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agnetic response properties of
tetrazines†

Meśıas Orozco-Ic, a Christian A. Celaya ab and Dage Sundholm *a

Magnetic response properties of 1,2,3,5-tetrazine derivatives including the newly synthesized 4,6-diphenyl-

1,2,3,5-tetrazine have been studied computationally at the density functional theory (DFT) level.

Calculations of magnetically induced current densities and induced magnetic fields show that the

unsubstituted 1,2,3,5-tetrazine is almost as aromatic as benzene. Separating the magnetic shielding

functions into molecular orbital components provided additional insights into the magnetic response.

The aromatic character estimated from magnetically induced current densities and induced magnetic

fields shows that NICSpzz(0) values and ring-current strengths yield about the same degree of aromaticity,

whereas NICSzz(0) and NICSzz(1) values are contaminated by s electron contributions. The studied

1,2,3,5-tetrazine derivatives are less aromatic than the unsubstituted one. Calculations of magnetic

response properties of 4,6-diphenyl-1,2,3,5-tetrazine showed that it is the least aromatic among the

studied molecules according to the ring-current criterion, while 4,6-[1,2,3,5]-ditetrazinyl-1,2,3,5-

tetrazine is as aromatic as 4,6-dimethyl-1,2,3,5-tetrazine and slightly less aromatic than the

unsubstituted 1,2,3,5-tetrazine.
Introduction

Novel methods for synthesizing heterocyclic aromatic mole-
cules such as di-, tri- and tetrazines have recently been devel-
oped.1–8 1,3-Diazine (pyrimidine) is one of the more important
azines, because its derivatives are of biological relevance as
building blocks in the nucleobases of deoxyribonucleic acid
(DNA).9,10 Triazines have been widely studied because of their
use in biological and industrial applications.11–13 The molecular
structures of the three possible tetrazine isomers (1,2,3,4-tet-
razine, 1,2,3,5-tetrazine, and 1,2,4,5-tetrazine) differ by the
relative positions of the nitrogen atoms in the six-membered
ring,13–15 of which 1,2,4,5-tetrazine is the easiest one to synthe-
size, because it has only two nitrogens next to each other. Tet-
razine derivatives are recognized as high-energy density
materials (HEDMs) due to their high nitrogen content, strong
N–N and N–C bonds, large heat of formation, high thermal
stability and suitable structural properties.15–22 The aromatic
properties of tetrazine have been previously studied by Wang
et al.,23 who based on nucleus independent chemical shi
(NICS)24,25 calculations and by using energy criteria concluded
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molecular structures. See DOI:

130
that the aromatic character is about the same for all azines they
studied. In their NICS(0) studies, they found that the three tet-
razine isomers are non-aromatic, while NICSpzz(0) calculations
suggested that 1,2,3,5-tetrazine is the least aromatic among the
three isomers.23 Yang et al. found that the NICS(0) value
decreases with increasing number of nitrogens in the ring
suggesting that tetrazines are less aromatic than triazines and
so on.26 Sanchez-Sanz obtained the similar trend for the NICS(0)
values of the azines, whereas the NICS(1) and NICS(2) values
were found to be almost independent of the number of nitro-
gens in the ring.27 Wu and Boger recently synthesized 4,6-
diphenyl-1,2,3,5-tetrazine and found that is aromatic.8

In this work, we investigate the aromatic properties of tet-
razines by calculating magnetically induced current densities
and induced magnetic elds of unsubstituted and substituted
Fig. 1 The molecular structure of (a) benzene, (b) 1,2,3,5-tetrazine, (c)
4,6-dimethyl-1,2,3,5-tetrazine, (d) 4,6-bis(1-methylethenyl)-1,2,3,5-
tetrazine, (e) 4,6-diphenyl-1,2,3,5-tetrazine, and (f) 4,6-[1,2,3,5]-dite-
trazinyl-1,2,3,5-tetrazine.

This journal is © The Royal Society of Chemistry 2020
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1,2,3,5-tetrazines. The calculations yield qualitative and quan-
titative information about electron delocalization and the
degree of aromaticity of the tetrazine ring.28–33 The studied
molecules comprise 1,2,3,5-tetrazine, 4,6-dimethyl-1,2,3,5-
tetrazine, 4,6-bis(1-methylethenyl)-1,2,3,5-tetrazine, 4,6-
diphenyl-1,2,3,5-tetrazine, and 4,6-[1,2,3,5]-ditetrazinyl-1,2,3,5-
tetrazine, which are shown in Fig. 1. Magnetic response prop-
erties of the two others unsubstituted tetrazine isomers are
given as ESI.†
Fig. 2 The current density (Jind) plotted at (a) 0 bohr and (b) 1 bohr
from the molecular plane of benzene. |Jind| values are given in atomic
units (1 a.u. ¼ 100.63 nA T�1 Å�2). The figure was made with
ParaView.48
Computational details

The molecular structures were fully optimized at the density
functional theory (DFT) level using the PBE0 hybrid functional
and triple-zeta valence basis set augmented with polarization
functions (def2-TZVP).34–36 Grimme's semi-empirical dispersion
correction (D3) was used for considering van der Waals inter-
actions.37 Bond lengths and HOMO–LUMO gaps are given in
Table S1 of the ESI.† External magnetic elds induce current
densities (Jind) in molecules, which gives rise to a secondary
induced magnetic eld (Bind)28–33,38–42 that is proportional to the
magnetic shielding tensor.42 In aromatic ring-shaped mole-
cules, the magnetic response is diamagnetic, i.e., a net diatropic
ring current is sustained by the aromatic ring, whereas anti-
aromatic rings sustain a net paratropic ring current.28–33 Nuclear
magnetic resonance (NMR) shielding and current-density
calculations were performed at the PBE0 level using split-
valence basis sets augmented with polarization functions
(def2-SVP).43 Gauge-including atomic orbitals (GIAOs) were
used in the NMR shielding and current-density calculations.44,45

The electronic structure calculations were performed with the
Gaussian 16 soware.46 Current densities were calculated using
the gauge-including magnetically induced current (GIMIC)
method,28–30 which is freely available and interfaced to Gaussian
16.47 The current densities are visualized with ParaView.48 The
Bind was calculated using the Aromagnetic code,49 which is also
interfaced to Gaussian 16 and visualized with VisIt.50 The
external magnetic eld was aligned along the highest symmetry
axis of the molecular ring. Thus, the z component of the
induced magnetic eld (Bindz ) is the most important one
providing information about the aromatic character of the
molecular ring.31–33 Bindz (in ppm) is numerically equivalent to
NICSzz values.31–33 The calculated Bind was separated into its
molecular orbitals (MOs) contributions32,51 using the NBO6
code52 via the Natural Chemical Shielding (NCS) analysis.53

Ring-current strength susceptibilities, (Jind in nA T�1) were ob-
tained with the GIMIC program by performing numerical inte-
gration of the current density owing through a plane from the
center of the ring to a very far distance outside the ring, where
the current density vanishes.28–30 The height of the plane is 8
bohr above and below the ring plane. Ring-current strength
susceptibilities are called ring-current strengths in the rest of
the paper. The same ring-current strength is obtained for all
bonds of the ring, when the basis-set is complete.28 Ring-current
strengths reported for different bonds in Table S2 of the ESI†
show very small discrepancies, even though the rather small
SVP basis set was used. The lower symmetry of the tetrazine ring
This journal is © The Royal Society of Chemistry 2020
as compared to benzene may lead to nonvertical current-density
vortices that also affect the accuracy of the numerical integra-
tion, because some ring-current strength contributions may fall
outside the integration plane.
Results and discussion
Benzene and 1,2,3,5-tetrazine

Benzene is the archetypal aromatic molecule with 6p electrons
fullls Hückel's rule for aromaticity.54,55 The molecular struc-
ture belongs to the D6h point group. The length of the conju-
gated bonds is 1.39 �A and it has a large HOMO–LUMO gap of
7.11 eV at the PBE0 level, so, this is a very stable molecule. An
external magnetic eld perpendicular to the molecular ring
induces a diatropic ring current in aromatic molecules, which is
visualized as the clockwise direction in Fig. 2.38–41 A weaker
paratropic (counterclockwise) ring current involving mainly the
s orbitals ows in the molecular plane inside the ring.56–58 It has
been shown that at a distance of 1 bohr from the molecular
plane the p electrons dominates in ring current density.58–60

Numerical integration yields a net diatropic ring-current
strength (Jind) of 12.05 nA T�1. The Jind of the studied mole-
cules are summarized in Table 1. The ring current of benzene
induces a secondary eld (Bind) in the opposite direction to the
applied one, which leads to negative Bindz values.31–33 The MO
partitions of the shielding tensor obtained with the NCS-GIAO
method53 lead to large core contributions, which have been
found to increase with the number of atoms in the ring.61 Core
contributions to the magnetic shielding determined from
orbital current densities that are calculated using the ipsocen-
tric approach60,62 are much smaller, because it avoids rotations
of occupied orbitals that cause gauge-origin problems.60,62–64

The two approaches yield the same shielding contributions
from s and p orbitals of planar molecules that cannot mix
through orbital rotations.60,62 Therefore, we do not calculate
orbital contributions from individual orbitals but divide the
magnetic shieldings into contributions from s (core + s) and p

orbitals. Bindz has shielding cones (shown in blue) above and
below the ring, while the s electrons are responsible for the
positive deshielding regions (shown in red) outside the ring as
RSC Adv., 2020, 10, 18124–18130 | 18125
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Table 1 Integrated strengths (in nA T�1) of the diatropic, paratropic
and net ring current of the studied molecules. The current densities
were calculated at the PBE0/def2-SVP level

Molecule Core + s p Total

Benzene 23.21 �36.41 �13.20
1,2,3,5-Tetrazine 29.58 �35.94 �6.36
4,6-Dimethyl-1,2,3,5-tetrazine 27.88 �31.15 �3.27
4,6-Bis(1-methylethenyl)-1,2,3,5-tetrazine 29.42 �26.30 3.12
4,6-Diphenyl-1,2,3,5-tetrazine 30.31 �20.65 9.66
4,6-[1,2,3,5]-Ditetrazinyl-1,2,3,5-tetrazine 22.17 �26.83 �4.66

Fig. 3 The isosurfaces of the Bind
z of benzene are shown in the upper

panel. The shielding and deshielding cones at �10 ppm and 10 ppm
are in blue and red, respectively. The Bind

z isolines calculated in the
transverse and molecular planes are shown in the lower panel. The
figure was made with VisIt.50

Table 2 Orbital contributions to the Bind
z values (in ppm) computed in

the center of the studiedmolecules (NICSzz(0)) calculated at the PBE0/
def2-SVP level

Molecule Diatropic Paratropic Net

Benzene 17.32 �5.27 12.05
1,2,3,5-Tetrazine 15.39 �5.31 10.08
4,6-Dimethyl-1,2,3,5-tetrazine 14.82 �5.50 9.32
4,6-Bis(1-methylethenyl)-1,2,3,5-tetrazine 13.87 �5.84 8.03
4,6-Diphenyl-1,2,3,5-tetrazine 12.81 �6.14 6.66
4,6-[1,2,3,5]-Ditetrazinyl-1,2,3,5-tetrazine 14.64 �5.17 9.46
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shown in Fig. 3.31–33,51 The Bindz calculated along the symmetry
axis (z axis) shown in Fig. 4 also provides qualitative and
quantitative information about the degree of aromaticity.25,65–67

The total Bindz declines asymptotically as z�3 for large z.65 The p

contribution (Bindz,p), which has a similar mathematical shape at
large distances,68,69 has a minimum of�36.41 ppm in the center
of the ring and large negative values along the z axis. These are
Fig. 4 Orbital contributions to the Bind
z profiles along the z-axis for

benzene and the tetrazines calculated at the PBE0/def2-SVP level. The
z axis of the profile calculation passes through the center of the
benzene/tetrazine ring.

18126 | RSC Adv., 2020, 10, 18124–18130
about �13 ppm even at 2 �A from the ring center. Orbital
contributions to the negative Bindz values calculated in the ring
center (NICSzz(0) values)24,25 are given in Table 2. The core + s

contribution is 23.21 ppm at the ring center representing the
maximum value of the prole. It almost cancels the p contri-
bution near the ring, but it declines rapidly with increasing
z.63,64,66,67 Although the maximum and minimum values vary
from one system to another, themagnetic behavior is largely the
same for the studied molecules. Thus, the NICSzz(0), NICSzz(1)
and even the NICSzz(2) indexes are contaminated with core + s

contributions affecting the estimated degree of aromaticity in
the systems from NICSzz values. The Bindz,p(0) value, which is
equivalent to the NICSpzz(0), is therefore a better aromaticity
index for the studied molecules.

Calculations on 1,2,3,5-tetrazine, whose molecular structure
belongs to the C2v point group with 6p electrons is expected to
be aromatic according to the Hückel rule. The addition of the
functional groups to the 1,2,3,5-tetrazine ring does not signi-
cantly affect the HOMO–LUMO gap (see Table S1†). The average
HOMO–LUMO gap of 4.52 eV of the studied 1,2,3,5-tetrazines is
much smaller than for benzene. However, the 1,2,3,5-tetrazine
has a HOMO–LUMO gap of 4.85 eV, which is much smaller than
for benzene. The current-density plot in Fig. 5 shows that
1,2,3,5-tetrazine sustains a diatropic ring current above, below
and outside the ring, whereas it sustains a paratropic ring
current inside the ring as benzene. The integrated ring-current
strengths in Table 1 show that 1,2,3,5-tetrazine sustains a net
ring current of 10.08 nA T�1, which is only 2 nA T�1 weaker than
Fig. 5 The current density (Jind) plotted at (a) 0 bohr and (b) 1 bohr
from the molecular plane of 1,2,3,5-tetrazine. |Jind| values are given in
atomic units (1 a.u. ¼ 100.63 nA T�1 �A�2). The figure was made with
ParaView.48

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 The isosurfaces of the Bind
z of 1,2,3,5-tetrazine are shown in the

upper panel. The shielding and deshielding cones at �10 ppm and
10 ppm are in blue and red, respectively. The Bind

z isolines calculated in
the transverse and molecular planes are shown in the lower panel. The
figure was made with VisIt.50
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for benzene. The calculated Bindz,p(0) value of �35.94 ppm also
suggest that 1,2,3,5-tetrazine is almost as aromatic as benzene.
The orbital contributions to Bindz shown in proles and plots of
Fig. 4 and 6, respectively, look qualitatively like those obtained
for benzene. The p contribution to the magnetic shielding of
the tetrazines are practically the same as for benzene, whereas
the core + s contribution is about 7 ppm larger in the ring
center than for benzene. Thus, according to the magnetic
criteria 1,2,3,5-tetrazine is less aromatic than benzene. The two
other tetrazine isomers (1,2,3,4-tetrazine and 1,2,4,5-tetrazine)
have a similar magnetic response as 1,2,3,5-tetrazine. Their
ring-current strengths and Bindz (0) values are reported in Tables
S2 and S3 of the ESI.† The magnetic response properties of
1,2,3,4-tetrazine and 1,2,4,5-tetrazine are not discussed further
in this work.
Fig. 7 The current density (Jind) plotted at (a) 0 bohr and (b) 1 bohr
from the molecular plane of 4,6-diphenyl-1,2,3,5-tetrazine. |Jind|
values are given in atomic units (1 a.u. ¼ 100.63 nA T�1�A�2). The figure
was made with ParaView.48
4,6-Dimethyl- and 4,6-bis(1-methylethenyl)-1,2,3,5-tetrazine

We studied 4,6-dimethyl-1,2,3,5-tetrazine and 4,6-bis(1-
methylethenyl)-1,2,3,5-tetrazine in order to understand how
alkyl substituents affect the aromatic character of the tetrazine
ring. The geometry and HOMO–LUMO gap of the tetrazine ring
are not signicantly affected by the methyl or methylethenyl
substitution. The calculated ring-current strengths show that
4,6-dimethyl-1,2,3,5-tetrazine and 4,6-bis(1-methylethenyl)-
1,2,3,5-tetrazine are aromatic sustaining ring currents of 9.32
nA T�1 and 8.03 nA T�1, respectively. Thus, the alkyl substitu-
tion leads to 1–2 nA T�1 weaker ring currents. A current strength
of 6.93 nA T�1

ows along the C–C bond between the methyl
substituents and the tetrazine ring, whereas only 2.4 nA T�1

continues along the ring. The corresponding current strengths
for 4,6-bis(1-methylethenyl)-1,2,3,5-tetrazine are 6.41 nA T�1

and 1.6 nA T�1 for the outer and inner pathway, respectively.
The current densities of 4,6-dimethyl-1,2,3,5-tetrazine and 4,6-
bis(1-methylethenyl)-1,2,3,5-tetrazine are given in Fig. S1 and S3
of the ESI† and the orbital contributions to Bindz are shown in
Fig. S2 and S4 of the ESI.† The ring-current pathway is on the
This journal is © The Royal Society of Chemistry 2020
outside of the alkyl substituents as shown in the streamline
representation of Jind in Fig. S5 of the ESI.† Calculations of the
magnetic response show that the alkyl substituted tetrazines are
aromatic but slightly less than the unsubstituted tetrazine ring.
4,6-Diphenyl- and 4,6-[1,2,3,5]-ditetrazinyl-1,2,3,5-tetrazine

The ring-current strength of 4,6-diphenyl-1,2,3,5-tetrazine is
6.66 nA T�1, which is 3.42 nA T�1 weaker than the ring-current
for the unsubstituted tetrazine. NMR signals were detected.8

Calculations yielded a rotational barrier of 31 kJ mol�1 implying
that the phenyl groups rotate at room temperature. The inter-
action between the phenyl hydrogens in the ortho position and
the nitrogens of the tetrazine ring as well as the common ring
current stabilize the planar structure. The pictures of the
current density maps and streamlines in Fig. 7 and 8 show
a global ring current around the three rings. Calculations of the
Bind also suggest that the phenyl-substituted is the least
aromatic of the studiedmolecules because the shielding cone of
the tetrazine ring is smaller than for the unsubstituted ring
(Fig. 9). This can also be seen in the Bindz,p prole (Fig. 4), because
for this system the minimum is the least pronounced. The
Bindz,p(0) value of �20.65 ppm is in absolute value about 15 ppm
smaller than for the unsubstituted tetrazine ring, which corre-
lates well with the calculated ring-current strengths. The trend
of the Bindz,p(0) values of the studied tetrazines is largely the same
as the one obtained for the ring-current strengths. On the other
hand, the central ring of 4,6-[1,2,3,5]-ditetrazinyl-1,2,3,5-
tetrazine is planar, whereas the tetrazine substituents are
slightly tilted with respect to the ring in the middle. The
strength of the ring current that ows along the C–C bond
between two tetrazine rings is 4.81 nA T�1, which is half the
total ring-current strength of 9.46 nA T�1 for the tetrazine ring
in the middle. Thus, the ring current splits into local and global
pathways at the tetrazine substituents as shown in Fig. 7. The
current density in Fig. S6 of the ESI† shows that 4,6-[1,2,3,5]-
ditetrazinyl-1,2,3,5-tetrazine sustains a similar diatropic ring
current in the central ring of tetrazine as dimethyl-substituted
tetrazine, which have almost the same Bindz,p(0) values, as seen
in Table 2. The Bindz,p(0) value for 4,6-[1,2,3,5]-ditetrazinyl-1,2,3,5-
tetrazine of �26.83 ppm is in absolute value 4.32 ppm smaller
than for the unsubstituted tetrazine showing that the degree of
aromaticity is in qualitative agreement with the one deduced
RSC Adv., 2020, 10, 18124–18130 | 18127
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Fig. 8 Streamlines representation of Jind for (a) 4,6-diphenyl-1,2,3,5-
tetrazine showing the global ring current pathways, and the local and
global ones for (b) 4,6-[1,2,3,5]-ditetrazinyl-1,2,3,5-tetrazine. The
figure was made with ParaView.48

Fig. 9 The isosurfaces of the Bind
z of 4,6-diphenyl-1,2,3,5-tetrazine are

shown in the upper panel. The shielding and deshielding cones at
�10 ppm and 10 ppm are in blue and red, respectively. The Bind

z plots
calculated in the transverse and molecular planes are shown in the
lower panel. The figure was made with VisIt.50
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from ring-current strengths. The same can be concluded from
the Bindz plots in Fig. S7 of the ESI.†
Conclusions

Calculations of magnetically induced current densities and
induced magnetic elds show that unsubstituted 1,2,3,5-tetra-
zine is aromatic sustaining a net diatropic ring current when it
18128 | RSC Adv., 2020, 10, 18124–18130
is exposed to an external magnetic eld perpendicular to the
ring. The behavior of the magnetic responses is like that of
benzene. The calculations show that there is a correlation
between ring-current strengths and Bindz,p(0) values, whereas
NICSzz(0), NICSzz(1) and NICSzz(2) values are contaminated by
core and s contributions leading to uncertainties in the degree
of aromaticity based on them. Calculations of the magnetic
response of the substituted 1,2,3,5-tetrazines shows that the
substituents are an integrated part of the aromatic system. In
the case of 4,6-diphenyl-1,2,3,5-tetrazine, the tetrazine ring does
not only sustains a ring current of its own but there is also
a global ring current owing along the C–C single bond between
the tetrazine and phenyl rings and continues outside of the
phenyl rings. The global aromaticity and the interaction
between the hydrogens in the ortho position of the phenyls and
the nitrogens of the tetrazine ring stabilize 4,6-diphenyl-1,2,3,5-
tetrazine. Calculations of the aromatic character of 4,6-[1,2,3,5]-
ditetrazinyl-1,2,3,5-tetrazine showed that it has an aromatic
tetrazine ring in the middle. The calculations also showed that
a global ring-current ows around the three tetrazine rings. The
ring current splits almost equally into a local ring current
around the tetrazine ring in the middle and the global ring
current.
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and G. Merino, Chem.–Eur. J., 2020, 26, 326–330.

62 E. Steiner and P. W. Fowler, Phys. Chem. Chem. Phys., 2004, 6,
261–272.

63 G. Acke, S. Van Damme, R. W. A. Havenith and P. Bultinck,
Phys. Chem. Chem. Phys., 2019, 21, 3145–3153.

64 G. Acke, S. Van Damme, R. W. A. Havenith and P. Bultinck, J.
Comput. Chem., 2017, 39, 511–519.

65 J. Jusélius and D. Sundholm, Phys. Chem. Chem. Phys., 1999,
1, 3429–3435.

66 A. Stanger, J. Org. Chem., 2006, 71(3), 883–893.
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