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Solvent-induced effects on nitrogen NMR shielding of 1,2,4,5-tetrazine and two isomeric tetrazoles are
calculated using density functional theory combined with the polarizable continuum model and using the
continuous set gauge transformation. Direct and indirect solvent effects on shielding are also calculated. It
has been shown that the observed solvent-induced shielding variation is more strongly related to the intensity
of the solvent reaction field rather than on the change of molecular geometry induced by the solvent.

Introduction

Ab initio calculation of nuclear magnetic shielding has
become an indispensable aid in the investigation of molecular
structure and accurate assignment of NMR spectra of com-
pounds. Because most of the systems studied experimentally
are in solution, the formulation of satisfactory theoretical models
for solvated systems has been the object of continuously
increasing interest.1-13 Evaluation of the dependability of such
models requires its rigorous application to various types of
molecular systems and comparison of computed results with
experimental data. Necessary improvements to the model are
then made, or restriction of its application to some chemical
systems is established, at the least.

The experimental study of solvent effects on nitrogen NMR
shielding of azine14-16and azole17-22 systems has been the focus
of a series of papers published by Witanowski et al. The data
from these works constitute a database of experimental nitrogen
shieldings that can be utilized to evaluate the reliability of NMR
calculations for systems in solution. In a recent study, Jaszun´ski
et al. compare their experimental data with multiconfigurational
self-consistent field (SCF) calculations and describe the solvent
dependence of NMR properties of azoles using solvent response
theory.23 In the present report, the polarizable continuum model
(PCM)24-25 and continuous set gauge transformation (CSGT)26

method are used to calculate nitrogen NMR shieldings of
1,2,4,5-tetrazine (I), 1-Me-1,2,3,4-tetrazole (II), and 1-Me-
1,2,3,5-tetrazole (III) (Figure 1) in a wide range of solvents
encompassing a broad spectrum of dielectric constant,ε.
Solvent-induced effects on nitrogen shielding are then evaluated
and compared with the experimental results of Witanowski et
al.16,22The analysis presented here, however, only takes account
of the shielding variation in terms of nonspecific solute-solvent
interactions and does not include specific influences that may
arise from hydrogen bonding, protonation, molecular association,
ionic interactions, and aromaticity of solvent.27 To study these
latter types of interaction, it is necessary to introduce one or
more explicit solvent molecules in all PCM calculations. The
property parameters of organic solvents listed by Marcus in his

review28 may also be used for a more detailed examination of
solvent effect on nuclear magnetic shielding.

PCM has proved useful in describing the effects of the solvent
on some characteristics of the molecule in solution.13,29-31

Recent theoretical studies using PCM include calculation of
dipole polarizability and hyperpolarizabilities,32 magnetic sus-
ceptibility and nuclear magnetic shielding,11,12 and of course,
solvent effects on NMR shielding of solutes.33 In 1997, a new
PCM method called the integral equation formulation,34,35was
introduced. In this method, diverse types of dielectrics (standard
isotropic liquids, intrinsically anisotropic media like liquid
crystals and solid matrices, and ionic solutions) are treated in a
single common approach. All PCM calculations in this report
have been performed using this formalism as implemented in
Gaussian 98.36 The unavailability of PCM-gauge-invariant
atomic orbital11,12 in Gaussian 98 has restricted us to exploit
PCM-CSGT11 in nuclear shielding calculations.

We present here the theoretical study of solvent-induced
effects on nitrogen NMR shielding of compounds I, II, and III.
The diversity of nitrogen atoms in these molecules makes them
good candidates for a preliminary investigation of the influence
of solvent polarity on nuclear magnetic shielding. Direct and
indirect contributions to the total solvation effect are also
examined. Direct effects involve perturbation of the solvent on
the electronic wave function of the solute held at fixed geometry;
indirect effects are due to the relaxation of the solute geometry
under the influence of the solvent.11,12 The same convention
adopted by Witanowski et al.16 is used to describe trends in
shielding data; thus, a positive solvent effect indicates an
increase in nuclear shielding. The results reported in this work
can be considered to provide a good assessment of the ability
of PCM to predict the NMR properties of molecules in solution.
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Figure 1. Structures of 1,2,4,5-tetrazine (I), 1-Me-1,2,3,4-tetrazole (II),
and 1-Me-1,2,3,5-tetrazole (III). The pyrrole-type nitrogens in the azoles
are marked invariably as N-1.
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Computational Details

Gas-phase geometry optimization and shielding calculations
are performed on an IBM/RS6000 model 3CT workstation using
Gaussian 9437 whereas solution-phase computations are per-
formed with Gaussian 98 on an Origin 2000 workstation (Silicon
Graphics). Charge normalization in the PCM calculations is
achieved by scaling the calculated charge on each tessera by a
constant factor. The PCM cavity is defined by using the
Pauling36 (Merz-Kollman) radius for each solute atom. The
model chemistry used for all calculations is B3LYP/6-311++G-
(2d,2p).38 This corresponds to the approximation method that
makes use of Becke-style 3-parameter density functional theory39

with the Lee-Yang-Parr correlation functional.40 The triple-ú
basis set adds three sizes of s and p functions to the atoms and
puts two d and two p functions on heavy atoms and hydrogens,
respectively, as well as diffuse functions on both. Therefore,
compound I is given 182 basis functions, whereas II and III are
given 202 basis functions each. Experimental data used for
comparison are taken from the published work of Witanowski
et al.16,22 Relative solvent effects are calculated using the
corresponding nuclear shielding in cyclohexane as reference.
Direct (∆σdir) and indirect (∆σind) solvent effects are obtained
with a slight modification of the method used by Cammi et
al.12 Instead of deriving∆σind from the difference of the PCM-
optimized shielding and the PCM shielding of the molecule held
at the geometry optimized in vacuo, it is obtained from the
shielding calculated in vacuo for a molecule that is geometry-
optimized in solution. Thus,

whereσsol(Rv) is the value of the nuclear shielding computed
in solution but with the solute in the geometry optimized in
vacuo, andσvac(Rs) is the value of the nuclear shielding in vacuo
but with the solute geometry optimized in solution.σcyc(Rv) and
σvac(Rcyc) are the corresponding parameters for calculations with
cyclohexane. The percentage contribution of these effects to
the total solvation effect is determined in each case. The tensor
components (σ11, σ22, andσ33) of the nitrogen NMR shielding
of 1,2,4,5-tetrazine are also calculated to examine the theoretical
dependence of each of these principal components on the
solvent.

Results and Discussion

The variation of experimental and calculated solvent effects
with solvent dielectric constant for 1,2,4,5-tetrazine is shown
in Figure 2. It can be seen that the PCM calculations reproduce

the main aspects of the experimental outcome: both the sign
of the solvent effect and the relative strength. The standard
approach of the PCM (without any explicit solvent molecules),
as is used here, appears to be a good first step in the theoretical
investigation of the effect of solvent on nuclear magnetic
shielding. A more favorable agreement between experiment and
calculation can be seen for compounds II and III (Figures 3
and 4). The range of theoretical solvent-induced nitrogen
shielding variation is quite significant for all three compounds:
about 8 parts per million (ppm) for (I); as high as 14 ppm for
pyridine-type nitrogens and 8 ppm for pyrrole-type nitrogens
in compounds II and III. These values compare well with the
experimental data of Witanowski et al.16,22 The MCSCF
calculations of Jaszun´ski et al.,23 on the other hand, undervalue
the range of solvent effect on the pyridine-type nitrogens of
both II and III by a significant amount. It is interesting to note
that the observed disparity between calculation and experiment
in Figures 2 through 4 is observed only for solvents that are
either aromatic (benzene) or capable of forming very strong
hydrogen bonds (ethanol, methanol, and water). The magnitude
of the shielding due to the ring current in benzene has been
calculated by Johnson and Bovey41 and was found to be as high
as+4 ppm in the direction normal to the plane of the ring and
-2 ppm along this plane. These translate to aromatic-induced
solvent effects of about+0.5 ppm.41 In the case of solvent-to-
solute hydrogen bonding effects, Witanowski et al.22 have found
that pyrrole-type nitrogens exhibit insignificant deshielding upon
the formation of a hydrogen bond at a pyridine-type nitrogen
as an acceptor. Consequently, the hydrogen-bonded pyridine-
type nitrogen becomes more shielded by about+2 to+10 ppm.
A gas-phase computation that involves one explicit water
molecule hydrogen-bonded to a pyridine-type nitrogen has
shown similar trends. In this additional computation, a water
molecule is added such that one of its hydrogen atoms lies 1.5
Å from N-3 of 1-Me-1,2,3,4-tetrazole, with all the atoms of the
water molecule lying on the same plane as the tetrazole ring,

Figure 2. Dependence of experimental (b) and theoretical (O) solvent
effect on the nuclear magnetic shielding of15N in 1,2,4,5-tetrazine
(compound I) with solvent dielectric constant.

∆σdir ) σsol(Rv) - σcyc(Rv) (1)

∆σind ) σvac(Rs) - σvac(Rcyc) (2)

Figure 3. Dependence of experimental (top) and theoretical (bottom)
solvent effect on the nuclear magnetic shielding of15N in 1-Me-1,2,3,4-
tetrazole (compound II) with solvent dielectric constant: (O) N1; (b)
N2; (9) N3; (0) N4.
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and a linear arrangement between N-3 and the OH atoms of
water is assumed. This supermolecule calculation fortuitously
yields a shielding effect of about 24 ppm, in very good
agreement with the observed solvent-induced shift in water.
Furthermore, the calculations show that while the pyridine-type
N becomes shielded, the pyrrole type N becomes deshielded
by about-2 ppm. Thus, it is apparent that for a more accurate
prediction of solvent effects on shielding, it is necessary to
consider specific solute-solvent interactions by introducing one
or several solvent molecules in the calculations.

Table 1 lists the PCM-CSGT nitrogen NMR shieldings
calculated for compound I in a range of solvents available in
Gaussian 98. The increase in shielding with an increase inε is
again consistent with the experimental and Solvaton calculation
data of Witanowski et al.16 Calculated PCM-CSGT shielding
data for compounds II and III are given in Tables 2 and 3,
respectively. Similar to the nitrogens of I, there is a shielding
effect on the pyridine-type nitrogens of II and III with the
increasing polarity of the solvent used. The opposite effect is
observed for the pyrrole-type nitrogens (N-1). These results are
in good agreement with the experimental data of Witanowski
et al.22 The MCSCF data of Jaszun´ski et al. on N-2 of compound
II,23 however, opposes that of the experiment. Witanowski et

al. have attributed these trends to the delocalization of the lone
pair electrons of N-1 into theπ-electron system of the aromatic
ring, as influenced by either solvent polarity or some form of
specific solvent-to-solute interaction. The magnitude of the
deshielding effect is larger for II, where N-1 is at one end of
the chain of four nitrogens, than for III, where N-1 is located
within the chain, and the electron-withdrawing effect of N-5
competes with those exerted by N-2 and N-3.22

As mentioned earlier, the total solvation effect consists of
two distinct contributions:∆σdir and ∆σind. The former con-
tribution is directly related to the intensity of the solvent reaction
field used in the PCM calculation, whereas the latter is due to
the relaxation of the molecular geometry of the solute brought
about by the solvent. Tables 4, 5, and 6 list∆σdir and ∆σind

calculated for compounds I, II, and III, respectively. Scrutiny
of these data reveals that∆σdir is much more consistent with
the trend followed by the theoretical and experimental solvent
effect as the solvent dielectric constant is increased. A more
crucial consequence when only∆σind is considered is that a
shielding effect is obtained for N-1 of both compounds II and
III instead of the actual deshielding effect observed in experi-
ment. Moreover, anomalous results are found for N-4 of
compound II and N-3 and N-5 of compound III. Thus, in solvent
effect studies, it is more advisable to carry out shielding
calculations in solution even with a fixed (gas-phase-optimized)

Figure 4. Dependence of experimental (top) and theoretical (bottom)
solvent effect on the nuclear magnetic shielding of15N in 1-Me-1,2,3,5-
tetrazole (compound III) with solvent dielectric constant: (O) N1; (b)
N2; (9) N3; (0) N5.

TABLE 1: PCM-CSGT Nitrogen NMR Shielding (ppm) for
1,2,4,5-Tetrazine

solvent ε σ

cyclohexane 2.023 -178.3
carbon tetrachloride 2.228 -177.7
benzene 2.247 -177.7
diethyl ether 4.335 -174.6
chloroform 4.900 -174.1
methylene chloride 8.930 -172.4
acetone 20.70 -171.1
ethanol 24.55 -170.9
methanol 32.63 -170.7
dimethyl sulfoxide 46.70 -170.5
water 78.39 -170.3

TABLE 2: PCM-CSGT Nitrogen NMR Shielding (ppm) for
1-Me-1,2,3,4-Tetrazole

solvent ε N(1) N(2) N(3) N(4)

cyclohexane 2.023 5.2 -145.4 -179.0 -104.7
carbon tetrachloride 2.228 4.7-145.2 -178.0 -104.1
benzene 2.247 4.7 -145.2 -177.9 -104.0
diethyl ether 4.335 1.4 -144.3 -172.3 -100.0
chloroform 4.900 1.0 -144.1 -171.4 -99.5
methylene chloride 8.930 -0.6 -143.6 -168.4 -97.6
acetone 20.70 -1.8 -143.0 -166.1 -96.0
ethanol 24.55 -2.0 -143.0 -165.8 -95.8
methanol 32.63 -2.2 -143.0 -165.3 -95.6
dimethyl sulfoxide 46.70 -2.4 -142.9 -164.9 -95.3
water 78.39 -2.7 -142.9 -164.5 -95.0

TABLE 3: PCM-CSGT Nitrogen NMR Shielding (ppm) for
1-Me-1,2,3,5-Tetrazole

solvent ε N(1) N(2) N(3) N(5)

cyclohexane 2.023 -48.0 -158.3 -105.8 -74.6
carbon tetrachloride 2.228 -48.3 -157.9 -105.1 -74.3
benzene 2.247 -48.4 -157.8 -105.0 -74.3
diethyl ether 4.335 -50.6 -155.4 -101.2 -73.3
chloroform 4.900 -50.8 -155.1 -100.7 -73.1
methylene chloride 8.930 -52.1 -153.5 -98.5 -72.9
acetone 20.70 -52.7 -152.6 -96.9 -72.4
ethanol 24.55 -52.8 -152.0 -96.8 -72.4
methanol 32.63 -53.0 -151.8 -96.5 -72.3
dimethyl sulfoxide 46.70 -53.2 -151.7 -96.2 -72.3
water 78.39 -53.2 -151.5 -96.0 -72.3

TABLE 4: Values of ∆σdir and ∆σind (ppm) Calculated for
1,2,4,5-Tetrazine

solvent ε ∆σdir ∆σind

cyclohexane 2.023 0.0 0.0
carbon tetrachloride 2.228 0.6 -0.0
benzene 2.247 0.6 -0.0
diethyl ether 4.335 3.6 -0.0
chloroform 4.900 4.1 -0.0
methylene chloride 8.930 5.7 -0.0
acetone 20.70 7.0 0.0
ethanol 24.55 7.1 0.0
methanol 32.63 7.4 0.0
dimethyl sulfoxide 46.70 7.6 0.0
water 78.39 7.8 0.0
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solute geometry than to perform shielding computations in vacuo
for a solute whose geometry is optimized in solution.

The previous statement becomes more well-argued if we
quantify the contribution of∆σdir and∆σind to the total solvent
effect. Tables 7, 8, and 9 report the percentage of each
contribution to the total solvation effect on nitrogen NMR
shieldings of the compounds studied. For compound I,∆σdir

amounts to no less than 96% of the total solvent effect; at least
82% for compound II and 75% for compound III. No significant
trend is observed with regard to the dependence of this
contribution on the dielectric constant of the solvent or the
chemical nature of the nitrogen concerned.

The effect of solvent on the principal components of the
shielding tensor for 1,2,4,5-tetrazine is also analyzed and plotted
in Figure 5. The solvent has the most influence on the least-
shielded component,σ11, which lies parallel to the nitrogen-
nitrogen bonds. For example, in water, there is an increase in
shielding ofσ11 by as much as 20 ppm. This is not unexpected
because this tensor component is perpendicular to theπ-electron
system of the aromatic ring that experiences solvent polarization.
On the other hand, there appears to be a rather weak deshielding

effect onσ33. This tensor component is normal to the ring, as
is usually the case for aromatic compounds. The influence of
increasingε on σ22 is more remarkable because, with the
exception of water, it closely parallels that of the experiment,
differing by just an average of about 1 ppm. This component
lies along the plane of the ring but perpendicular to the
nitrogen-nitrogen bonds. Examination of the tensor components
gives no new information that would explain certain discrep-
ancies between theoretical and experimental results. However,
it is apparent from such analysis that the introduction of explicit
solvent molecules in the calculation would give varying results
depending on the relative orientation of the solute and solvent
molecules used in the calculation. This consideration is impor-
tant when looking at solvent effects arising from specific solute-
solvent interactions.

TABLE 5: Values of ∆σdir and ∆σind (ppm) Calculated for
1-Me-1,2,3,4-Tetrazole

∆σdir ∆σind

ε N(1) N(2) N(3) N(4) N(1) N(2) N(3) N(4)

2.023 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2.228 -0.7 0.1 1.0 0.8 0.1 -0.0 0.1 -0.1
2.247 -0.7 0.2 1.0 0.8 0.2 0.0 0.1 -0.1
4.335 -4.4 0.7 6.4 5.1 0.4 0.3 0.4 -0.4
4.900 -4.8 0.8 7.2 5.7 0.5 0.3 0.5 -0.4
8.930 -6.6 1.4 10.1 7.8 0.6 0.2 0.7 -0.8

20.70 -8.0 1.7 12.3 9.5 0.8 0.3 0.7 -0.9
24.55 -8.2 1.8 12.6 9.7 0.8 0.3 0.7 -0.9
32.63 -8.4 1.8 13.0 10.0 0.8 0.2 0.8 -1.0
46.70 -8.7 1.7 13.5 10.3 0.8 0.4 0.8 -1.0
78.39 -9.0 1.8 13.9 10.6 0.8 0.4 0.8 -1.0

TABLE 6: Values of ∆σdir and ∆σind (ppm) Calculated for
1-Me-1,2,3,5-Tetrazole

∆σdir ∆σind

ε N(1) N(2) N(3) N(5) N(1) N(2) N(3) N(5)

2.023 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2.228 -0.5 0.4 0.7 0.2 0.1 0.0 -0.0 -0.0
2.247 -0.5 0.4 0.8 0.3 0.1 0.0 -0.0 -0.0
4.335 -3.0 2.7 4.7 1.5 0.4 0.0 -0.3 -0.2
4.900 -3.3 3.0 5.2 1.7 0.6 -0.0 -0.4 -0.2
8.930 -4.8 4.5 7.6 2.0 0.7 0.1 -0.6 -0.4

20.70 -5.8 5.5 9.3 2.3 1.0 0.4 -0.8 -0.4
24.55 -6.0 5.7 9.5 2.4 1.0 0.5 -0.8 -0.4
32.63 -6.1 5.8 9.7 2.4 1.0 0.4 -0.8 -0.4
46.70 -6.3 6.0 10.0 2.5 1.0 0.4 -0.8 -0.4
78.39 -6.4 6.2 10.3 2.5 1.1 0.4 -0.9 -0.5

TABLE 7: Contribution (%) of ∆σdir and ∆σind to Total
Solvent Effect on Nitrogen NMR Shielding of
1,2,4,5-Tetrazine

ε ∆σdir ∆σind

2.023 96.3 3.7
2.228 96.3 3.7
2.247 96.3 3.7
4.335 98.4 1.6
4.900 98.6 1.4
8.930 99.4 0.6

20.70 100.0 0.0
24.55 99.8 0.2
32.63 99.7 0.3
46.70 99.6 0.4
78.39 99.6 0.4

Figure 5. Dependence of the solvent effect on the tensor components,
σ11 (]), σ22 (0), andσ33 (0) of the nuclear magnetic shielding of15N
in 1,2,4,5-tetrazine (compound I) with solvent dielectric constant. The
plots for the experimental (b) and theoretical (isotropic) (O) solvent
effect are shown for comparison.

TABLE 8: Contribution (%) of ∆σdir and ∆σind to Total
Solvent Effect on Nitrogen NMR Shielding of
1-Me-1,2,3,4-Tetrazole

∆σdir ∆σind

ε N(1) N(2) N(3) N(4) N(1) N(2) N(3) N(4)

2.023 93.8 99.5 94.8 93.1 6.2 0.5 5.2 6.9
2.228 92.0 99.5 94.8 92.1 8.0 0.5 5.2 7.9
2.247 91.4 97.0 94.8 92.3 8.6 3.0 5.2 7.7
4.335 91.8 83.7 95.2 93.0 8.2 16.3 4.8 7.0
4.900 91.5 83.0 94.8 93.2 8.5 17.0 5.2 6.8
8.930 91.1 86.4 94.7 92.3 8.9 13.6 5.3 7.7

20.70 90.8 84.0 95.3 92.8 9.2 16.0 4.7 7.2
24.55 90.9 84.1 95.3 92.9 9.1 15.9 4.7 7.1
32.63 91.0 86.4 94.9 92.6 9.0 13.6 5.1 7.4
46.70 90.7 81.9 95.1 92.7 9.3 18.1 4.9 7.3
78.39 90.7 82.2 95.2 92.9 9.3 17.8 4.8 7.1

TABLE 9: Contribution (%) of ∆σdir and ∆σind to Total
Solvent Effect on the Nitrogen NMR Shielding of
1-Me-1,2,3,5-Tetrazole

∆σdir ∆σind

ε N(1) N(2) N(3) N(4) N(1) N(2) N(3) N(4)

2.023 86.6 95.7 92.5 75.6 13.4 4.3 7.5 24.4
2.228 86.6 95.4 93.0 77.2 13.4 4.6 7.0 22.8
2.247 86.7 95.5 93.0 77.2 13.3 4.5 7.0 22.8
4.335 87.6 94.8 94.7 78.6 12.4 5.2 5.3 21.4
4.900 86.8 95.7 94.3 80.1 13.2 4.3 5.7 19.9
8.930 86.8 94.8 94.2 80.9 13.2 5.2 5.8 19.1

20.70 85.5 96.6 94.9 85.4 14.5 3.4 5.1 14.6
24.55 85.5 91.7 94.4 84.4 14.5 8.3 5.6 15.6
32.63 85.8 92.1 94.4 84.0 14.2 7.9 5.6 16.0
46.70 86.0 92.3 94.6 84.0 14.0 7.7 5.4 16.0
78.39 85.4 92.3 94.4 83.9 14.6 7.7 5.6 16.1
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Conclusions

The present work provided a brief assessment of the reliability
of the polarizable continuum model in describing the influence
of solvent on nuclear magnetic shielding, in this case, the
nitrogen shielding of 1,2,4,5-tetrazine and two isomeric tetra-
zoles. The results presented show that PCM, in its simplest
application, is able to reproduce the key aspects of solvent
effect: its magnitude and sign. The approach used, however,
does not take into account the consequences of specific solute-
solvent interactions. Analyses of direct and indirect contributions
to the total solvent effect show that the intensity of the reaction
field determines shielding variation more than solute geometry
does. This can serve as an important consideration when doing
a large number of calculations to investigate solvent effects on
nuclear magnetic shielding.
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