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a b s t r a c t

Density functional theory calculations, with B3LYP functional and 6-311þþG(d,p) basis set are performed
with the aim to support the molecular structure and the spectroscopic characteristics of 3-
methoxytyramine, the major extracellular metabolite of dopamine. Natural Bond Orbital (NBO) and
Quantum Theory of Atoms in Molecules (QTAIM) analysis were used to explain the specific interactions
in the most stable conformations in vacuum and water. The conformer resembling the crystallographic
structure was compared to the experimentally available data and NMR spectra. The detailed vibrational
spectral analysis and the assignments of the bands, done on the best-fit basis comparison of the
experimentally obtained and theoretically calculated IR and Raman spectra, match quite well indicating
DFT calculations as very accurate source of normal mode assignments. The obtained results demonstrate
the applicability and performance of DFT calculations in conformational analysis of 3-methoxytyramine
at the state of the isolated molecule. The molecular docking showed that the most stable conformation in
vacuum was not the most stable one when docked in protein, proving that only the weak interactions
stabilize the gaseous phase conformations.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Dopamine (DA) is catecholamine which functions as hormone
and neurotransmitter in the peripheral endocrine and the central
nervous system. Dopamine and its metabolites continue to receive
considerable research attention due to their extraordinarily
important functions under in vivo. It is known that they regulate
physiological processes and are considered as the main chemicals
in the development of endocrine, cardiovascular, neurological and
psychiatric diseases [1,2].

The major extracellular metabolite of dopamine, 3-
methoxytyramine (3-MT, aka 3-methoxy-4-hydroxyphenethylamine,
4-(2-aminoethyl)-2-methoxyphenol or 3-O-methyldopamine), is
produced by dopaminemethylation via catechol-O-methyltransferase
(COMT) [3]. 3-MT is not just an inactive metabolite of dopamine,
but a neuromodulator [4] that in certain cases may be involved
in movement control. It can be further decomposed to homovanillic
acid by monoamine oxidase and aldehyde dehydrogenase. Its
ovi�c).
complete characterization can be helpful in understanding the
pathophysiology of brain disorders which lead to schizophrenia,
Parkinson's and some other diseases [1,2]. According to the literature
data [5] 3-MT could be a very good indicator for the decreased
release of dopamine because the change in release of this neuro-
transmitter is rapidly reflected in formation of 3-MT. The elevated
concentrations of 3-MT, along with other cathecholamines, may
indicate mental disorders as well as the development of pheochro-
moecytomas and paragangliomas (PPGL), tumors arising from the
adrenal andextra-adrenal chromaffincells [6e10]. The laboratory tests
have also shown that 3-MTconcentration is associatedwith the tumor
size and genetics of PPG [11e13]. However, the experimental data
from patients with this type of tumor, have proved that the investi-
gated compound has controversial place. The results were in favor
of the non-specificity associated with the dopamine-secreting PPGL
and there were no differences in 3-MT concentration between
different tumors diagnosed [14]. Due to its importance there
are several fast techniques developed for determination of its con-
centration, including the automated fluorimetric assay [15], the liquid
chromatography with the amperometric detection in urine [16,17],
and mass fragmentation from rat brain [18].
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The present study comprises in vitro experimental (IR, Raman,
NMR, UVevis, crystallographic) and DFT theoretical approaches in
analysis of 3-MT structure which, to the best of our knowledge,
have not been done yet. The other metabolites of dopamine,
3,4-dihydroxyphenylacetic acid (DOPAC) [19] and homovanillic
[20], were investigated by the means of DFT calculation and
compared to the experimental spectra. For the detailed theoret-
ical description of the investigated molecule various methods
were used: Natural Bond Orbital (NBO), Quantum Chemistry of
Atoms in Molecules (QTAIM), TD-DFT, Potential Energy Distribu-
tion (PED) and Gauge Independent Atomic Orbital (GIAO) anal-
ysis. Comparison of the obtained spectra and the theoretical
calculations has been performed in order to verify the predicted
stability of conformers and discuss the specific interactions
governing the structure.
2. Experimental and computational methods

2.1. Experimental

2.1.1. Chemicals
3-MT was purchased from a commercial source (Aldrich) and

was used without further purification. Potassium bromide (IR
grade) was also purchased from a commercial source (Aldrich).
2.1.2. IR, Raman, UVeVis and NMR spectra
The IR spectrum was recorded on Avatar 370 -Thermo Nicolet

FTIR spectrometer. The spectrum was recorded in the middle,
4000e400 cm�1, IR region with the spectral resolution of 2 cm�1.
3 MT was studied in the potassium bromide matrix with a ratio of
(1: 200) mg (3 MT: KBr).

The Raman spectrumwas registered on a Thermo Scientific DXR
Ramanmicroscope in the 3500e400 cm�1 range. The spectrumwas
excited with the diode pumped solid state high-brightness 532 nm
laser. The objective lens was 50� . The scattered light was analyzed
by the spectrograph with a 900 lines/mm grating. The spectrum
was obtained directly from the pure powder samples. The laser
output was kept at 10 mW. Acquisition time was 10 s with 10 scans.
The fluorescence correction has been done. Thermo Scientific
OMNIC software was used for data acquisition and data processing.

The Raman scattering activities were used for derivation of the
theoretical Raman intensities (IRi ):

IRi ¼ Cðy0 � yiÞ4$y�1
i $B�1

i $Si (1)

The quantity Bi is temperature factor including the contribution
of excited vibrational states, as predicted by Boltzmann
distribution.

Bi ¼ 1� exp
�
� hyic

kT

�
(2)

In Equations (1) and (2) the quantities have the following
meanings: h, k, c, and T are Planck and Boltzmann constants, speed
of light and temperature, respectively. y0 is the wavenumber of the
laser excitation line (y0 ¼ 18797 cm�1 corresponding to 532 nm), yi
is the wavenumber of the normal mode (cm�1), while Si is the
Raman scattering activity of the normal mode Qi. The calculated
Raman intensity,IRi , is expressed in arbitrary units (C is a constant
equal to 10�12). The value of factor Bi was assumed to be 1 due to
low contribution of the excited vibrational states. The calculated
Raman intensities for the bands below 300 cm�1 were extremely
overestimated when compared to the experimental values [21].

The NMR spectra were recorded on a Varian Gemini 200 MHz
NMR spectrometer (1H at 200 and 13C at 50 MHz). The spectra were
recorded in DMSO-d6 with TMS as the internal standard. The
UVeVis spectrum of the water solution of 3-methoxytyramine was
obtained on Cintra GB 10 UVeVis spectrophotometer in the range
between 210 and 320 nm.

2.2. Theoretical

All of the calculations presented in this paper were performed in
the Gaussian Program Package [22] with B3LYP functional [23] in
conjunction with 6e311þþG(d,p) [24] basis set. The most stable
conformers of the protonated 3-methoxytyramine were deter-
mined by the rotation of the aliphatic chain around two dihedral
angles and minima of the potential energy surface were identified.
The stable conformers were obtained by full optimization and no
imaginary frequencies were present. In order to encounter for the
possible solvent effects SMD model [25] was used. TD-DFT
approach [26] was employed for predicting the electronic transi-
tions and calculation of the parameters important for the theoret-
ical UV-VIS spectra. The vibrational (Infra-red and Raman) spectra
were calculated based on the gas-phase geometries. For the anal-
ysis of the normal modes VEDA program [27] and PED (Potential
Energy Distribution) analysis [28] were performed in order to
obtain the percentage of the normal modes in all of the calculated
frequencies. GIAO (Gauge Independent Atomic Orbital) approach
[29,30] was used for the simulation of NMR spectra of the inves-
tigated compound relative to TMS. The Natural Bond orbital (NBO)
analysis [31] was performed for the explanation of the interactions
inside the molecule and visualization of the orbitals involved in the
electronic transitions. The specific intramolecular interactions were
further investigated by the means of Quantum Theory of Atoms in
Molecules (QTAIM) [32]. The molecular docking simulations were
carried out using the AutoDock 4.0 software. The three-
dimensional crystal structure of Human C-Reactive Protein was
obtained from Protein Data Bank (PDB ID:1b09) [33]. The protein
was prepared for docking by removing the co-crystallized ligand,
water molecules and co-factors using the Discovery Studio 4.0 [34].
AutoDockTools (ADT) graphical user interface was used to calculate
Kollman charges and to add polar hydrogen. In this automated
docking program, the flexibility of the ligands was considered
while the protein or biomolecules was considered as a rigid
structure. All bonds of the ligands were set to be rotatable. All
calculations for protein-ligand flexible dockingwere done using the
Lamarckian Genetic Algorithm (LGA) method. The grid box with a
dimension of 124.5 � 150.4 � 6.322 points was used so as to cover
the protein binding site and accommodate the ligands to move
freely. Although the used ligands showed from seven to fifteen
possible docking positions, only the best ones are presented. The
iInhibition potency of the deprotonated and protonated forms of 3-
MT were investigated.

3. Results and discussion

3.1. Geometry optimization

The structure of dopamine and its metabolite, 3-
methoxytyramine (3-MT) differ only in methoxy group which re-
places hydroxyl group (Fig. 1.). This induces several changes in the
possible conformer search because of the volume of this group and
the lost ability for the formation of hydrogen bond with other OH
group. The starting structures for the geometry optimization are
those discussed as crystallographic structures [35]. For the
conformer search, there are three positions of hydroxyl and
methoxy groups relative to the aliphatic chain: to the left (l) (where
the hydrogen bond is formed OeH/OeCH3), to the right (r) (no
hydrogen bond is formed) and opposite (o) (Supplementary



Fig. 1. Structure of the most stable conformers of 3-methoxytyramine in gas phase: a) 1-l (with atom numbering), b) 3-l and c) 4-l.

Table 1
The comparison of experimental and theoretical values of structural parameters.

Bond/angle Experimental Theoretical

O1eC4 1.37 1.35
O2eC3 1.38 1.36
O2eC9 1.43 1.43
N2eC8 1.48 1.54
C1eC2 1.39 1.40
C1eC6 1.39 1.39
C1eC7 1.52 1.52
C2eC3 1.38 1.39
C3eC4 1.40 1.41
C4eC5 1.36 1.39
C5eC6 1.40 1.39
C7eC8 1.48 1.53
C3eO2eC9 118.2 119.4
C2eC1eC6 118.2 119.4
C2eC1eC7 119.0 120.2
C6eC1eC7 122.8 120.3
C1eC2eC3 121.4 120.1
O2eC3eC2 125.0 126.2
O2eC3eC4 114.6 113.7
C2eC3eC4 120.3 120.1
O1eC4eC3 116.8 120.5
O1eC4eC5 124.6 119.8
C3eC4eC5 118.6 119.7
C4eC5eC6 121.1 120.1
C1eC6eC5 120.4 120.7
C1eC7eC8 115.1 109.9
N1eC8eC7 113.3 111.0
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material, Fig. S1). The rotation in these structures is allowed around
two angles, denoted as a(C1eC7eC8eN1) and b(C6eC1eC7eC8).
During the geometry optimization twelve stable rotamers, four for
each relative position of the side groups, were obtained and their
structures are shown in Supplementary material, Fig. S1. Tables S1
and S2 give the differences in enthalpies and Gibbs free energies for
all of the investigated conformers in vacuum and for conformers
with the left and the opposite orientation in aqueous solutions.
Based on the thermodynamic parameters, the most stable con-
formers are those with the left orientation of the side groups. The
general order of conformers is l < o < r, within range 0e54 kJ/mol,
proving the importance of the positions of hydroxyl and methyl
groups. This agrees with the previous theoretical investigation of
the similar molecules [19,20,36]. Three most stable conformers,
relevant for the further discussion, are presented in Fig. 1. The
corresponding Cartesian coordinates are presented in Supple-
mentary material (Tables S3, S4 and S5).

The most stable conformer of 3-MT resembles the one ob-
tained for dopamine by Lagutschenkov et al. [36], proving that the
methoxy group does not have the significant effect on structure.
Both of the gauche conformations, 3-l and 4-l, are more stable
than anti, 1-l, by more than 20 kJ/mol. The rotation barriers of
1/3 and 1/4 transitions for the protonated form are relatively
high, around 40 kJ/mol, and 25 kJ/mol for 3 / 4 transition. As
discussed in previous works [37], in gauche conformation of 2-
phenethylamines NH3

þ can possibly interact with p-system of ar-
omatic ring. Because of this in systems like XeCH2eCH2eNH3

þ, the
gauche conformation is more stable if X is aromatic ring, as found
in other similar compounds like dopamine [38], histamine [39]
and 2-phenethylamines [37]. One the most prominent structural
changes between the anti and gauche conformations is the elon-
gation of one of the NeH bonds in latter as a sign of stabilization
and formation of NeH … p interactions. All of the NeH bonds in
1-l are of the order of 1.024 Å, while in 3-l and 4-l structures one of
NeH bonds is 1.033 and 1.037 Å respectively which, can be taken
as the result of the strong interaction of proton donor with aro-
matic ring. The global minima in the protonated 3-l form are
characterized by the intramolecular NeH… Caromatic bond lengths
of 2.34 Å (with C1) and 2.98 Å (with C2). The global minima in the
protonated 4-l form are 2.35 Å for NeH/C1 and 2.36 Å for
NeH/C2. All these bond lengths are observed in stable con-
formers of dopamine [36].

In the protonated form, the differences in energy in aqueous
solutions are much lower, of the order of several kJ/mol, probably
because of the interactions between molecule and the polarizable
continuum and NH3

þ and the aromatic ringwhich are comparable in
strength. More detailed analysis of the intramolecular interactions,
explaining the stability of these conformations, is given in QTAIM
and NBO analysis section of the paper.
3.2. Comparison with crystal structure

The crystal structure of the investigated molecule was deter-
mined byOkabe and coworkers [35]. The obtained structure has the
amino side chain perpendicular to the catechol ring, which con-
tradicts the structure of the rest of catecholamines [35]. In the
previouslymentioned reference of Okabe this structure is discussed
to resemble the biologically very reactive dopamine conformer.
From the theoretical point this structure is a transition state during
the rotation around the dihedral angle and cannot be considered as
stable, especially with the oppositely directed groups having larger
energy differences.

The experimental crystallographic parameters for 3-
methoxytyramine hydrochloride are compared to those calcu-
lated for the elongated structure, because of the resemblance e 1-l
and results given in Table 1. The numeration of atoms that follows
the reference data of Okabe and Mori [40] is given in Fig. 1. The
values for bonds are, in all cases, overestimated about 0.02 Å, while
the values for the catechol moiety and CeO being very well
reproduced. The difference of 0.04 Å, is observed for a single N1eC8
and C7eC8 bond in the aliphatic chain and this can be understood
as a consequence of the free rotation around this bond. When it



Table 2
Experimental and calculated chemical shifts in13C NMR spectra for 1-l and 4-l
structure of 3-MT (at B3LYP/6-311þþG(d,p) level of theory).

Atom Experimental chemical shift Scaled chemical shift

1-l 4-l

C7 35 41 37
C8 43 56 49
C9 58 61 57
C2 117 111 113
C1 119 113 115
C5 125 123 125
C6 132 130 134
C3 148 152 150
C4 150 153 151
R 0.993 0.998

Table 3
Experimental and calculated chemical shifts in 1H NMR spectra for 1-l and 4-l
structure of 3-MT (at B3LYP/6-311þþG(d,p) level of theory).

Atom Experimental chemical shift Scaled chemical shift

1-l 4-l

H7A 2.95 3.15 2.75
H7B 2.95 3.21 3.15
H8A 3.27 3.71 3.30
H8B 3.27 3.74 3.49
H9A 3.89 4.23 3.85
H9B 3.89 4.23 3.85
H9C 3.89 4.48 4.20
H6 6.82 7.02 6.80
H2 6.99 7.03 6.90
H5 7.03 7.03 6.90
R 0.996 0.996
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comes to angles, these values were also reproduced well within 2�,
except in certain cases, but with the differences somewhat lager in
comparison to those obtained for the bond lengths. In general, the
theoretically obtained values have been larger. The largest
discrepancy in angle values is obtained for O1eC4eC3 and
O1eC4eC5, because of the hydrogen bond predicted by theory, but
experimentally not observed in the crystal state. The other large
difference, of about 4�, is obtained for C1eC7eC8 and can be taken
as the consequence of the free rotation. It is evident that structure
obtained at the B3LYP/6-311þþG(d,p) level describes the experi-
mental values well.

3.3. NMR analysis

The experimental 1H and 13C NMR spectra are obtained for 3-
metoxytyramine hydrochloride in DMSO as solvent. For the esti-
mation of the chemical shifts the GIAO method is used, as it is
proven to give good results for the similar chemical compounds
[20,41]. The structure of 1-l and 4-l are used for the prediction of
the NMR spectrum in order to verify the presence of both in solu-
tion. The chemical shifts are calculated relative to TMS. The
chemical shifts obtained in this way are systematically over-
estimated because of which their values are scaled. For the com-
parison of the experimental and theoretical shifts the least square
method is used. The scaling factors were determined based on this
method and their values for 13C and 1H are 0.949 and 0.932,
respectively. The chemical shifts are shown in Tables 2 and 3. The
experimentally determined 1H and 13C NMR spectra are given in
Supplementary material (Fig. S2 and S3).

The agreement between the experimentally and theoretically
obtained data is very good, with the high correlation coefficients of
0.993 and 0.998 for 13C and 0.996 for 1H NMR. The better agree-
ment for carbon atoms is usual for this type of compounds, but it
should be beard inmind that in polar solvents the energy difference
between the different conformers are quite low, thus allowing the
presence of different conformers [41]. This is a consequence of
rotation around the dihedral angles and weak interactions that are
responsible for the partial stabilization of the specific conformers,
because of which there are some notable differences between the
experimental and theoretical results, especially for C7 and C8
which are influenced by the rotation around the dihedral angles.
For the carbon atoms of the aromatic moiety the chemical shifts are
reproduced very well. The agreement of data for hydrogen nuclei is
also very good, but with differences in chemical shifts that aremore
prominent.

3.4. Vibrational spectral analysis

For the theoretical investigation 1-l structure of 3-MT, obtained
from the starting structure with crystallographic data, is used. To
the best of our knowledge the experimentally obtained and
assigned spectra of this important metabolite are not present in
literature. It is important to mention that not the most stable
conformation is used for this analysis, because it is assumed that in
the solid state or solution this is not the dominant conformation. In
the solid state the weak intramolecular interactions are probably
overcome by the hydrogen bonds between NeH and other elec-
tronegative atoms. The total of 72 normal modeswas obtained from
the calculation. 3-MT is a low symmetry molecule and the most of
the modes are present in both spectra, although the relative in-
tensities are different. The scaling factor both for IR and Raman
spectra of 0.980 was determined by the least squaremethod, on the
basis of the experimental IR data. The scaled values are shown in
Table 4 along with the experimental wavenumbers, bands' as-
signments in the mid-IR region and the corresponding PED values.
The scaled wavenumber values are used for further discussion. The
vibrational mode peaks were assigned based on the best-fit com-
parison and VEDA program [27].

The data from Table 4 verify the linear correlation between the
experimental and theoretical wavenumbers. The quality of this
dependence was evaluated by the value of the correlation coeffi-
cient. The value of this descriptor between the experimental and
theoretical wavenumbers are higher than 0.99, for both IR and
Raman spectra. The comparative experimental and theoretical
spectra are given in Fig. 2, and it is evident that wavenumbers are
well reproduced, with the calculated intensities depending on the
prominence of the specific transitions. Because the gas phase ge-
ometry was used for the comparison, a certain degree of discrep-
ancy is expected. This is especially true for the normal modes
influenced by the hydrogen bond, which is an important parameter
in the solid state. This is proven when the less polar groups are
compared to the polar groups (NeH and OeH), showing lower
inconsistency. In the following text the most prominent bands are
discussed.

The distinct broad band in the IR spectrum of 3-MT, which ap-
pears in the high frequency region (4000e2000 cm�1) is assigned
to the NeH stretching vibrations of the aliphatic chain (Table 4).
The broadness of this mode is possibly due to the formation of the
hydrogen bond within the solid phase sample, because of the
presence of very polar group within the molecule. The high fre-
quency region is also characteristic to the CeH stretching modes
belonging to both, the aromatic ring as well as the aliphatic chain.
The vibrational contributions to the normal stretching modes (PED
values) (Table 4) in the 3440-2940 cm�1 region are also assigned
solely to the NH and CH stretching modes themselves (98e100%)
while the rest of the modes are presented as the combination of the
various contributions.



Table 4
Experimental and calculated positions of the bands in IR and Raman spectra of 3-MT, assignments, intensities and PED analysis of the normal modes.

Experimental B3LYP/6-311þþG(d,p)

Mode assignment nir exp [cm�1] nraman exp [cm�1] nscaled [cm�1] IR intensity Raman intensity Raman activity PED (%)

NH stretching (b) 3440 m 3415 0.36 69.7 1099.2 nNH(100)
CH stretching (a) 3147 m 3142 vw 3138 0.00 144.7 2673.3 nCH(97)
CH stretching (a) 3088 vw 3096 0.04 73.1 1383.6 nCH(97)
CH stretching (b) 3068 m 3088 0.00 20.1 382.2 nCH(98)
CH stretching (b) 3032 m 3029 0.01 53.3 1050.3 nCH(99)
CH stretching (a) 3027 s 3022 0.11 45.4 897.1 nCH(99)
CH stretching (b) 3008 m 2995 0.04 61.9 1243.4 nCH(97)
CH stretching (a) 2947 vs 2957 0.15 153.9 3162.1 nCH(98)
CH stretching (b) 2936 s 2954 0.14 166.6 3429.8 nCH(98)
HNC bending
HNH bending (b)

1623 vw 1634 0.14 7.7 395.9 dHNC(96)

CC stretching (a) 1603 m 1616 m 1612 0.12 45.0 2366.8 nCC(60)
CC stretching (a) 1593 s 1599 0.16 60.5 3221.9 nCC(70)
HCC bending (a)
CCC bending (a)

1526 vs 1508 vw 1517 0.89 3.1 175.8 dHCC(32)þ nOC(12)þ nOC(11)þ nCC(22)

HCH bending (b)
HCC bending (b)
HCN bending (b)
HNC bending (b)
HNH bending (b)
HNC bending (b)

1506 w 1474 0.27 1.0 60.9 dHCH(80)

HCH bending (a)
HNC bending (b)
HNH bending (b)

1471 w 1471 0.63 1.7 98.6 dHCH(78)

HCH bending (a) 1467 vw 1465 0.05 12.2 729.8 dHCH(79)þ dHCH(15)
HCH bending (a) 1458 w 1457 0.04 3.1 185.9 dHCH(62)þ nCC(10)
HCH bending (b) 1445 s 1455 0.00 13.5 813.6 dHCH(90)
CC stretching (a)
OC stretching (a)

1433 w 1433 0.09 3.7 230.1 nCC(42)þ dHCC(18)

CC stretching (a)
OC stretching (a)

1385 w 1381 0.17 18.0 1166.4 nCC(51)

HCC bending (b)
HCH bending (b)
HCN bending (b)

1369 m 1371 m 1370 0.03 1.0 65.4 dHCC(84)

HCN bending (b)
HCC bending (b)
HNC bending (b)
HOC bending (a)

1326 w 1327 m 1315 0.00 4.6 320.2 dHCN(66)

HCC bending (b)
HNC bending (b)
CCN bending (b)

1304 vw 1306 0.09 17.4 1214.5 dHCC(71)

HCC bending (b)
HCN bending (b)
HOC bending (a)
HNC bending (a)

1303 w 1303 0.07 1.5 106.7 dHCC(62)

OC stretching (b)
CC stretching (b)

1279 s 1279 m 1281 1.00 22.4 1603.2 nOC(58)þ dHCC(22)

OC stretching (a)
CC stretching (a)

1249 s 1246 0.40 1.7 127.8 nCC(43)

HOC bending (a)
HCC bending (a)

1210 m 1206 vw 1201 0.35 9.8 758.7 dHOC(72)

CC stretching (a)
OC stretching (a)

1160 vs 1150 vw 1153 0.16 4.1 338.0 dHCC(22) þ nCC(42)

HCC bending (a)
HOC bending (a)

1127 s 1131 vw 1124 0.14 0.6 53.1 dHCH(50)þ nCC(10)þ nCC(17)

CC stretching (b) 1085 vw 1083 vw 1097 0.07 2.3 198.6 nCC(31)þ dHNC(36)
HCC bending (b)
HNC bending (b)

1035 m 1058 0.02 1.1 100.6 dHCC(69)

OC stretching (a) 1032 s 1025 m 1030 0.24 3.5 326.0 nCC(60)þ dCCC(12)
CC stretching (a)
NC stretching (b)
OC stretching (a)

957 w 957 w 934 0.09 6.5 695.7 nCC(44)þ dHNC(11)

HCCC torsion (a) 936 vw 934 w 925 0.01 0.4 38.8 tHCCC(94)
NC stretching (b) 919 w 921 w 906 0.01 2.3 249.9 nNC(11)
HNC bending (b)
HCN bending (b)
HCC bending (b)

868 w 884 0.03 1.8 202.7 dHCH(69)

CCOC torsion (a) 816 s 821 vw 816 0.07 21.7 2711.7 tHCCC(37)þ nNC(14)
OC stretching (a)
CC stretching (a)

799 m 803 vs 800 0.03 30.6 3912.7 nCC(59)

HCC bending (b)
HCN bending (b)
HNC bending (b)

772 w 756 0.02 0.0 4.6 dCCC(84)

D. Dimi�c et al. / Journal of Molecular Structure 1134 (2017) 226e236230



Table 4 (continued )

Experimental B3LYP/6-311þþG(d,p)

Mode assignment nir exp [cm�1] nraman exp [cm�1] nscaled [cm�1] IR intensity Raman intensity Raman activity PED (%)

CCC bending (b)
HCC bending (a)
HNC bending (b)

739 vw 739 s 727 0.02 5.5 788.9 gOCCC(12) þ dCCC(29)þ nNC(10)

OCCC torsion
out (a)
HCCC torsion (a)
CCCC torsion (a)
HCCC torsion (a)

724 vw 725 w 715 0.00 2.0 292.4 gOCCC(76)

CCC bending (a)
CCO bending (a)

627 w 630 w 617 0.05 1.7 291.9 dCCC(10)þ tCCCC(66)

CCCC torsion (b)
HCCC torsion (a)
CCCO torsion (a)
OCCC torsion (a)

571 w 571 m 557 0.04 3.3 631.7 tCCCC(12)þ dCCC(30)

HOCC torsion (a) 460 w 454 vs 459 0.31 0.8 199.0 tHOCC(93)
HOCC torsion (a)
CCOC torsion (a)
CCCO torsion (a)
CCCC torsion (a)
HCCC torsion (a)

457 w 448 0.13 0.1 23.7 tCCCC(83)

Fig. 2. Comparison between experimental and theoretical spectra of 3-MT: a) IR, 1650-400 cm�1, b) Raman, 1650-400 cm�1 and c) Raman, 3400-2000 cm�1.
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The mid frequency (1700e1000 cm�1) regions of the IR and
normal Raman spectra (R) of 3-MT are characterized by some
prominent bands. The medium to strong and very strong intensity
bands at 1603 (IR), 1279 (IR), 1249 (IR), 1160 (IR), 1032 (IR), 1616 (R),
1593 (R), 1279 (R) and 1025 cm�1 (R) are assigned to the different,
CC and CO, stretching vibrations of aromatic ring as well as of
aliphatic chain. The strong to medium bands assigned to the
different bending modes (HCC, CCC, HCH, HCN and HOC) of all the
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structural units of 3-MT (the aromatic ring and aliphatic chain) are
positioned at 1526 (IR), 1369 (IR), 1326 (IR), 1210 (IR), 1127 (IR),
1032(IR), and 1445 (R), 1371 (R), 1327 (R), 1035 (R), and 1025
(R) cm�1. The mid frequency (1700e1000 cm�1) regions of IR and
normal Raman spectra are also characteristic to the weak intensity
bands assigned as well to the different (CC and CO) stretching (1433
(IR), 1385 (IR), 1085 (IR),1150 (R) and 1083 (R) cm�1) and bending
modes (HCC, CCC, HCH, HCN and HOC) (1623 (IR), 1506 (IR), 1471
(IR), 1458 (IR), 1304 (IR), 1508 (R), 1303 (R), 1206 (R) and 1131(R)
cm�1).

In the low frequency IR and Raman regions, below 1000 cm�1,
the strong to medium bands, observed at 1032 (IR), 799 (IR), 1025
(R), and 803 (R) cm�1, are assigned to OC, CC and NC stretching
modes of the aromatic ring and aliphatic chain. The same stretching
modes of low intensity are observed at 957 (IR), 919 (IR), 957 (IR)
and 921 (R) cm�1. The low intensity bands positioned at 868 (IR),
772 (IR), 739 (IR), 327 (IR), 725 (R) and 630 (R) cm�1 are assigned to
CCC, CCO, HCC and HCN bending modes.

Mostly low intensity torsion modes of the benzene ring, posi-
tioned at 816 (IR), 724 (IR), 571 (IR), 460 (IR), 457 (IR), 821(IR), 725
(IR), 571(IR) and 454 (R) cm�1 are assigned to the different com-
binations of CCCC, HCCC, CCCO, HOCC and CCOC vibrations.

As it was mentioned earlier, 3-MT shows the great structural
resemblance to the parent molecule dopamine and its other me-
tabolites, for example homovanilic acid and DOPAC. The common
structural parameters include the aromatic ring and aliphatic chain,
just with different side groups in case of homovanillic acid and
DOPAC. This structural similarity gives the possibility of a good
comparison of their vibrational spectra. In the high frequency re-
gion, the OH vibration in dopamine [42] was not observed at the
room temperature, but it is present in the isolated molecule of
DOPAC at 15 K [19]. The rest of the characteristic vibrations in this
region include NH and CH stretching modes positioned at the
similar wavenumbers. In dopamine spectrum one of the most
intense bands, positioned at 1512 cm�1, is assigned to the CC
stretching mode, while in 3-MT this band is at 1526 cm�1. Other
intense bands are assigned to the CO stretchingmode, positioned at
1270 cm�3 in dopamine and 1160 cm�3 in 3-MT, and the mixed
HCC, HOC bending and CC stretching modes, positioned at 1092/
1160 (dopamine/3-MT) and 1113 cm�1 (DOPAC). The rest of the
modes are present in the same region of the spectra, although some
differences are present due to the presence of the second OH group
(in dopamine and DOPAC) or the carboxyl group (in DOPAC and
homovanillic acid).
3.5. UV-VIS spectra

The experimental spectrum of the water solution of 3-MT hy-
drochloride shows two wide peaks at 278 and 223 nm (Supple-
mentary material, Fig. S5). The peak at 223 nm is more intense. The
theoretical investigation of the electronic transition is performed
on 1-l and 4-l structures, optimized in the aqueous phase, in order
to encounter for the possible preferences of one conformer. Table 5
Table 5
Theoretical transitions of protonated 3-methoxytyramine, for 1-l conformer and 4-l
in parenthesis and italics.

Wavelengths Theoretical composition for transition

Experimental Theoretical Transition Oscillatory str.

278 254
(257)

HOMO/LUMO (78%)
(HOMO/LUMO (78%))

0.0735
(0.0893)

223 228
(228)

HOMO/LUMOþ2 (83%)
(HOMO/LUMO þ 2 (60%))

0.1089
(0.0707)
lists the experimental and theoretical wavelengths of the maxima
as well as the theoretical composition and oscillatory strengths of
the transitions. The first transition is assigned to HOMO/LUMO
transition with the percentage of 78. The difference between the
experimental and theoretical wavelengths for the first band,
assigned to HOMO/LUMO transition, is around 20 nm. As evident
from Table 5 the theoretical transition wavelengths for the second
band are, for both species, well reproduced, within 5 nm. The
second band, assigned to HOMO/LUMOþ2 transition, is also
characterized with the lower oscillatory strength for 4-l specie. The
relative heights of the maxima are better reproduced for 1-l and for
the second peak having the larger oscillatory strength.

The differences in the predicted wavelengths and experimental
ones are reasonable bearing in mind that the experimental spec-
trum is recorded for the aqueous solution with the chloride anions
present while the theoretical values are calculated for the specie in
the polarizable continuum. Fig. S5 gives the comparative repre-
sentation of the experimental and theoretical spectra. UVeVis
spectra cannot be used to distinguish between two conformers. In
order to find the possible explanation for this observation, the
molecular orbitals are visualized. Three orbitals included in the
most probable transitions, namely HOMO, LUMO and LUMOþ2 are
given in Fig. 3 for 1-l conformer only. The electronic density is
equally distributed in 4-l. From the introspection of the molecular
orbitals, it can be concluded that the orbitals are localized on the
aromatic moiety and are not influenced by the rotation of the
aliphatic chain. The relatively high oscillatory strengths are due to
the proximity and similarity of the orbitals included in transitions.
The electronic spectra show the distinct features of the aromatic
ring containing molecules with twowide bands in the near UV part
of the spectrum, which proves that the aliphatic group is not
influencing the lowest observable transitions. In solution, due to
the specific interactions of solvent molecules, which are not
included in the used theoretical model, there might be further
stabilization resulting in bathochromic shift. Preferably there are
interactions with the oxygen atoms of the present groups, which
additionally stabilize the molecule.

3.6. NBO analysis

NBO analysis proves very useful when the stabilization in-
teractions are concerned. The second order perturbation theory
results are compared for structures in position 1, 3 and 4 and the
possible interactions of alkyl side with the aromatic ring are
revealed. The most important interactions, with the stabilization
energy higher than 5 kJ/mol, are listed in Table S6.

The strongest interactions present in molecule are the inter-
molecular hyperconjugative and resonance interactions occurring
through the overlap of p(CeC) / p*(CeC) bond orbitals. Those
interactions, that are of the order of 14e74 kJ/mol, result in the
weakening of the respective bonds. The rotation about the dihedral
angle a does not have the influence on these interactions. Another
very strong interaction is between the lone pair of oxygen atoms
and the antibonding orbitals of the aromatic ring, especially those
that are close to their respective positions. The strongest in-
teractions, both with the stabilization energy between 26 and
128 kJ/mol, are established between the oxygen atom in position 1
and p*(C4eC5) and oxygen atom in position 2 with p*(C2eC3).
Interactions of medium strength are between sO1-H s*C4eC5
which encounter for 20 kJ/mol. The weak hydrogen bond that is
formed between O1eH/O2 additionally stabilizes the structures
with energy of 5.50 kJ/mol. These interactions remain constant
during the rotation.

For the conformers in position 1 the alkyl chain is very distant
for any possible interactions of NeHwith the aromatic ring. For the



Fig. 3. Molecular orbitals of 3-MT included in electronic transitions a) HOMO, b) LUMO, and c) LUMOþ2.
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protonated structure 3-l there is a donor-acceptor interaction be-
tween p(C1eC6) and s*(N1eH) that stabilizes this structure for
9.08 kJ/mol. For 4-l this interaction encounters for 16.74 kJ/mol of
the stabilization energy, and proves that the structure 4-l is more
stabilized than the former. This data, along with the elongation of
one of the NeH bonds, proves that these interactions are crucial for
higher stability of the conformers 3 and 4 when compared to 1-l.
Similar situation is observed for dopamine [36].
Table 7
Estimated free energy of binding (Eb) and inhibition constant (Ki).

Ligand Eb (kcal/mol) Ki (mM) Amino acid Atom distance

1-l-d �5.27 136.37 D:GLU138 2.807
D:ASP140 1.746
D:GLU147 2.953
D:GLU81 2.487
D:ASP140 2.691
D:GLN150 2.762

3-I-d �5.37 115.62 A:SER74 1.766
A:GLU138 2.814
A:ASP140 2.166
A:ASN61 2.743
A:GLU138 2.427
A:GLU81 2.396

4-l-d �5.50 93.18 B:ASP140 2.455
B:GLU138 2.109
B:GLN139 2.562
3.7. QTAIM analysis

QTAIM analysis is performed for the additional evidence of the
stabilization interactions within molecules that prove the stability
of the conformers that are not experimentally observed in the
crystal structure but might be present in the gaseous phase. This
analysis is based on the electron density and its properties in the
bond critical points and ring critical points. There are two types of
the interactions: the shared interactions (covalent bonds) that are
characterized by the electron density of the order of 0.1 eA and the
large negative Laplacian. The second type of interactions are the
closed shell interactions that include the ionic bonds, the hydrogen
bonds and the van derWaals interactions, with the electron density
in the range between 0.001 and 0.04 eA and the small but positive
Laplacian. In this analysis only the bonds that are influenced by the
rotation are present. The ring critical points of the aromatic ring are
also given for the comparison between the conformers. The most
important interactions are given in Table 6. The topological prop-
erties of the selected bond critical points in different conformers of
3-MT are listed in Table S7.

It is observed that all of the most stable conformers have the
intramolecular hydrogen bond between hydroxyl and methoxy
Table 6
Specific interactions governing stability of 3-MT conformers from QTAIM analysis.

Interactions QTAIM

1-l 3-l 4-l

p(C2eC3) s*(N1eH10) e 0.0164
0.0589

e

p(C1eC6) s*(N1eH10) e e 0.0169
0.0506

LP2(O2) s*(O1eH1) 0.0195
0.0897

0.0194
0.0898

0.0196
0.0901
group (closed shell interaction). The electronic density of the bonds
is not influenced by the rotation as well. In the protonated struc-
tures the change in the electronic densities for C8eN1 is about
0.06eA, thus making this bond weaker. This change is lower for the
conformation where interactions of NeH with carbon atoms of the
aromatic ring are present. This trend is the same for the other bonds
of the aliphatic chain. For the protonated structure in positions 3
and 4 there is an intermolecular interaction between NeH and
carbon atoms of the aromatic ring, thus forming theweak hydrogen
bonds (carbon atoms in these positions have the negative charges).
This analysis supports the NBO analysis in terms of the interactions
formed during the rotation and stabilization of the molecule. These
weak interactions lead to the higher stability of these conformers.
The density in the ring critical points is very weakly influenced by
B:GLU81 2.409
1-I �5.24 144.01 A:GLU138 2.531

A A:GLU138 2.765
A:ASP140 2.145
A:SER74 2.173

3-I �5.75 60.95 B:GLU147 2.152
B:GLU138 2.791
B:ASP140 2.306
B:ASP140 2.191
B:GLU81 3.069

4-l �5.60 78.62 B:GLU147 2.333
B:GLU138 2.640
B:ASP140 2.435
B:ASP140 2.061
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the rotation, except in cases of the stable conformation of the
protonated 3-MT, because of the interactions between NeH and
carbon atoms of the aromatic ring.

The topological parameters for the structures optimized in wa-
ter are given in Supplementary material, Table S8. There are no
bond critical points between NeH and carbon atoms of the aro-
matic ring as in the gaseous phase probably due to a stronger in-
fluence of the polarizable continuum. The changes in parameters
with dilution are decrease in the electron density and increase in
Laplacian, thus proving that bonds are becoming weaker when 3-
MT is diluted. Because there are no stabilization interactions pre-
sent, the change in energy and Gibbs free energy between the
conformers is much lower than in the gaseous phase thus allowing
the simultaneous presence of the several conformers, as discussed
in NMR analysis.

3.8. Molecular docking analysis

As it was shown in previous sections there is a significant
Fig. 4. Possible interactions between s
discrepancy between the crystal structure and the most stable
conformations in gaseous and aqueous phase, due to the specific
interactions as explained by NBO and QTAIM. Because 3-MT is
highly important molecule in biological systems and the major
extracellular metabolite of neurotransmitter dopamine, the mo-
lecular docking is performed in order to investigate the most stable
conformations of the protonated and deprotonated 3-MT. Also, this
technique helps in obtaining the protein-ligand binding energy and
identifying the potential ligand binding sites. This investigation
includes both the protonated and deprotonated forms of the most
stable conformers (the deprotonated are marked with ed). Deter-
mination of 3-MTconformation that is crucial for the binding to the
certain protein molecule is done by selecting the one that shows
the lowest binding energy (the best pose). The position and
orientation of 3-MT ligands in protein receptor, and the interaction
with the amino acids that bound to the ligand, are analyzed and
visualized with Discovery Studio 4.0 and AutoDockTools.

The estimated free energy of binding and the most favorable
binding positions for each of the investigated conformers is given in
elected 3-MT ligands and protein.
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Table 7. The lower value of Ki indicates the better inhibition. Fig. 4
gives an overview of the selected positions of 3-MT and protein.

The obtained results from Table 7 show that the protonated
forms of 3-MT, 3-l and 4-l, are more interactive and are binding
more strongly than the deprotonated forms. It is important to take a
careful look at the conformation of the investigated molecule after
the optimization in protein is done. None of the final conformations
have the aliphatic chain above the aromatic ring, thus proving that
interactions between these two parts of themolecule are veryweak
and easily broken if the other interactions are possible with the
surrounding molecules. It is important to notice that the most
active deprotonated conformation, 4-l-d, resembles the protonated
structure proposed by Okabe et al. [35], which is described as very
reactive one and similar to the biologically active conformation of
dopamine. For the protonated form the final conformations of 3-l
and 4-l are almost identical to 1-l obtained by DFT calculation,
thus proving that this structure is more realistic than the former
ones. Analyzing the position of the active amino acids (Table 7 and
Fig. 4), it can be concluded that Glutamic acid in position 147, in the
primary structure of any chain, and Aspartic acid in position 140
have the predominant role as the active sites of CRP for the inhi-
bition action, regardless of the ligand used.

4. Conclusion

In this contribution, 3-metoxytyramine, an important metabo-
lite of dopamine has been characterized by several spectroscopic
techniques (UV-VIS, IR, Raman and NMR). The density functional
calculations, performed on the suggested crystallographic structure
with the conformational search, show that there are 12 stable
conformations in total. All of these are optimized on B3LYP/6-
311þþG(d,p) level and compared. The most stable conformer re-
sembles that of dopamine, determined previously. The detailed
analysis of these interactions is given in paper. The difference be-
tween two of the most stable structures in vacuum is 18 kJ/mol
showing that the rotation can occur.When structures are optimized
in water, the most of weak interactions are lost. Due to the for-
mation of the weak interactions between NeH and p system, as
proven by the NBO and QTAIM analysis, the most stable conformers
in vacuum are different from the experimentally determined
crystallographic structure. The structure determined by the
conformation search is compared to the crystallographic structure
of 3-methoxytyramine perchlorate, and with an average difference
of 0.02e0.04 Å and 1-2� for angles. The 1H and 13C NMR spectra are
compared and the obtained correlation coefficients are higher than
0.99 for both of the available spectra. The discrepancy between the
experimental and theoretical values can be due to the fact that the
free rotation is possible and thus the resonance maxima are highly
dependent upon it. The vibrational analysis gives very good
agreement between the applied DFT method and experimental
results, except for the high frequency region where some of the
distinctive peaks are not observed. Because the calculations are
performed on the isolated molecule, without the influence of the
specific interactions, while the vibrational spectra were recorded
for solid KBr pastille, any difference is due to this fact. The UV bands
are attributed to p/p* transitions within the aromatic ring.
Because these calculations are also performed for the isolated
molecule, any solvent effect manifested through the hydrogen
bonding can move the peak position. The relative bands' intensities
and widths are reproduced well.
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