and a small increase of those
for ether oxygen atoms, while the shielding constants
of hydroxyl oxygens remain barely affected.

The computational results for the O NMR chem-
ical shifts of citrinin are based on the shielding con-

stants of QM/MM series Run4, our best estimate
obtained using the most elaborate model. In Fig. E,
we show our computational results of the relative
7O NMR spectra of p- or o-citrinin tautomers in
the DCM solution. The computed spectra of either
p-citrinin or o-citrinin not at all resemble the shape
of the measured relative ’O NMR spectrum of cit-
rinin in DCM [@] shown in Fig. d(a), signifying
that tautomerism is indeed in action and cannot
be ignored. The qualitative shape of the "O NMR

(a)

(b)

Relative chemical shift (ppm)

Fig. 3. QM/MM-based relative 7O NMR spectra of
p-citrinin (a) and o-citrinin (b) in the dichlorometh-
ane solution. The NMR shielding constant of the O2
atom has been chosen as an internal reference. Refer
to Fig. 1 for atom labelling.
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(a) Experimental

(b)

(c)

Relative chemical shift (ppm)

Fig. 4. (a) Experimental relative O NMR spectrum of
citrinin in the dichloromethane solution, constructed
using data in Ref. [37]. (b) QM/MM-based tautomer-
averaged relative ’O NMR spectrum of citrinin in
dichloromethane, constructed using the experimen-
tally determined equilibrium ratio of p-citrinin and
o-citrinin tautomers of 4-to-3. (¢) QM/MM-based
tautomer-averaged relative O NMR spectrum of cit-
rinin in dichloromethane, constructed using the op-
timized ratio of p-citrinin and o-citrinin tautomers
of around 7-to-4. The NMR shielding constant of
the O2 atom has been chosen as an internal reference
in all cases.

spectrum of citrinin in the DCM solution is recov-
ered by using tautomer-averaged shielding con-
stants according to Eq. (1) and the experimentally
determined tautomeric equilibrium constant of p-
and o-citrinin of 0.75 [@], see Fig. H(b). As seen in
Fig. @(c), he quantitative agreement between com-
putational and experimental spectra has been fur-
ther improved by optimizing the equilibrium ratio
of the two tautomers in the solution via the mini-
mization of the score function

F = (8% - gomp?, 2)

In this equation, §°* and §°™ are, respective-
ly, the experimentally observed and computed
relative 7O NMR chemical shifts of citrinin in
the DCM solution, and the summation runs over
all 5 oxygen sites in citrinin. The optimization
procedure leads to the tautomeric ratio of 7:4 for

p-citrinin and o-citrinin tautomers in the DCM
solution. Our computational estimate of the equi-
librium constant of p- and o-citrinin in the DCM
solution of 0.57 agrees with the experimentally
measured value of 0.75 extremely well. It is note-
worthy that the relative positioning of the NMR
signals of oxygen atoms O13 to O16 has been re-
covered by our computations very accurately even
in quantitative terms as compared to experimental
data, compare Figs. @(a) and (c). Only the separa-
tion between the chemical shifts of ether oxygen
atom O2 and that of O14 has been clearly under-
estimated. A likely cause of this discrepancy could
potentially be attributed to the inaccuracies in
the force field used to describe this particular oxy-
gen atom type in the MD simulations [@].

4. Summary

The tautomeric equilibrium of citrinin in dichlo-
romethane was studied in this work using the clas-
sical molecular dynamics simulations and com-
bined linear-response QM/MM calculations of
the O NMR shielding constants. The MD simula-
tions have shown that solvent distribution around
the para-quinone methide and ortho-quinone
methide tautomers of citrinin is rather uniform,
as is typical for inert solvents without hydrogen
bonding capabilities, and even the solvent struc-
turing around the electronegative oxygen atoms
of citrinin is barely pronounced. The QM/MM
calculations have shown that a significant amount
of the direct solvent effect on the NMR isotropic
shielding constants of oxygen in citrinin is due
to the electrostatic solute-solvent interactions,
although non-classical effects and direct many-
body polarization interactions should be account-
ed for as well. The optimization of the tautomeric
ratio between p- and o-citrinin tautomers was
carried out aiming to obtain the best quantitative
agreement between the experimental and QM/
MM-based relative 7O NMR spectra of citrinin
in the DCM solution. The computed tautomeric
ratio of 7:4 for p-citrinin and o-citrinin tautom-
ers agrees with the corresponding experimental
ratio of 4:3 very well, signifying the near-thermo-
dynamic equivalence of the p-citrinin and o-cit-
rinin tautomers in the DCM solution, with a very
slight preference for the p-citrinin tautomeric
form. The thermodynamic cycle-based quantum
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chemical calculation of the tautomeric equilib-
rium constant of citrinin in DCM leads to the vir-
tually identical conclusion, although the quantita-
tive result of the equilibrium constant should be
regarded as less reliable than that based on com-
putated NMR spectroscopic data. Our attempt to
include the endiol tautomer of citrinin showed
that this tautomer is not stable in the solution
modelled by the dielectric continuum approach.
Therefore, endiol tautomer is not expected to be
formed in the dichloromethane solution of citrin-
in and thus does not contribute to the observed
NMR spectra.
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MIKOTOKSINO CITRININO TAUTOMERINE PUSIAUSVYRA DICHLORMETANO
TIRPALE: VO BMR SPEKTRU MODELIAVIMAS MOLEKULINES DINAMIKOS
SIMULIACIJOMIS IR KVANTINES MECHANIKOS METODAIS

7. Murnikova, K. Aidas

Vilniaus universiteto Fizikos fakulteto Chemineés fizikos institutas, Vilnius, Lietuva

Santrauka

Modeliuota mikotoksino citrinino tautomeriné pu-
siausvyra dichlormetano tirpale naudojant klasikines
molekuliy dinamikos (MD) simuliacijas bei O branduo-
liy magnetinio rezonanso (BMR) ekranavimo konstanty
skai¢iavimus. MD simuliacijos atskleidé, kad dichlorme-
tano tirpiklio molekuliy pasiskirstymas aplink para- ar
orto-chinono metido citrinino tautomerus yra mazai
struktairizuotas, ko ir galima tikétis atsizvelgiant j tai, kad
dichlormetanas yra vidutinio poli$kumo, vandeniliniy
ry$iy suformuoti negalintis tirpiklis. Naudojant jungti-
nius kvantinés mechanikos ir molekulinés mechanikos
metodus buvo apskai¢iuotos p- ir o-citrinino tautomery
0O BMR ekranavimo konstantos dichlormetano tirpa-
le. Remiantis $iy skaic¢iavimy rezultatais, buvo sumode-

livotas suvidurkintas citrinino O BMR spektras, kuris
su eksperimentiniu spektru sutapo geriausiai tada, kai
pusiausvirasis p- ir o-citrinino tautomery santykis buvo
lygus 7:4. Sis apskaiciuotas santykis labai gerai sutapo su
nustatytu eksperimentiskai, lygiu 4:3. Tai rodo, kad abu
citrinino tautomerai yra praktiskai energetiskai lygiaver-
ciai dichlormetano tirpale, pusiausvyrai mazuméle pa-
sislinkus j para-chinono metido tautomero puse. Darbe
taip pat buvo bandoma jvertinti endiolio tautomero jta-
kg citrinino 7O BMR spektrui. Vis délto $is tautomeras
néra stabilus dichlormetano tirpiklyje, kai modeliuojama
dielektrinio kontinuumo metodu. Tikétina, kad citrinino
endiolio tautomeras dichlormetano tirpale nesiformuoja
ir neturi jtakos jo BMR spektrams.



