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’ INTRODUCTION

Nuclear magnetic resonance (NMR) is one of the most
powerful tools for the structural elucidation of organic molecules
in chemistry and materials science. The joint efforts of experi-
ments and theories offer an even more appealing solution to
characterize themolecular structures and conformational proper-
ties. Especially, the well-implemented gauge-including-atomic-
orbital (GIAO) method provides us fast and accurate interpreta-
tion of the NMR chemical shifts of organic molecules.1,2 For
instance, the approach had been applied for the interpretation of
organic molecules with hydrogen-hydrogen (H 3 3 3H) repulsion,
containing an unsaturated vinyl group bound to both aromatic and
antiaromatic rings.3-5 Furthermore, the influence of the carbonyl
and methoxy groups on the chemical shifts of neighboring protons
and hydrogen bonds (C-H 3 3 3O) has been of interest since the
advent of NMR. The carbonyl and methoxy oxygens are both
nominally capable of functioning as hydrogen-bond acceptors, and
hydrogen-bonding interactions are expected to define the specific
structure of various complexes.21 In particular, the C-H 3 3 3O
hydrogen bond contributes to the intramolecular conformation
between the donor and acceptor groups in a planar structure.22

The density functional theory (DFT) method is an economic-
al alternative to electron correlation methods for considering the
hydrogen bonding effect and H 3 3 3H repulsion in organic
compounds.6 Sponer et al. reproduced the hydrogen-bonding

energies of some base pairs by the B3LYP/6-31G(d,p)//HF/
6-31G(d,p) level in good agreement with the results by MP2/
6-31G*//HF/6-31G(d,p).7 Rablen et al. also reported that the
hydrogen-bonding effect of small molecules at B3LYP/
6-31þþG(2d,p)//B3LYP/6-31þþG(d,p) matched well with
the results of CBS-Q.8 The DFT method has thus been used to
estimate the intramolecular interactions in this study.

Ring currents corresponding to the aromaticity and antiaro-
maticity are basic qualitative concepts that are widely used in 1H
NMR chemistry.9 Schleyer et al. proposed a new magnetic
criterion for the aromaticity and antiaromaticity, the nucleus-
independent chemical shifts (NICSs),10 which are computed as
the negative and positive magnetic shielding at some selected points
in space, for example, at a ring center. This criterion has been applied
in many ab initio and DFT studies, correlated with other energetic,
geometric, and magnetic criteria.11 As a rather direct indicator of
electron delocalization and ring currents, effective indices are given
for the aromaticity of individual rings in polycyclic systems.

The organic molecules used in this study are the 4H-pyran
derivatives: 2-(2,6-dimethyl-4H-pyran-4-ylidene)-malononitrile
(1), cyano-(2,6-dimethyl-4H-pyran-4-ylidene)-acetic acid methyl
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ABSTRACT: The 1H NMR chemical shifts were theoretically
computed for the organic dyes 2-(2,6-dimethyl-4H-pyran-4-
ylidene)-malononitrile (1), cyano-(2,6-dimethyl-4H-pyran-
4-ylidene)-acetic acid methyl ester (2), 2-(2,6-bis(4-(dimeth-
ylamino)styryl)-4H-pyran-4-ylidene)-malononitrile (3), and
methyl 2-(2,6-bis(4-(dimethylamino)styryl)-4H-pyran-4-ylid-
ene)-2-cyanoacetate (4) at the GIAO/B3LYP/6-311þþG(d,
p)//B3LYP/6-311þþG(d,p) level of theory. Moreover, the
intramolecular rotational barriers of the molecules were calcu-
lated to evaluate the internal flexibility with respect to the
torsional degrees of freedom, and the nuclear-independent chemical shifts (NICS) were employed to analyze the ring currents. The
difference was explained in terms of intramolecular hydrogen bonds and ring currents of the molecules. The 1H NMR spectra were
reproduced by experiments for the comparison with computationally constructed data. Our results suggest a good guideline in
interpreting 1H NMR chemical shifts using computational methods and furthermore a reliable perspective for designing molecular
structures.
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ester (2), 2-(2,6-bis(4-(dimethylamino)styryl)-4H-pyran-4-ylid-
ene)-malononitrile (3), and methyl 2-(2,6-bis(4-(dimethylam-
ino)styryl)-4H-pyran-4-ylidene)-2-cyanoacetate (4). These kinds

of compounds such as 4-(dicyanomethylene)-2-methyl-6-(p-(di-
methylamino)styryl)-4H-pyran (DCM) and 4 have shown high
electroluminescence and photoluminescence in organic light-
emitting devices12 and dye-sensitized solar cells.13 Because their
optical properties are highly sensitive to the intramolecular geo-
metries,14 the accurate interpretation of NMR spectra of those
materials is essential to develop further innovative molecular
structures.

In this study, we addressed the question of to what extent the
geometries, energies, and 1H NMR chemical shifts of the
molecules are influenced by intramolecular interactions such as
C-H 3 3 3O hydrogen bonding, H 3 3 3H repulsion, and ring
currents. The GIAO-NMR chemical shifts were computationally
constructed for the selected organic dyes (1-4) and compared
to experimentally reproduced NMR data to elucidate shielding
modes in the species and investigate energy barriers involved in
the stable rotational structures. The NICSs were also computed
to analyze the ring current effect.

’COMPUTATIONAL DETAILS

We have investigated all possible complexes derived from the
isomers corresponding to the rotations of methyl-acetate, 4H-
pyran, phenyl, and dimethylamine moieties. Structures were
optimized using the DFT method at the B3LYP/6-311þþ
G(d,p) level implemented in the Gaussian 09 package.15 The
computed geometries were then verified by frequency calcula-
tions at the same level of theory in the gas phase. In addition,
global minima were determined by comparing the energies of the
resulting optimized structures from manually adjusted different
initial geometries. Additional calculations using M05-2X and
M06-2X methods were carried out for comparison. The agree-
ment of B3LYP/6-311þþG(d,p) results with those is typically

Figure 2. (a) Natural atomic charges and (b) electrostatic potentials by the isodensity contours (au = (0.04 e/Å3) of compounds 1 and 2 with trans
(2a) and cis (2b) forms.

Figure 1. (a) Optimized geometries of compounds 1, 2a, and 2b with
their lowest vibrational frequencies (ω1), and (b) the energetics with the
rotational barrier (kcal/mol) of methyl formate-substituted 2-(2,6-
dimethyl-4H-pyran-4-ylidene)-malononitrile derivative calculated on
the basis of the 6-311þþG(d,p) basis set. The interatomic distances
in (a) were calculated using three different methods for comparison.
They are in the order of B3LYP, M06-2X, and M05-2X from above, and
experimental data are in parentheses. Compound 1 is in C2v symmetry.
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on the order of 1%. Figures 1-4 summarize the molecular
structures, relative energies (Erel), and lowest vibrational fre-
quencies (ω) of the compounds (1-4) relative to their rotamers.
The computation of NMR chemical shifts was carried out by the
GIAOmethod in which the nuclear shielding tensor is calculated.
To convert 1HNMR chemical shifts of the molecules to ppm, the
isotropic values of hydrogens in the molecules were subtracted
from those of the hydrogens in tetramethylsilane (TMS): δ
(ppm) = H for TMS - H for molecules. The GIAO chemical
shifts referenced to hydrogens in TMS were 31.98 ppm at the
same level of theory. As for the ring current effect, the NICS
values10 were evaluated at the centers of all rings of the
investigated species.

’RESULTS AND DISCUSSION

Geometrical Features. The geometrical parameters and
frequency analyses of the investigated molecules (1-4) are
summarized in Figures 1, 3, and 4. It has been shown that the
DFT calculation produces better geometries than do other
theoretical levels.6 According to the comparison between the
X-ray crystallographic data and computation of species 1, the
computed geometry showed a small bond elongation of about
0.5% on average.17 Because the direct structural data were not
available for the compounds (2-4), the optimized parameters
were compared to X-ray crystallographic data for similar kinds of
molecules.18 The comparison showed that the species (3c
and 4c) undergo similar bond elongation by 0.9% on average.
The discrepancy is due to the difference between experimental
X-ray crystallographic data with intermolecular interactions in-
volved and calculated results for free molecules in the gas phase.
The computational results, however, explained the geometries of
the investigated molecules (1-4) with acceptable quality.
Compound 2, a methyl acetate-substituted derivative instead

of cyano group in 1, exists as either trans (2a) or cis (2b) isomer.
The isomers own the intramolecular hydrogen bonding between
the hydrogen (Hy) of 4H-pyran and the carbonyl and methoxy
oxygens of the methyl-acetate moiety, respectively. To check that
the isomers are in the rotamers, their geometries and energies
were calculated as shown in Figure 1. In 2a and 2b, the distances
of Hy 3 3 3O are 2.140 and 2.127 Å, respectively, which indicates
that hydrogen bonds are formed to stabilize 2a and 2b. The trans
rotamer 2a is electrostatically more stable than the cis rotamer
2b, by 3.7 kcal/mol in energetics. The internal rotational barriers
from trans to cis and from cis to trans were obtained as 9.3 and
5.6 kcal/mol, respectively. The dihedral angle of the transition
state is 93.1�. The rotating axis at the dihedral angle has a single
bond characteristic that leads to acceptable bond lengths, 1.472 Å
for 2a and 1.476 Å for 2b, respectively. Detailed geometries for
the isomers are included in the Supporting Information. As
shown in Figure 2, the computation has shown that the free
electron pairs of oxygen atom are delocalized around the hydro-
gen, just as electrons are shared on average by bonded atoms in
nominal covalent bonding. It is correlated to the 1H NMR
chemical shifts performed on these 4H-pyran derivatives,19 as
discussed later in more detail.
The isomers shown in Figure 3 have the geometries containing

a vinyl group bound to both 4H-pyran and phenyl ring. Thus, it
requires understanding the steric interactions governing these
systems. The geometry of 3c with two H 3 3 3H steric repulsions
keeps it as global minimum as shown in Figure 3 (same for 4c in
Figure 4), while the π-conjugation between the phenyl and vinyl

Figure 3. (a) Optimized geometries of the three possible isomers of
2-(2,6-bis(4-(dimethylamino)styryl)-4H-pyran-4-ylidene)-malononi-
trile, 3a, 3b, and 3c, with their lowest vibrational frequencies (ω1), and
(b) the rotational barriers (kcal/mol) between the compounds. Relative
energies (kcal/mol) in (a) and the rotational barriers in (b) were
calculated at the B3LYP/6-311þþG(d,p) level of theory. Structure 3c
is the most stable. Compounds 3a and 3c are in C2 symmetry.
Experimental data for the geometry are given in (a) and in parentheses.
The dotted lines mean the number of H 3 3 3H repulsions.
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groups stabilizes the coplanar conformer. Because three or four
H 3 3 3H repulsions are involved in the isomers 3a and 3b, 3c is
expected to be more stable only with two H 3 3 3H repulsions.
Accordingly, 3c with less hydrogen repulsion is more stable
energetically by 3.5 and 1.7 kcal/mol than are 3a and 3b,
respectively. Because of the intramolecular rotations of 3,
Scheme 1 illustrates three possible rotational modes, Rot.1,
Rot.2, and Rot.3. The forward and backward rotations of Rot.1
had different potential energies, 8.5 and 6.8 kcal/mol, respec-
tively, while those of Rot.2 and Rot.3 were of the same potential
energies, 7.3 and 6.2 kcal/mol, respectively. It suggests that Rot.2
and Rot.3 are facile and reversible, but Rot.1 is irreversible in a
relative way. The detailed structural parameters for the confor-
mers are also in the Supporting Information. Figures 3 and 4 also
show the comparison of the optimized geometrical parameters
for the species to available X-ray structural data,18 and the
agreement is fairly good. It confirms that the coplanar geometry
is formed throughout the 4H-pyran, vinyl, and phenyl group. The
slight overestimation of the calculated bond lengths is due to the
gas-phase calculations as previously mentioned. The geometry of
4c was determined to be most stable among the structures
considering the barriers combined with the rotations of 2a and
3c, as shown in Figure 4.
NICS. As mentioned in the Introduction, the aromatic criteria

are often defined via the magnetic property based on NICSs. The
ring center of the molecules has the negative NICS values (in
ppm) for the aromacity, while the antiaromaticity has positive
NICS values, and the nonaromaticity is described by the values
close to zero. We calculated NICS values at the ring centers of
4H-pyran and phenyl, respectively, to provide measuring criteria
for the ring current effect. As shown in Table 1, the computed

NICS values at the phenyl rings are negative (-6.6 ppm),
suggesting the existence of delocalization and the aromaticity;
the value at the ring center of benzene is-8.0 ppm for reference.
On the other hand, the ring center of 4H-pyran is likely to have
the nonaromaticity by the values in the range of þ0.4 to -0.9
ppm. The different aromatic characteristics between them are
also related to the ring currents; the phenyl moiety has higher
ring current than does the 4H-pyran. The influence of the ring
current on the 1H NMR chemical shifts is discussed in the next
section.

1H NMR Chemical Shifts with Respect to the Intramole-
cular Interaction and Ring Current. The issues of how many
shielding signals in the 1H NMR spectrum of a complex
molecule have rarely been addressed. Hydrogens have differ-
ent NMR chemical shifts unless they are chemically equiva-
lent, obviously with the possibility of overlaps. However, it is
often not obvious even which hydrogens are chemically
equivalent in various compounds.19 For example, the chemi-
cal shifts of the hydrogens are far downfield when hydrogens
interact with strong electronegative atoms, as compared to
the hydrogens bound to carbon.
As shown in Figure 1 and Table 2, the chemical shift of

hydrogens attached to the 4H-pyran of 1 appears at 6.67 ppm,
while the chemical shifts of hydrogens (Hx and Hy) attached to
the substituted methyl acetate in 2a appear 6.92 and 8.74 ppm,
respectively. It is quite noted that the peaks for the hydrogen, Hy,
interacting with the carbonyl (2a) and methoxy (2b) groups of 2
appear in the downfield region of 8.74 to 7.88 ppm. Based on the
planar structure of 2, the downfield is due to the hydrogen-
bonding effect between the oxygen of methyl-acetate and Hy of
4H-pyran moiety.

Figure 4. Four possible isomers of methoxy-substituted 2-(2,6-bis(4-(dimethylamino)styryl)-4H-pyran-4-ylidene)-malononitrile at the B3LYP/
6-311þþG(d,p) level of theory. The dotted lines mean the number of H 3 3 3H repulsions. Structure 4c is the most stable among them.
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The compounds shown in Figure 3 include two different rings.
In case of aromatic ring, the π-electrons on the aromatic ring
circulatemore readily under the external magnetic field than their
σ-electrons because the nuclei hold the electrons less strongly.
Depending on the ring species in the molecule, the magnetic field
of theseπ-electrons at the hydrogen of interest is aligned with the
external magnetic field, resulting in the downfield shifts. This
“ring current effect” is distinct especially in benzene derivatives
with large downfield shifts for hydrogens attached to the
aromatic phenyl ring. The chemical shifts for the hydrogens
(Hc and Hd) connected to the phenyl ring of 3c appear at 7.77
and 6.65 ppm, respectively. However, the electron-donating
dimethylamine group bound to the phenyl ring leads to the
upfield chemical shifts of Hd relative to Hc. A similar but smaller
effect induces the hydrogens on the vinyl moiety to appear
downfield as well. The chemical shifts for the hydrogens
(Ha and Hb) on the vinyl moiety are at 6.64 and 7.70 ppm,
respectively. The hydrogen close to the phenyl ring is more
downfield-shifted than the one close to 4H-pyran, similarly as
shown in the chemical shifts of styrene.20

In Figure 4, the geometries on the left and right sides of the
molecule that resulted from the replacement of cyano group by
methyl acetate are independent of each other. Although the types
of hydrogens on both sides appear similar, they may have
different chemical shifts if they are not chemically equivalent.
The case of 4 is more delicate. Twelve absorptions are expected
in the 1H NMR spectrum of 4: singlet for all 12 hydrogens on
dimethylamine, singlet for the three hydrogens on methyl
acetate, singlet for Hx, singlet for Hy, doublet for Ha, doublet
for Ha0, doublet for Hb, doublet for Hb0, doublet for Hc, doublet
for Hc0, doublet Hd, and doublet for Hd0. Compound 4 also

includes the effects of hydrogen bonding, H 3 3 3H repulsion, and
ring currents. The chemical shifts of hydrogens near high
electronegative atoms such as oxygen and nitrogen depend on
the geometry of the molecule due to the intramolecular interac-
tions by hydrogen bonding. Because the hydrogen bonding
serves to increase electron density around highly electronegative
atom, a deshielded downfield shift is obtained. The hydrogen
(Hy) of 4H-pyran interacting with the carbonyl groups of methyl
acetate appears even farther downfield (near 8.69 ppm) as a
result of the hydrogen-bonding effect, but the hydrogen (Hx) of
the other side appears at 6.77 ppm similar to 2a. The peaks for
phenyl (Hc, Hc0, Hd, Hd0) and vinyl (Ha, Ha0, Hb, Hb0) groups
usually appear in the region of 6.6-7.8 ppm, while the peaks for
dimethylamines and methoxy group emerge near 3.1 and
3.6 ppm, respectively. These chemical shifts are resulted from
the combination of hydrogen bonding in 2a and ring current of 3c.

’CONCLUSIONS

On the basis of the geometries of some 4H-pyran derivatives
optimized by the DFT method, the geometric features such as the
structural deformation during rotation, hydrogen bonding, and
hydrogen repulsion were investigated. Although the Rot.1 to the
internal rotation originates from the steric repulsion of hydrogens,
Rot.2 and Rot.3 are most likely to be the predominant internal
degrees of freedom responsible for the nature of single bond
relaxation. In addition, the cis and trans isomers of the methyl
acetate-substituted derivative (2) experience intramolecular hydro-
gen bonding during internal rotation, where the transition state
between them for the Rot.1 has inaccessible kinetics in a relative way.
Meanwhile, we have also shown relative aromaticities for the rings of
4H-pyran and phenyl group by usingNICS values. It turned out that
there is no influence of the methyl acetate substituent on the
nonaromatic 4H-pyran ring. Finally, the inspection of the 1H
NMR chemical shifts of the investigated species was carried out
with respect to the effects of hydrogen bonding and ring current.
Consequently, our computational analysis on the chemical shifts of
molecules combined with those effects was clearly demonstrated to
be essential to the interpretation of experimental data.

Scheme 1. Rotational Barriers Considered in Compound 3

Table 1. NICS Values of the Species Computed at the GIAO-
B3LYP/6-311þþG(d,p) Level As Compared to benzene

species 4H-pyran ring phenyl ring

1 -0.7

2a -0.9

2b -0.8

3c þ0.4 -6.6

4c þ0.3 -6.6

benzene -8.0

Table 2. Experimentala versus Calculated 1H NMR Chemical
Shifts of the Most Stable Derivatives

1 2a 3c 4c

proton exp. calc. exp. calc. exp. calc. exp. calc.

Hx 6.68 6.67 6.59 6.92 6.69 6.52 6.66 6.77

Hy 7.80 8.74 7.90 8.69

Ha 7.04 6.64 6.94 6.77

Ha0 7.04 6.78

Hb 7.65 7.70 7.61 7.67

Hb0 7.59 7.62

Hc 7.68 7.77 7.66 7.69

Hc0 7.68 7.73

Hd 6.77 6.65 6.75 6.62

Hd0 6.76 6.67

O-CH3 3.67 3.74 3.69 3.71

N-CH3 3.02 3.11 3.01 3.11

CH3 2.44 2.24 2.34 2.24
a Experimental measurements are in DMSO.
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’EXPERIMENTAL SECTION

Synthesis of 2-(2,6-Dimethyl-4H-pyran-4-ylidene)-malo-
nonitrile (1). In a three-neck flask, 2,6-dimethylpyran-4-one
(1.2 g, 10 mmol) and malononitrile (1 g, 15 mmol) were
dissolved in acetic anhydride while stirring the mixture at
120 �C. The reaction mixture was heated on a steam bath for
2 h and poured into a slurry of crushed ice and water (250 mL).
The precipitate was washed with water and extracted with
CHCl3. Viscous liquid product was obtained by column chro-
matography (CHCl3) (yield = 70%).

1HNMR (DMSO, ppm): δ
6.68 (s, 2H, ArH), δ 2.35 (s, 6H, 2(CH3)).
Synthesis of Cyano-(2,6-dimethyl-4H-pyran-4-ylidene)-

acetic Acid Methyl Ester (2). A solution of 1 equiv (5 g, 40
mmol) of 2,6-dimethylpyran-4-one and 1 equiv of methyl cyano
acetate (5.6 g, 57 mmol) in acetic anhydride was refluxed for 2-5 h.
The mixture was then poured into a mixture of water. The crude
product was extracted with ethyl ether (5 � 30 mL). The extracts
were washed with water and dried over MgSO4. Removal of the
solvent left residue, whichwas subjected to column chromatography,
EtOAc-petroleum ether (1:1, v/v) as a dark orange solid (yield =
28%). 1HNMR (DMSO, ppm): δ 7.80 (s, 1H, ArH), δ 6.59(s, 1H,
ArH), δ 3.67 (s, 3H, CH3), δ 2.34 (s, 6H, 2(CH3)).
Synthesis of 2-(2,6-Bis(4-(dimethylamino)styryl)-4H-pyr-

an-4-ylidene) Malononitrile (3). A solution of 1 (1 g, 6.0
mmol), 4-dimethylamino benzaldehyde (1.9 g, 12.8 mmol),
and piperidine (0.45 mL) in acetonitrile (30 mL) was refluxed
for 8 h. The reaction solution was cooled to room temperature,
and the solid product was isolated and washed well with
acetonitrile and dried. The crude product was recrystallized from
methanol several times (yield = 23%). 1H NMR (DMSO, ppm):
δ 7.68-7.65 (d, 2H, J = 16.2 Hz), δ 7.66-7.65 (d, 4H, ArH), δ
7.07-7.04 (d, 2H, J = 16.2 Hz), δ 6.78-6.77 (d, 4H, ArH), δ
6.69 (s, 2H), δ 3.02 (s, 12H, 4(CH3)).
Synthesis of Methyl 2-(2,6-Bis(4-(dimethylamino)styryl)-

4H-pyran-4-ylidene)-2-cyanoacetate (4). A solution of 2 (1 g,
5 mmol), 4-dimethylamino benzaldehyde (1.6 g, 11 mmol), and
piperidine (0.45 mL) in acetonitrile (30mL) was refluxed for 8 h.
The reaction solution was cooled to room temperature, and the
solid product was isolated and washed well with acetonitrile and
dried. The crude product was recrystallized from methanol
several times (yield = 47%). 1H NMR (DMSO, ppm): δ 7.90
(s, 1H), δ 7.69-7.67 (d, 1H, ArH), δ 7.67-7.65 (d, 1H, ArH), δ
7.62-7.59 (d, 1H, J = 18 Hz), δ 7.61-7.58 (d, 1H, J = 18 Hz), δ
7.06-7.03 (d, 1H, J = 18 Hz), δ 6.95-6.93 (d, 1H, J = 18 Hz), δ
6.77-6.75 (d, 1H, ArH), δ 6.76-6.74 (d, 1H, ArH),δ 6.66 (s, 1H),
δ 3.69 (s, 1H, CH3), δ 3.01 (s, 12H, 4(CH3)).

’ASSOCIATED CONTENT

bS Supporting Information. 1H NMR chemical shift data
and optimized geometries of the species. This material is avail-
able free of charge via the Internet at http://pubs.acs.org.
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