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Abstract. The molecular structures and intramolecular hydrogen bond of Droxidopa have been investigated
with density functional theory. It is found that strong hydrogen bonds (O-H...N and O...H-0) exist in the title
compound. These hydrogen bonds play essential roles in determining conformational preferences and energy,
which would have important effects in biological activity mechanisms that will strongly influence its char-
acteristics in solution. A computational study of a representative number of actual and model structures was
carried out in five solvents with different polarities and different types of interactions with solute molecules:
water, ethanol, carbon tetrachloride, dimethyl sulfoxide, and tetrahydrofuran, utilizing the polarizable contin-
uum model (PCM) model. The calculations were performed at the B3LYP/6-311++G(d,p) level of theory. In
addition, the topological properties of the electron density distributions for O-H...N(O) intramolecular hydro-
gen bond were analyzed in terms of the Bader’s theory of atoms in molecules. Furthermore, the analyses of
different hydrogen bonds in this molecule by quantum theory of natural bond orbital (NBO) methods support

the density functional theory (DFT) results.
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1. Introduction

The importance of hydrogen bond cannot be overstated.
It is strong enough to influence the arrangement of mol-
ecules in crystals and even the geometry of molecules
participating in these interactions.'”® They influence the
physicochemical properties’~!* and play relevant roles
in important aspects of biological activity mechanisms
like selective binding, molecular recognition and in spe-
cific activities (e.g., anti-tumour activity.'*!> The pres-
ence of a solvent affects molecular properties such as
bond length, electron population on atoms, energy level
separations,'®!” relative stabilities of different conform-
ers of a molecule or different isomers,'®! polarizabil-
ities, dipole moments, NMR and ESR parameters.?’:*!
Its influence on important aspects of the mechanisms
of biological activities, such as molecular recognition®
or interactions with the receptor,” and the fact that
biological activities occur in some medium within liv-
ing organisms>* provide strong motivation for the study
of the solvent effects on the characteristics of biolog-
ically active molecules. The current study investigates
the influence of the presence of a medium (solvent) on

*For correspondence

Droxidopa; intramolecular hydrogen bond; solvent effect; AIM analysis; NBO.

the characteristics of the intramolecular hydrogen bond
(IHB) typical of Droxidopa (figure 1). The study in
solution aims at verifying whether and to what extent
those patterns remain valid, or new patterns emerge,
under different types of solute—solvent interactions.

Droxidopa is an international nonproprietary name
(INN) for a synthetic amino acid precursor of norepi-
nephrine, whose systematic (IUPAC) name is (2R,3S)-
2-amino-3-(3,4-dihydroxyphenyl)-3-hydroxypropanoic
acid (L-DOPS). Droxidopa is a psychoactive drug and
a synthetic amino acid precursor that acts as a prodrug
to the neurotransmitters norepinephrine (noradrenaline)
and epinephrine (adrenaline).”® Unlike norepinephrine
and epinephrine themselves, L-DOPS is capable of
crossing the protective blood—brain barrier (BBB).*
Data from clinical studies and post-marketing surveil-
lance programs conducted in Japan show that the
most commonly reported adverse drug reactions with
Droxidopa are increased blood pressure, nausea, and
headache. In clinical studies to date, data suggest that
Droxidopa is well tolerated and effective as a norepi-
nephrine precursor.?

Five solvents exerting different types of interactions
with the solute molecules are selected: water and etha-
nol (which are capable of forming intermolecular H-
bonds with the solute, with both donor and acceptor
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Figure 1. The geometry of Droxidopa and the numbering
of the atoms.

roles, and also among themselves), tetrahydrofuran and
dimethyl sulfoxide (which can only form intermolec-
ular H-bonds with the solute, with acceptor role), and
carbon tetrachloride (which cannot form H-bonds).
Their different dielectric constants (78.4 for water, 46.7
for dimethyl sulfoxide, 24.6 for ethanol, 7.6 for tetrahy-
drofuran, 2.3 for carbon tetrachloride) enable informa-
tive comparisons from the results of continuum model
(PCM?"-%) calculations. Their different polarities ade-
quately cover the polarity range of possible environ-
ments in which Droxidopa molecules may be preferably
present within a living organism, according to prefer-
ence of individual compounds for more or less polar
solvents.

2. Computational Details

All DFT calculations were performed with the Gaussian
03?° with the default convergence criteria without any
constraint on the geometry. The geometry optimiza-
tions were carried out using the B3LYP method with
6-311++4G**basis set. Calculations in solution were
performed with the polarizable continuum model
(PCM) as employed in the Gaussian 03 package, with
its default settings for building the cavity around the
solute, with simple United Atom Topological Model
(UAO) for the atomic radii (default values) and aver-
age tesserae area 0.200 A2 Calculations used the
vacuum optimized geometries as inputs, and performed
reoptimization in solution at the same level of theory
(reoptimization being the only choice for the study of
geometry-related characteristics similar to the parame-
ters of the IHB, besides its general importance for the
quality of the description of the solvation phenomenon).
The nature of the intramolecular hydrogen bonds exist-
ing within Droxidopa in vacuum and in the five solvents
was studied by means of the Bader theory of atoms in
molecules (AIM). The calculated electron density, p,
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and its second derivative, V2 p, were used for describing
the nature of the intramolecular O-H...(O)N bonds. The
AIM2000 program was used to find the bond critical
points (BCPs) and analyze.*® Finally, for comprehen-
sive understanding of the nature of intramolecular inter-
actions, the natural bond orbital (NBO) method was
utilized.?' For the sake of conciseness, the environment
will be denoted with the following acronyms on report-
ing values: VAC (vacuum), CC (carbon tetrachloride),
THF (tetrahydrofuran), DMSO (dimethyl sulfoxide),
ET (ethanol), and AQ (water).

3. Results and Discussion
3.1 Molecular geometry

The geometry of Droxidopa and the numbering of atoms
and the geometrical parameters of selected parameters
in VAC and in the five solvents are given in figure 1 and
table 1, respectively.

The same atom numbering as for the study in VAC
is utilized for all the environments to facilitate the com-
parisons. The geometrical parameters showed that the
N...H, O...H distances and 6_p. Ny, f0-n..0) In Droxi-
dopa molecule are in the range of 1.834-1.904, 1.929-
1.938-A and 124.57-126.96, 139.57-141.72 degree,
respectively. It is well-known that the geometrical
parameters of the HB reflect the strength of the bond.
In many cases, there is a clear relationship between
these parameters and the strength of hydrogen bond.
The smaller the N...H and O...H distances and the larger
Oo-n..Ny and 6o_u._o) angle in the Droxidopa in vac-
uum and in the five solvents, the stronger is intramolec-
ular hydrogen bonds. Results in table 1 show that in AQ
solution, the 6o_u._ Ny and 6(o_p._ o) angles are larger and
both N...H and O...H intramolecular hydrogen bonds
are stronger than the other solutions. These parameters
in CC solution are closed to VAC environment, because
the dielectric constant of CC is very small. As shown in
this table, analysis of bond lengths indicates that rc_qo
are lengthened, with respect to the Droxidopa molecule
in VAC. These lengthening of single bonds could be
attributed to the increasing quantification of electron
delocalization, which in turn causes the hydrogen bond
to become stronger than that for Droxidopa molecule
in VAC. Therefore, among the environments studied in
this work, the lengthening of C—O bonds is observed in
solution. Alternatively, the main solvent effect is short-
ening the N...H and O...H distances compared with the
corresponding value in VAC. These structural changes
in Droxidopa suggest a stronger hydrogen bond in
solutions than that in VAC.



141.27

025-H26-021
139.57
140.38
141.60
141.68
141.72

022-H23-N18
124.57
125.58
126.45
126.86
126.93
126.96

N18...H23
1.904
1.875
1.849
1.837
1.835
1.834

C15-N18
1.468
1.467
1.466
1.466
1.466
1.466

022-H23
0.985
0.989
0.993
0.995
0.995
0.995

C17-022
1.332
1.330
1.328
1.326
1.326
1.326

021...H26
1.938
1.937
1.933
1.930
1.930
1.929

0.972
0.972
0.972
0.972
0.972

025-H26
0.972

1.421
1.426
1.429
1.429
1.430

C14-025
1.417

1.210
1.213
1.216
1.217
1.217
1.217

The geometrical parameters (bond distance in A and bond angle in °) of Droxidopa in vacuum and in five solvents.
021-C17

Table 1.
Environment
VAC

CC

THF

ET

DMSO

AQ
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3.2 H-bond energies

One of the most important features of intramolecular
H-bond is its strength. The IHB energy plays a sig-
nificant role in conformational preference, in which its
value mainly depends on the choice of the resonance
state. Many authors have devised various methods to
estimate the energy of IHB. In the Schuster method,*
it is assumed that the energy difference between the
close (with HB) and open (without HB) conformers
is equal to HB energy. But this energy gap also con-
tains some conformational contributions that cannot be
a direct measure of the HB energy. In recent years, the
powerful method of Espinosa® is often applied for the
estimation of H-bond energy. In this method, the H-
bond energies may be estimated from the properties of
bond critical points. Espinosa and co-workers have pro-
posed a simple relationship between the hydrogen bond
energy and the local electron potential energy density

V(rcp) at poy.. u:
Eus = 1/2 V(rcp) ()

Corresponding to the Abramov’s relation** at the criti-
cal point:

3 232 3 1,
G(rcp) = (E)GTF ) Pgery T (g)v p(rep)  (2)

The local potential energy density V(rcp) can be
obtained from the virial equation:

1
2G(rcp) + V(rep) = (Z)VZP(VCP) 3)

All values in the relations mentioned above are
expressed in atomic units. Eyg energies calculated from
the potential energy densities of O...H and N...H con-
tacts are included in table 2. These values suggest that
the H-bond strength in solutions is relatively stronger
than VAC, which is in agreement with calculated geo-
metrical parameters (table 1).

It is worth mentioning that Eyg correlates to the geo-
metrical parameters, which are usually assumed to be
good descriptors of the H-bond strength. The linear cor-
relation coefficient for the dependency of Eyp versus
oy and ry_y is 0.989 and 0.998, respectively. It means
that Eyp is a good description of the H-bond strength.
Furthermore, as shown in figure 2, there are very excel-
lent logarithmic correlation coefficients for the depen-
dency of Eyp versus dielectric constant (¢) as the fol-
lowing equations for both N...H and O...H hydrogen
bond strength:

Eyg = —0.16lneg —29.86for O-H...O IHB and
Eyg = —1.63Ineg —45.62for O-H...N IHB



Table 2. Topological parameters (in a.u.) and intramolecular hydrogen bond energies (kJ/mol) of Droxidopa in vacuum and in five solvents.

Eyg (O-H...0) Egp (O-H..N)

V2 pgcp (O-H...N)

ppcp (O-H..0)  V2ppep (O-H...0) V2 ppcp (O-H...N)

Vz100...H PN..H Vsz...H

£o..H

Environment

—42.389
—46.147
—49.849
—51.496
—51.837
—51.991

—30.012
—29.975
—30.196
—30.404
—30.485
—30.528

0.1652
0.1724
0.1790
0.1817
0.1823
0.1826

0.0284
0.0293
0.0301
0.0304
0.0305
0.0305

0.0837
0.0833
0.0832
0.0833
0.0833
0.0834

0.0155
0.0154
0.0153
0.0153
0.0153
0.0153

0.1074
0.1093
0.1103
0.1106
0.1106
0.1106

0.0368
0.0393
0.0417
0.0427
0.0430
0.0431

0.0972
0.0971
0.0975
0.0979
0.0981
0.0982

0.0279
0.0279
0.0281
0.0282
0.0283
0.0283

VAC
cC
THF
ET
DMSO
AQ
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Figure 2. The relationship between the Eyg (in kJ/mol)
and dielectric constant.

3.3 Charge Density Properties

The precise mapping of the distribution of charge density
in H-bonded systems is a classical topic in structural
chemistry, with a large number of individual studies
reported. Currently, quantum theory of atom in mole-
cule (QTAIM)™® is the most frequently used formalism
in theoretical analyses of charge density. Here, each
point in space is characterized by a charge density p(r),
and further quantities such as the gradient of p(r), the
Laplacian function of p(r), and the matrix of the second
derivatives of p(r) (Hessian matrix). The relevant defi-
nitions and the topology of p(r) in a molecule or molec-
ular complexes can be best understood with the help
of an illustration. If there is a chemical bond between
two atoms (such as HB), they are directly connected
by a trajectory called the ‘bond path.” The point with
the minimal p value along the bond path is called the
BCP, which represents a saddle point of p(r). Strictly
speaking, trajectories terminate at the BCP, so that the
bond path represents a pair of trajectories, each of
which connects a nucleus with the BCP. Figures 3 and 4
present the molecular graph and contour map of Drox-
idopa obtained from the B3LYP/6-3114+G(d,p) wave
function, respectively.

The calculated electron density, p, and its second
derivative, V?p were used for describing the nature of
the intramolecular O— H...O and O-H...N bonds. The
calculated electron density (p), its Laplacian (V?p) at
bond critical points and charge density at ring critical
point (prep), and its Laplacian (V2 pgcp) for Droxidopa
in VAC and in the five solvents are given in table 2
and shown in figure 3. The calculated electron density
properties of Droxidopa in VAC and in the five solvents
demonstrate that the O...H bonding has a low p (ranging
from 0.02793 to 0.02828), and positive V?p values
(ranging from 0.09722 to 0.09815). Similarly, the calcu-
lated electron density properties of Droxidopa in VAC
and in the five solvents show that the N...H bonding has
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Figure 4. The contour map of Droxidopa in vacuum and in five solvents obtained from the B3LYP/6-311++G(d,p) wave
function in plane with three selected points: A(2.42, 3.06, 2.07), B(7.33, 1.88, 0.82), and C(7.97, —1.56, —1.52).

low p (ranging from 0.03676 to 0.04307), and positive
V?p values (ranging from 0.10743 to 0.1063). These
properties are typical for closed-shell interactions as
HBs and indicate electrostatic character of the O..H
and N...H bonding. With considering calculated topo-
logical parameters, we can conclude that the main sol-
vent effect is an increase in electronic densities at the
ring critical points (prcp). This fact indicates that the
hydrogen-bond strength in solution is stronger than that
of the VAC. Another topic analyzed here is the exis-
tence of the ring critical point (RCP) for closed configu-
rations. The V2 prep is a point of the minimum electron
density within the ring surface and a maximum on the
ring line.*

As shown in figure 4, the density value is arbitrarily
terminated at the positions of the carbon, oxygen, and
nitrogen nuclei. The lower maps illustrate the trajecto-
ries traced out by p, the gradient vectors of the density.
The contour map is overlaid with the trajectories of p
associated with the bond cps that define the bond paths

and the intersection of the interatomic surfaces with the
plane of the diagram.

It has been mentioned recently that for IHB, there
is a correlation between the electron density at the
bond critical point corresponding to the contact within
the H-bridge and the electron density at the RCP.!
There is a linear relationship between Eyg and VZp
at the RCP. The corresponding correlation coefficient
amounts to 0.998 for N...H bond (with equation as
Eyg = —554.1V2 prep +49.234). This implies that the
properties of the RCP values could be very useful to
estimate the strength of IHB. Their values permit us to
have a better understanding of these novel correlations.
The derived relationships from these graphs empower
us to acquire other physically meaningful results.

3.4 NBO analysis

The natural bond orbital (NBO) analyses were applied to
evaluate the hydrogen bond strength in the Droxidopa
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in VAC and in the five solvents. The NBO method
shows that for typical hydrogen bonding, a two-electron
ng — oy, intermolecular donor—acceptor interaction
exists where electron density from the lone pair np of
the H-acceptor delocalizes into the unfilled o, anti-
bonding orbital of the H-donor. The nz — oy, orbital
overlap is characteristic for hydrogen bonding interac-
tion. The hydrogen bond formation leads to an increase
in the occupancy of the oy, antibond orbital and
hence the weakening and lengthening of the X—H bond.
This leads to the red-shifted vx_y stretching frequency.
Therefore, electron delocalization or charge transfer
(CT) effects between ny and o5, may be estimated by
second-order perturbation theory:

(np |F |ogy)?

EQ2)=-2
e(ogy) —e(ng)

“4)

where (ng|F |0y, ) is the Fock matrix element
between the ny and oy, orbitals, e(oy,) —e&(ng) is
the orbital energy difference (the difference of diago-
nal Fock matrix element). It is worth mentioning that
the CT and the corresponding lowering of energy are
attributed to hydrogen bonding interactions. In other
words, the second-perturbation energies E(2) lowering
is responsible for the orbital interaction of H-bond, the
larger E(2) values correspond to stronger CT interaction
occurring in the H-bond. The results of NBO analysis
are listed in table 3.

In the NBO analysis of hydrogen bond system, the
charge transfer between the lone pairs of proton accep-
tor and antibonds of the proton donor is the most impor-
tant parameter. The results of NBO analysis illustrate
that in the structure of Droxidopa, two lone pairs of
oxygen atom (n,O) and a lone pair of nitrogen atom
(n N) participate as donors and the o *o_y interactions
behave as acceptors in relatively strong intramolecu-
lar charge transfer interactions with the energy val-
ues presented in table 3. The energy corresponds to
the n,O(nN)— o *o_y interaction, which is connected
with the maximum n,O(nN)— o*o_y overlap, lead-
ing to a linear, or nearly so, geometry of the O-H...O
and N-H...O hydrogen-bonded system, respectively.
Hydrogen bonding causes an increase of the occupancy
of the 0*p_y antibond orbital and further weakening
and lengthening of the O-H bond. These orders of
energy values again support the calculated intramolec-
ular hydrogen bonds strength values in Droxidopa in
VAC and in the five solvents.

It is worth mentioning that the NBO energy con-
nected with n,O(nN)— o *g_ overlap nicely corre-
lating with other geometrical and topological parame-
ters. Moreover, we found out that there is an excellent

The NBO analysis of Droxidopa in vacuum and the five solvents; occupation number (O.N.) of some important orbitals and their energies, second-order

Table 3.

perturbation energy (E® in kJ/mol) of some important orbital interactions.

E® nN18— 0300123

*
025H26

) E® n,02— o,

Environment O.N. (n,021) E (n,021) O.N (nN18) E (nN18) O.N. 05ss106) E 05sma6)  O-N. 0320123)  E 0800123

47.8855
55.9223

27.0821
27.3333

0.3657
0.3625
0.3587
0.3571
0.3567
0.3566

0.0390
0.0443

0.4358
0.4354
0.4344
0.4340
0.4339
0.4338

0.0244
0.0246

—0.3660
—0.3584
—0.3517
—0.3487
—0.3480
—0.3476

1.9236
1.9176

—0.2902
—0.2938
—0.2975
—0.2989
—0.2993
—0.2994

1.8474
1.8515

VAC
CC

64.0009
67.6425
68.3960
68.7308

27.8356
28.1286
28.2541

0.0496
0.0520
0.0525
0.0527

0.0249
0.0252
0.0253
0.0253

1.9115
1.9088
1.9082
1.9079

1.8553
1.8568
1.8571
1.8572

THF
ET

DMSO
AQ

28.2960
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correlation between Eyg versus n,O— o*o_y and
nN— o *o_y with correlation coefficient of 0.955 and
1.00, respectively. These kinds of correlations are
important, because they permit us to quantitatively dic-
tate the strength of such interactions and provide a phys-
ical explanation for the process. Eventually, the NBO
and AIM analyses show that the strength of the IHB
increases with the increase of the solvent dielectric
constant.

4. Conclusion

We have examined two types of IHBs for Droxidopa
in vacuum and five solvents using B3LYP level of the-
ory at the 6311+4+G(d,p) basis set. The results obtained
from the DFT calculations and the topological param-
eters derived from the Bader theory suggest that the
stronger HB can lead to lengthening the O-H bond and
shortening the N...H and the O...H distances. Our calcu-
lated RCP values are useful descriptors of the strength
of IHBs, emphasizing that there is a correlation between
Exs and the other parameters such as solvent dielec-
tric constant. Moreover, the calculated electron densi-
ties and Laplacian properties of Droxidopa in vacuum
and five solvents illustrate that O(N)...H bonding have
lower p and positive V2p values. These properties are
typical for closed-shell interactions as HBs that indicate
electrostatic characters of the O(N)...H bondings. NBO
analysis indicates that there is an excellent linear corre-
lation between Eyp and n,O(nN)— o *o_y charge trans-
fer in vacuum and five solvents. Overall, our theoretical
calculations show that the strength of the IHB increases
with the increase of the solvent dielectric constant and
we found a good correlation between these parameters.
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