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Abstract 4′-substituted neutral/protonated furfurylidenanilines
and trans-styrylfurans are able to exist in two different conforma-
tions related to the rotation around the furan ring-bridge double
bond. In this work, the equilibrium geometry and the corre-
sponding rotational barrier of the benzene ring for each furan
derivative conformation were calculated by DFT methods. The
trend and shape of the rotational barrier are rationalized within
natural bond orbitals as well as atoms-in-molecules approach.
For the corresponding equilibrium geometries, 1H and 13C
substituent induced shifts (SIS) were calculated and compared
with experimental values. Calculated shielding constants are

shown to be sensitive to the substituent effect through a linear
fit with substituent’s Hammett constants. An alternative ap-
proach was followed for assessing the effect of substituents over
SIS through comparing the differences in isotropic shielding
constants with NBO charges as well as with 1H and 13C exper-
imental chemical shifts.

Keywords Chemicalshifts .Furfurylidenanilines .Rotational
barriers . Styrylfurans

Introduction

Quantum mechanical calculations of nuclear magnetic reso-
nance (NMR) parameters are nowadays routine in computa-
tional chemistry [1–12]. Their applications ranges from or-
ganic [13–18] and inorganic [19, 20] chemistry to biomole-
cules [8, 11, 21–24] and solid state [25–29]. The well-known
and most studied NMR parameters, 1H and 13C chemical
shifts, have been widely used for predicting molecular struc-
tures or to distinguish between some substrates using
established databases of correlated chemical shifts [30].
Sometimes this correlation cannot be found experimentally
and should be computed [30]. However, this requires the
estimation of many local and remote factors, usually long time
consuming. An alternative implementation of expensive com-
putational methods is density functional theory (DFT) due to
its convenient ratio results-quality/computational-cost [12].
Moreover, it has become the conventional and almost
trouble-free method for calculating shielding tensors for sim-
ple and diverse molecules with light atoms [12, 31–33].

N-(4′-substituted-phenyl)-2-furaldimines, Fig. 1 (FAwhen
Y=N), are important intermediates in the synthesis of their
corresponding aminoalkyl pyridines [34–36], Δ2-1,2,3-
triazolines (4,5-dihydro-1H-1,2,3-triazoles) and 1H-1,2,3-
triazoles which show remarkable pharmacological activity as
anticonvulsants [37, 38]. These aromatic azomethines are
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easily obtained by direct reaction of furfural with aniline
derivatives [39].

Neutral and protonated FA exist mainly as E isomer (de-
fined by rotation around Cα=Y double bond) at room tem-
perature [40, 41]. Among the most notable evidence is the
1JCαHα=161.6 Hz measured by Pérez [42], which suggests
the existence of E structure only [40]. This is supported by the
experimental 3JHαHN=17 Hz [42–44], which denotes the
preference of protonated azomethines, including protonated
FA, to exist as E isomer. Furthermore, the interconversion of
neutral FA from Z to E isomer is fast due to the nitrogen
inversion [45–47].

This work presents the DFT calculation of Ψ rotational
barriers of neutral and protonated furfurylidenanilines (FA,
Y=N, NH+) and their non-polar analogues trans-styrylfurans
(SF, Y=CH), Fig. 1, which are rationalized in terms of natural
bond orbital (NBO) and atoms-in-molecules (AIM) electronic
localization schemes. Additionally, in this study we report the
DFT estimation of 1H and 13C isotropic magnetic shielding
constants (σ) and make an analysis of the 4′-substituent elec-
tronic influence on them.

Computational section

Full geometry optimizations were performed for all 4′-
substituted compounds using DFT-B3LYP [48–51] functional
in combination with 6-31G(d,p) basis set. We carried out
constrained geometry calculations for 12 rotations in all furan
derivatives around Ψ dihedral angle starting at 0° and
finishing at 165°, while the rest of the variables were allowed
to relax. Additionally, the transition states (TS) and equilibri-
um geometries of these molecules for such rotations aroundΨ
angle were calculated. These stationary points were fully
optimized and characterized with frequency calculations. This
methodology was applied to OY-syn (Θ dihedral angle of 0°)
and OY-anti (Θ dihedral angle of 180°) conformers. For
neutral/protonated FA only the stable E isomers were
modeled.

Calculations of the trace of the shielding tensor (σ) for the
corresponding equilibrium geometries were carried out within
GIAO [52] methodology using DFT-B3LYP [48, 49] func-
tional with 6-311G(d,p) basis set. NBO [53] and AIM analysis
were performed at the same level of theory of geometry
optimizations.

Geometry optimizations, shielding tensors as well as NBO
calculations of the furan derivatives were carried out using
Gaussian03 package of programs [54]. The calculation of
AIM critical points were performed using EXTREME code
and the atomic basins integrations were performed using
PROAIM code, both in AIMPAC package [55]. The contour
plot of the electronic density (Fig. S1 in supporting information)
was created using AIM2000 program [56].

Results and discussion

Rotational barriers and equilibrium geometries

Our calculations show that Θ dihedral angle for the equilibri-
um geometry is almost 0° for OY-syn conformers and approx-
imately equal to 180° for OY-anti conformers. Consequently,
ring A and Cα=Y double bond are coplanar in the equilibrium
geometries of trans-SF as well as of neutral and protonated
FA. However, the effect of the rotation of Ψ angle is more
complicated. For the equilibrium geometry of some furfural
derivatives, it is found that the whole molecule is planar, while
in others, ring B is lying out of the plane of the rest of the
molecule.

The calculations performed using DFT (B3LYP/6-31G(d,p))
of trans-SF equilibrium geometries show that OC-syn and OC-
anti conformers are planar molecules. Ψ dihedral angle in the
equilibrium geometry is 0° and the corresponding rotational
barrier is not sensitive to the substituent effect and very similar
for both conformers, with values around 6 kcal mol−1, Fig. 2(a)
and (b). The planarity of the trans-SF derivatives is supported
by the planarity in solid phase (X-ray diffraction [57]) and near
planarity in the gas phase (electronic diffraction) [58] of trans-
stilbene, the non-heterocyclic analogue of trans-SF.

Likewise, the equilibrium geometries of ON-syn and ON-
anti conformers of protonated FA derivatives are essentially
planar, Fig. 2(c) and (d). The minima around Ψ=0° are very
shallow and the plateaus are slightly more marked in ON-anti
conformers. The calculated rotational barriers, of both proton-
ated FA conformers, are relatively insensitive to the electronic
effect of substituents.

Unlike the previously presented furan derivatives, the equi-
librium geometries of both conformers of neutral FA are non-
planar, as shown in Table S3 (in supporting information).
Therefore, this non-planarity leads to two rotational barriers
in neutral FA, one through Ψ=0° and other through Ψ=90°,
Fig. 2(e) and (f).

Fig. 1 United representation of neutral/protonated FA and trans-SF (X:
NO2, CN, F, Cl, Br, H, CH3, OCH3, OH, NH2, N(CH3)2)
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Both rotational barriers of ON-syn and ON-anti conformers
of neutral FA are very similar and sensitive to substituent
effects, especially the highest barrier, which is through
Ψ=90°, as can be seen in Fig. 2(e) and (f). The shape of the
rotational barriers curves as well as theΨ dihedral angle of the
equilibrium geometry of neutral FA derivatives seem to depend
strongly on the mesomeric effect of the 4′-substituent. The
height of their rotational barrier curves in Ψ=90° increases
with electron donor substituents. On the other hand, the height

of the rotational barrier inΨ=0°, together withΨ angle values
of the equilibrium geometry in neutral FA, decrease with the
same type of substituent. Various investigations of the molec-
ular structure of N-benzylideneanilines [59–61] have shown
that electronic effects of substituents in ring B can largely
influence the equilibrium value of Ψ dihedral angle and then
determine the non-planar molecular conformation.

As the employed functional, B3LYP, is local in correlation
and there is significant stabilization byπ =>π* as demonstrated

Fig. 2 Rotational barriers of trans-SF derivatives (a) OC-syn and (b) OC-anti conformations; protonated FA derivatives (c) ON-syn and (d) ON-anti
conformations; and neutral FA derivatives (e) ON-syn and (f) ON-anti conformations
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later; we have performed additional calculations with the
dispersion-corrected functional M06 and B3LYP-D of neutral
FA derivatives rotational barriers. The inclusion of the disper-
sion correction slightly modifies the value of the barriers
heights. M06 produces larger rotational barriers than B3LYP
both at 0° and 90° while the rotational barriers derived from
B3LYP-D are larger than with B3LYP at 90° and smaller than
with B3LYP at 0°. Nevertheless, the inclusion of dispersion
correction in the functionals does not affect the energy ordering
of the substituents in neutral FA (see Table S4 in supporting
information for details).

For all furan derivatives, the order for the rotational barrier
height range of values is trans-SF>protonated FA>neutral FA,
while the order for the Ψ dihedral angle range of values of the
equilibrium geometry is neutral FA>protonated FA>trans-SF.

The traditional explanation for the non-planarity of neutral
FA takes into account the competition between two principal
factors: (1) steric interaction between H2′ and Hα, which is
repulsive in the planar conformation but is reduced with
increasing non-planarity and (2) conjugation effects, divisible
into two components, π delocalization between azomethine
double bond and the ring B, which is maximized for planar
conformations, and, on the other hand, delocalization of the
nitrogen lone pair electrons with ring B π system which is
absent in the planar conformation but increases with increas-
ing non-planarity [62]. An AIM and NBO analysis is carried
out in the next section to analyze the principal factors that
determine the rotational barrier of neutral FA.

NBO and AIM analysis of neutral FA

In order to estimate the conjugation effects governing the
rotational barriers of neutral FA, we carried out an NBO
analysis [63] using DFT: B3LYP/6-31G(d,p). According to
the donor–acceptor scheme the strongest electronic interac-
tions between ring B and Cα=N double bond are π (Cα-N)
=>π*(C1′-C2′) and π (C1′-C2′) =>π*(Cα-N) that stabilize the
planar geometry (Ψ=0°) as well as LP (N) =>π*(C1′-C2′)
which stabilizes the geometry with orthogonal π moieties
(Ψ=90°). Table 1 lists the values of π-π and LP-π donor-
acceptor components as well as the total effect of them in both
conformers of 4′-substituted neutral FAwhen Ψ=0° and 90°.

As we can see in Table 1, the net conjugation effect
stabilizes the planar geometry more than the perpendicular.
Moreover, LP (N) =>π*(C1′-C2′) is strongly sensitive to the
electronic substituent effect. Consequently, this type of elec-
tronic interaction probably accounts for the change ofΨ angle
values in the equilibrium geometries of 4′-substituted neutral
FA and the change of their energy barriers (through Ψ=90°).

On the other hand, the net contribution of the conjugative
interactions that stabilize the planar conformation is rather
non-sensitive to the substituents electronic effects. This results
from opposed tendencies of π (Cα-N) =>π*(C1′-C2′) and π

(C1′-C2′) =>π*(Cα-N). We present below an AIM approach
for accounting the instabilities of the planar structures of 4′-
substituted neutral FA.

A destabilizing factor of the planar conformation in neutral
FA is the steric repulsion between Hα and H2′, analogous to
the repulsion present in biphenyls. Nevertheless, Bader et al.
[64, 65] in their atom-in-molecules theory (AIM) [66] found
that this kind of H…H interaction in biphenyl systems con-
tributes to the system stabilization, being both hydrogen atoms
linked by a bond path, and that the destabilization of the planar
structures is related to the lengthening of the C-C bond be-
tween biphenyl moieties. A set of C-H…H-C interactions have
been characterized using their experimental electron densities
and the AIM methodology [67], supporting Bader assump-
tions. However, a work of Sola et al. [68–69] attributes the
planar conformation destabilization in biphenyls to the Pauli
repulsion between molecular orbitals (Cortho-Hortho) and re-
jects the hypothesis of H…H bonding stabilization.

An analysis of the interaction that involves Hα and H2′

atoms in the planar structures of all neutral FA derivatives was
carried out within AIM framework using DFT: B3LYP/6-
31G(d,p). EXTREME program included in AIMPAC package
[55] was the code used for all AIM calculations.

AIM provides valuable information of the molecular struc-
ture based on the analysis of electron densities. On these
grounds, the critical points and the Laplacian of the electron
densities are analyzed and characterized. The number of non-
zero eigenvalues of the Hessian matrix on a critical point
defines its rank (σ) and the sum of the signs of these eigen-
values its signature (λ). The (σ, λ) code is used to characterize

Table 1 Donor-acceptor scheme second order correction energies (kcal
mol−1) of neutral FA

X Conformer TS (0°) TS (90°)

π (Cα-N)
↓
π (C1′-C2′)*

π (C1′-C2′)
↓
π (Cα-N)*

Total LP (N)
↓
π (C1′-C2′)*

NO2 ON-syn 15.47 14.79 30.26 16.57

Cl 14.20 15.62 29.82 14.28

Br 14.17 15.58 29.75 14.06

H 13.82 15.82 29.64 14.00

CH3 13.67 16.14 29.81 13.65

OCH3 13.51 16.84 30.35 13.09

N(CH3)2 13.15 17.76 30.91 12.51

NO2 ON-anti 15.64 14.60 30.24 16.24

Cl 14.31 15.38 29.69 14.04

Br 14.20 15.54 29.74 14.32

H 13.96 15.62 29.58 13.77

CH3 13.81 15.92 29.73 13.44

OCH3 13.64 16.61 30.25 12.88

N(CH3)2 13.27 17.55 30.82 12.39
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a critical point. If a pair of atoms are bonded, there is a path of
maximum charge density between them, with a saddle point
along the path. This line is called bond path (bp) and the
saddle point a bond critical point (bcp). In a bcp, the electron
density has a maximum in two directions and a minimum in
the third perpendicular direction. A bcp is described with the
code: (3,-1). λ1, λ2 and λ3 are the curvatures or eigenvalues of
the Hessian matrix of the electron density. A useful parameter
is the ellipticity (ε=λ1/λ2−1) of the electron density at the
bond critical points. It provides a quantitative description of
the anisotropy of the electron density at the bcp.

We found one (3,-1) bond critical point (bcp), which has
topological features similar to usual closed shell interactions,
between each pair of Hα

…H2′ in both conformations of all
neutral FA derivatives. In line with AIM theory, a bcp is one of
the factors determining the distance between the atoms that it
joins (in this case Hα

…H2′ distance) and therefore influencing
the stability of the planar conformations of neutral FA.

For the set of studied derivatives the distance (r) between
Hα

…H2′ was found to be between 2.052–2.085 Å for ON-syn
and 2.054–2.089 Å for ON-anti conformers, Table 2. Al-
though this variation of Hα

…H2′ distance is small, the elec-
tronic density (ρ(rc)) in the interatomic region decreases
slightly and lineally with the increment of the distance be-
tween Hα

…H2′. We found that such ρ(rc) are small for all bcps
and they deplete locally in the bcp, where the local excess of
kinetic energy is dominant over the potential energy, which
explains the weakness of Hα

…H2′ interactions and the small
values of the electronic density Laplacian ∇2ρ(rc)>0. More-
over, we calculated λ3 (eigenvalue of the Hessian matrix) for
the bcps, for which positive values agree with the expected
minimum along the bond path for the charge density. On the

other hand, the associated curvatures (λ1 and λ2) of the charge
density in the interatomic surface, which are negative and
perpendicular to the bond path Table 2, attain their maximum
value in the bcp, suggesting some stabilizing interaction be-
tween Hα

…H2′.
All considered bcp’s have ellipticities close to 1 which

mean asymmetrically distributed electron densities. We found
the same trend in all bcp between Hα

…H2′ in both conforma-
tions of 4′-substituted neutral FA, Table 2.

For non-substituted neutral FA we carried out a more
detailed study in order to understand the origin of the rota-
tional barrier through Ψ=0°. Integration over atomic basins
were calculated to obtain the atomic properties using
PROAIM program [55].

We found that atomic energies decrease 4.14 kcal mol−1

and 3.01 kcal mol−1 for Hα and H2′ respectively in ON-syn
conformer (2.21 kcal mol−1 and 2.93 kcal mol−1 for Hα and
H2′ respectively in ON-anti conformer), due to the stabilizing
effects related to the formation of the bcp. At the same time,
the energy of the bond N-C1′ increases and it adds 15.91 kcal
mol−1 to the total energy in ON-syn conformer (23.38 kcal
mol−1 in ON-anti conformer). Consequently, the distance of
N-C1′ bond increases in the transition from the twisted minima
to the planar form, which reflects the instability of the latter
and it is in agreement with reports for biphenyl systems [64,
65]. Therefore, according to AIM theory the origin of the
barrier through Ψ=0° is related to the instability of the bond
N-C1′ that is forced by the formation of a bcp betweenHα

…H2′.
Among all properties presented here related to the bcps

studied, the most affected variable in neutral FA by substitu-
tion is ∇2ρ(rc). Thus, the stability of the bcp’s can be associ-
ated with the energy barrier between the minimum and the

Table 2 Features of the bcp be-
tween Hα

…H2′ in 4′-substituted
neutral FA

X Conformers r (H-H)

(Å)

ρ(rc)

(e/au3)

∇2ρ(rc)

(e/au5)

λ1
(e/au5)

λ2
(e/au5)

λ3
(e/au5)

ε ¼ λ1
λ2
−1

NO2 ON-syn 2.052 0.01156 0.04926 −0.01217 −0.00611 0.06754 0.9917

Cl 2.064 0.01131 0.04811 −0.01181 −0.00588 0.06580 1.0100

Br 2.063 0.01135 0.04822 −0.01186 −0.00591 0.06599 1.0067

H 2.057 0.01151 0.04850 −0.01208 −0.00625 0.06683 0.9328

CH3 2.065 0.01135 0.04791 −0.01184 −0.00599 0.06574 0.9762

OCH3 2.072 0.01118 0.04742 −0.01162 −0.00576 0.06479 1.0161

N(CH3)2 2.085 0.01094 0.04643 −0.01125 −0.00541 0.06309 1.0809

NO2 ON-anti 2.054 0.01156 0.04934 −0.01214 −0.00596 0.06743 1.0379

Cl 2.066 0.01131 0.04817 −0.01178 −0.00572 0.06567 1.0587

Br 2.065 0.01133 0.04824 −0.01180 −0.00573 0.06578 1.0588

H 2.060 0.01147 0.04847 −0.01200 −0.00603 0.06650 0.9870

CH3 2.067 0.01135 0.04800 −0.01181 −0.00584 0.06566 1.0209

OCH3 2.074 0.01120 0.04742 −0.01164 −0.00580 0.06450 1.0070

N(CH3)2 2.089 0.01091 0.04640 −0.01117 −0.00520 0.06278 1.1480

J Mol Model (2013) 19:4591–4601 4595



planar transition state using ∇2ρ(rc), for which correlation
coefficient is 0.969 for ON-syn conformer (0.999 for ON-
anti conformer). Therefore, all these results suggest that the
bcp between Hα

…H2′ plays an important role in the transition
state stabilization according to AIM theory.

NMR analysis

Calculation and analysis of 13C chemical shifts

13C shielding tensors (σ13C) of the equilibrium geometries of
trans SF as well as neutral and protonated FA derivatives were
calculated using DFT: B3LYP/6-311G(d,p). The reliability of
calculated σ13C values was verified by fitting them to exper-
imental chemical shifts (δ13C) [42], Eq. 1. In this way, the
intercept of the fitting line with σ13Ccalc axis, Eq. 2, is isotro-
pic shielding constant of the reference (σ13Cref), which in-
cludes the dispersion of the calculated σ13C with respect to the
experimental δ13C. Therefore, in this work σ13Cref is used as a
unique parameter to measure the accuracy of the calculations
by comparing it with the ideal σ13C calculated for the refer-
ence (tetramethylsilane, TMS).

δ13Cexp ¼ aþ b⋅σ13Ccalc ð1Þ

−
a

b
¼ σ13Cref ð2Þ

Table 3 shows σ13Cref of TMS calculated using DFT as
well as obtained according to Eq. 2 for all furan derivatives
studied.

It is possible to see in Table 3 the good quality of the
calculations; because of the good agreement between σ13Cref

obtained using Eq. 2 for the reference of both conformers of
trans-SF and neutral FA derivatives as well as σ13Cref of TMS

calculated using DFT. On the other hand, σ13C of protonated
FA derivatives are the poorest reproduced by DFTcalculations,
probably due to not considering the solvent effect in the model-
ing [70]. Alternatively, the reliability of DFT calculations of
σ13Cref for all furan derivatives is illustrated graphically in Fig.
S2 (supporting information).

Tables S5–S10 (in supporting information) show σ13C
calculated for all furfural derivatives. Clearly, the effect of
increasing the electron-donor properties of the substituent in 4′
promotes a change of σ13C, which is more marked in certain
positions of the furan derivatives. Specifically, the alternating
carbon atoms labeled as 1′, α, 3 and 5, all of which are in
conjugative positions, have the most affected σ13C by the
electronic effect of substituents. Conversely, carbon atoms
occupying non-conjugative positions, such as β, 2 and 4 are
much less affected by substitution. Therefore, with the aim of
assessing quantitatively the substituent effect in σ13C, we use
the Hammett equation, Eq. 3.

σ13C ppmð Þ ¼ aþ b⋅σp −Xð Þ ð3Þ

where σp [71, 72] is the Hammett constant of each 4′ substit-
uent (−X).

Table 4 lists the correlation parameters of the Hammett
equation for all furan derivatives, where R is the correlation
coefficient.

Table 3 Linear fit of experimental δ13C vs. calculated σ13C in ppm

Molecules σ13Cref Calculation method

TMS 184.31 GIAO, DFT: B3LYP/6–311G(d,p)

Trans-SF
OC-syn

186.08
δ13Cexp ¼ aþ b⋅σ13Ccalc

−
a

b
¼ σ13CrefTrans-SF

OC-anti
191.61

Protonated FA
ON–syn

203.59

Protonated FA
ON–anti

208.08

Neutral FA
ON–syn

184.68

Neutral FA
ON–anti

192.11

Table 4 Hammett coefficients for 13C-SIS

1′ β α 2 3 4 5

Trans-SF
OC-syn

a 43.3 52.1 64.5 22.6 68.5 66.5 35.7

b −11.0 2.0 −5.8 1.2 −4.2 −0.8 −2.4

R 0.91 0.78 0.98 0.99 0.98 0.94 0.98

Trans-SF
OC-anti

a 43.3 52.6 62.1 21.2 73.5 66.1 36.6

b −11.0 2.1 −6.1 1.3 −3.8 −0.8 −2.6

R 0.91 0.78 0.98 0.98 0.97 0.94 0.97

Protonated FA
ON-syn

a 48.0 45.4 33.6 40.8 57.8 16.7

b −9.0 −5.0 0.2 −6.0 −1.7 −4.0

R 0.62 0.67 0.31 0.84 0.93 0.89

Protonated FA
ON-anti

a 47.0 40.4 32.4 50.5 57.5 14.9

b −9.0 −5.0 0.2 −4.9 −1.8 −4.3

R 0.62 0.67 0.14 0.84 0.94 0.89

Neutral FA
ON-syn

a 26.7 35.9 22.8 60.5 66.7 32.0

b −11.0 −5.0 1.1 −3.8 −0.7 −2.2

R 0.86 0.91 0.99 0.99 0.93 0.98

Neutral FA
ON-anti

a 27.0 32.9 21.2 66.1 65.6 32.9

b −11.0 −5.5 1.0 −3.6 −0.7 −2.5

R 0.86 0.91 0.97 0.98 0.92 0.98
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The slope (sign and value) of the line defined by the Ham-
mett equation is a convenient measure for quantifying the
magnitude of the substituent induced shift (SIS) in
13C. This means that increasing the electron donor ef-
fect of substituents in 4′ induces an up-field shift of 13C
SIS in conjugative positions and hence the sign of the
resulting slope is negative, while the opposite and
weaker effect is found in non-conjugative positions.
Moreover, SIS decrease in remote positions of the sub-
stituent, which is reflected with the smaller absolute
value of the slope in Eq. 3. Consequently, the order in
the sensitivity of the 13C SIS to the electronic effect of
substituents in 4′ is:

b10j j > bαj j > b3j j > b5j j > b4j j:

Our calculations show that the Cα=Cβ double bond in
trans-SF is a very efficient link for transmitting the effect of
the substituent in 4′ to carbon atoms in ring A. Conversely, the
Cα=N double bond in neutral FA is the least efficient link
according to Hammett equation results.

SIS can be computationally modeled as isotropic shielding
constant (Δσcalc) variations and experimentally as chemical
shift (Δδexp) differences in the same carbon atom of two furan
derivatives with the most electron-donor and most electron-
withdrawing substituent in 4′. Furthermore, as 13C SIS
(Δδexp) depends mainly on local paramagnetic currents,
which are related to local electronic charges (q), Δδexp can
be correlated with local electronic charge variations (Δq).
Therefore, in this study SIS are modeled in three different
ways, as Δσcalc, Δδexp and Δq.

The experimental trends in 13C–SIS for all systems are well
reproduced by both calculated isotropic shielding differences
and NBO charge variations, Fig. 3 and Fig. S6. We only show
ON-syn conformation because of the similarity of the experi-
mental and calculated chemical shifts as well as of the NBO
charges in the two conformations studied. However, trends of
calculated shieldings are only slightly better than trends of NBO
charges in the reproduction of the experimental data, which
confirms the leading role of charge modifications in SIS.

Calculation and analysis of 1H chemical shifts

1H shielding tensors (σ1H) were also calculated in this work
for trans-SF and neutral/protonated FA derivatives.

The reliability of the calculated σ1H was assessed using the
same method that was followed with σ13C. In this manner, the
intercept of Eq. 4 with σ1H axis, Eq. 5 which is the isotropic
shielding of the reference (σ1Href) was compared with σ1H
calculated using DFT for TMS.

a

b

c

Fig. 3 13C SIS transmission for (a) trans-SF OC-syn (b) protonated FA
ON-syn and (c) neutral FA ON-syn. TheΔq were calibrated toΔδexp of
position 1′
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δ1Hexp ¼ aþ b⋅σ1Hcalc ð4Þ

−
a

b
¼ σ1Href ð5Þ

σ1Href of TMS calculated using DFT as well as obtained
through Eq. 5 are shown in Table 5 and they are very similar.
Figure S4 (in supporting information) shows graphically the
linear fit between experimental δ1H and calculated σ1H for all
furan derivatives.

Table 5 Linear fit of δ1H experimental vs. σ1H calculated in ppm

Molecules σ1Href Calculation method

TMS 31.95 GIAO, DFT: B3LYP/6–311G(d,p)

Trans SF
OC-syn

32.45
δ1Hexp ¼ aþ b⋅σ1Hcalc

−
a

b
¼ σ1HrefTrans SF

OC-anti
31.70

Protonated FA
ON–syn

31.28

Protonated FA
ON–anti

31.34

Neutral FA
ON–syn

32.21

Neutral FA
ON–anti

32.18

Table 6 Hammett coefficients for 1H-SIS

α 3 4 5

Trans-SF
OC-syn

a 25.0 25.6 25.5 24.5

b −0.3 −0.2 −0.1 −0.1

R 0.85 0.97 0.96 0.96

Trans-SF
OC-anti

a 24.8 25.1 25.4 24.6

b −0.3 −0.2 −0.1 −0.1

R 0.88 0.96 0.96 0.97

Protonated FA
ON-syn

a 23.8 24.0 24.6 23.5

b 0.2 −0.3 −0.2 −0.2

R 0.86 0.78 0.87 0.83

Protonated FA
ON-anti

a 23.5 23.9 24.5 23.5

b 0.1 −0.3 −0.2 −0.2

R 0.76 0.73 0.86 0.85

Neutral FA
ON-syn

a 23.8 25.2 25.4 24.3

b −0.1 −0.2 −0.1 −0.1

R −0.04 0.97 0.95 0.96

Neutral FA
ON-anti

a 23.5 24.5 25.3 24.4

b −0.1 −0.2 −0.1 −0.1

R 0.02 0.96 0.95 0.97

a

b

c

Fig. 4 1H SIS transmission for (a) trans-SF OC-syn (b) protonated FA
ON-syn and (c) neutral FA ON-syn. TheΔq were calibrated toΔδexp of
position 3
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Calculated σ1H using DFT for all furan derivatives are
listed in Tables S11–S16.

As expected, substituents in 4′ affect in a similar way both
σ1H and σ13C when those hydrogen and carbon atoms are
bonded directly. In order to estimate the influence of the
substituent electronic effect over σ1H, we re-define the Ham-
mett equation, Eq. 6, where every term keeps the same mean-
ing than in Eq. 3. Table 6 shows the values of a, b and R,
obtained from Eq. 6 for trans-SF and neutral/protonated FA.

σ1H ppmð Þ ¼ aþ b⋅σp �Xð Þ ð6Þ

1H-SIS can be explained in terms of substituents electronic
effects. Therefore, it is possible to define the order in which
substituents in 4′ affect 1H-SIS in trans SF and neutral/
protonated FA as:

bαj j > b3j j > b5j j > b4j j:

According to Table 6, all 1H–SIS except those of positionα
in neutral FA, correlate with Hammett constants. 1H–SIS of
trans SF are the most sensitive to the electronic effect of
substituent in 4′. The SIS of Hα in neutral FA shows an
anomalous behavior and do not correlate with Hammett con-
stants. A plausible interpretation of the absence of correlation
of Hα in neutral FA is the variable relative orientation of ring
B, which is analyzed below.

The origin of the previous anomaly can be explained through
the modeling of 1H–SIS using Δδexp

1H, Δσcalc
1H and Δq (if

the anisotropic term is absent and the solvent effects are
disregarded). Accordingly, Fig. 4 shows that experimental
trends in 1H–SISs are fairly well reproduced by the calculated
chemical shifts andNBO charge variations. Nevertheless, the fit
ofΔσ1H andΔq toΔδ1H in Fig. 4 is less satisfactory than the
fit of 13C-SIS in Fig. 3 due to the solvent effect, mainly in
protonated FA, not taken into account in the calculations, which
affects relatively more 1H than 13C shieldings.

It is noteworthy that Δq model fails to reproduce the
experimental SIS of Hα in neutral FA derivatives even at the
qualitative level, Fig. 4(c) (for similar behavior of the ON-anti
conformers see Fig. S7). This result strongly suggests the
important role played by the substituent dependent relative
orientation of ring B with respect to Hα (anisotropic term)
over the 1H–SISs values in neutral FA derivatives, which is
associated to the differentΨ dihedral angle of the equilibrium
geometry found in every derivative. Consequently, the mag-
netic anisotropic term of ring B affects 1Hα–SIS in a trend that
opposes the local charge effects.

This variable effect of ring B over 1Hα–SIS is overcame
after protonation of neutral FA derivatives. In this manner, as
protonated FA (as well as trans-SF) derivatives are fairly

planar compounds without variable anisotropic term, their
1Hα–SIS can behave normally, Fig. 4(a) and (b). Consequent-
ly, for protonated FA (and trans-SF) derivatives both theoret-
ical models (Δσ1H and Δq) reproduce adequately the exper-
imental results.

Conclusions

DFTcalculations support experimental evidence regarding the
shape and height of the rotational barriers and Ψ dihedral
angle of the equilibrium geometry in the studied furan deriv-
atives. The barrier and Ψ angle for the equilibrium geometry
depend strongly on electronic effect of 4′-substituent for neu-
tral FA. Conversely, these properties are not sensitive to 4′-
substituent for trans-SF and protonated FA.

The rotational barrier of neutral FA derivatives can be
explained satisfactorily as a sum of local electronic contribu-
tions according to NBO methodology. Azomethine N lone
pair disponibility for conjugating with B ring π-system ac-
counts for the difference in rotational barrier heights through
Ψ=90°.

In contrast, AIM offers an alternative explanation for
the instability of the planar conformations in neutral FA.
This approach provides a different interpretation op-
posed to the traditional repulsive interaction between
hydrogens.

13C and 1H isotropic shielding constants of all furan deriv-
atives are well reproduced by DFT calculations. Furthermore,
the trends of both types of shieldings are adequately explained
by NBO charges. However, δ1Hα does not correlate with
NBO charge differences due to the variable anisotropic effect
of B ring in neutral FA, but is well reproduced by calculated
σ1Hα.
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