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Structural and spectroscopic properties of hydrogen bonding in solid 5-nitro-N-salicylideneethylamine have
been investigated. This is the first example of ionic [O-‚‚‚H-N+] intramolecular hydrogen bonding in a
structure of Schiff base. Single-crystal X-ray diffraction and13C magic-angle spinning NMR show that the
title molecule is dominated by ionic canonical structures favored by through molecule conjugation between
the nitro group and both groups of salicylidene fragment. Being involved in strong intramolecular [O-‚‚‚
H-N+] hydrogen bonding, 5-nitro-N-salicylideneethylamine forms its crystal lattice by means of different
types of weak intermolecular [O-‚‚‚H-N+], N-H‚‚‚O and C-H‚‚‚O hydrogen bonds. On the basis of the
solid-state NMR results, it has been suggested that the acidic proton can also stay at the oxygen atom, and
this is qualitatively supported by X-ray diffraction.

Introduction

Imines,>CdN-R, and their derivatives, containing an aryl
group bound to nitrogen or carbon, form a significant group of
compounds in organic chemistry and are known as Schiff bases.1

They are products of the condensation of amines with aldehydes
and ketones. Schiff bases and their derivatives are subject to
ca. 500 publications per year. This includes ca. 200 structural
papers. Schiff bases owe such a big popularity to the wide range
of their applications in organic synthesis starting from reduction
to amines,2 addition to>CdN bond,3 radical dimerization,4 up
to applications in synthesis of lactams5 and addition to the
carbonyl atom of ketones.6

Schiff bases have been examined by several spectroscopic
and diffractometric methods in solution and the solid state.
Among others, correlation between13C NMR chemical shift
and the Hammett constants as well as the dual substituent
parameters (usingσI and σR7) have been reported.8,9 Also
single-proton transfer in naphthol derivatives has been studied
using variable temperature13C NMR in solution and in the solid
state.10-12

A correlation between structural and spectroscopic parameters
of intramolecular N-H‚‚‚O hydrogen bonding in Schiff bases
has been discussed in refs 13-15. Only neutral O-H‚‚‚N
hydrogen bonds are known so far in structures of Schiff bases.
Due to the variety of readily accessible structural modifications,
Schiff bases are very good model moieties to study intramo-
lecular electronic and structural effects on various chemical and
physicochemical properties. In this paper we would like to
examine structural and spectroscopic consequences of through-
resonance assisted hydrogen bonding in a model compound,
5-nitro-N-salicylideneethylamine (NSEA; see Figure 1), which
seems to be the first example of a Schiff base containing an
ionic intramolecular [O-‚‚‚H-N+] hydrogen bond. In particu-
lar, we want to discuss possible relationships between the
changes of hydrogen bonding and redistribution of electron
density of the aromatic fragment.

Experimental Section

Solid-state13C NMR with cross-polarization (CP) and magic-
angle spinning (MAS) was done at 50.3 MHz on a Varian
UNITY-200 spectrometer using a high-speed double-bearing
probehead and silicon nitride rotors spun in dry air. The single-
contact13C CP/MAS experiments were performed at 298 K with
the 4 ms contact times for the optimal contact time experiments
and 50µs for the short contact time experiments. The length
of the 1H and13C π/2 pulses was 5µs; the recycle delay, 3 s;
and the MAS rate, 5 kHz. The13C dipolar-dephased spectra16

(DD) were recorded with a 50µs delay prior to acquisition.
The dipolar-dephased CP experiments expose quaternary carbon
lines, and the CP experiments with the short contact time (SCT)
highlight lines from carbons with adjacent protons. Ordinary
CP/MAS spectra contain all these lines. The13C NMR spectra
of saturated dimethyl sulfoxide (DMSO) and chloroform solu-
tions were recorded at 295 K with a Varian UNITY-500
spectrometer at 125.9 MHz. The assignment was supported by
distortionless enhancement by polarization transfer (DEPT)
experiments.
X-ray Diffraction. The X-ray measurements were done on

a KM-4 KUMA diffractometer with graphite monochromated
Cu KR radiation. The data were collected at room temperature
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Figure 1. The labeling of atoms in the asymmetric unit and the atomic
displacement parameters. An ORTEP drawing of NSEA.
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using ω-2θ scan technique. The intensity of the control
reflections varied by less than 3%, and the linear correction
factor was applied to account for this effect. The data were
also corrected for Lorentz and polarization effects, but no
absorption correction was applied. The structure was solved
by direct methods17 and refined using SHELXL.18 The refine-
ment was based onF2 for all reflections except those with very
negativeF2. WeightedR factors, wR, and all goodness-of-fit
Svalues are based onF2. ConventionalR factors are based on
F with F set to 0 for negativeF2. The criterionFo2 > 2σ(Fo2)
was used only for calculatingR factors and is not relevant to
the choice of reflections for the refinement.R factors based
on F2 are about twice as large as those based onF. All
hydrogen atoms were located from a differential map and refined
isotropically. Scattering factors were taken from Tables 6.1.1.4
and 4.2.4.2 in ref 19. Experimental details concerning the
collection and refinement of data are listed in Table 1.

Results and Discussion

Analysis of X-ray Data. NSEA crystallizes in a general
position in the triclinicP1h space group with two molecules in
the unit cell (Table 1). The labeling of atoms in the asymmetric
unit and an ORTEP illustration of atomic displacement param-
eters are given in Figure 1. Positional parameters, the bond
lengths and angles, and the numerical values of atomic displace-
ment parameters are collected in the Supporting Information.
The packing of the NSEA molecules in the crystal lattice is
shown in Figure 2.
The crystal and molecular structure of NSEA reveals a few

interesting findings. First, there is a strong intramolecular N+-
H‚‚‚O- hydrogen bond in the NSEA molecule with the proton
transferred from the oxygen to the nitrogen atom. So far, in
all cases studied, the proton in such H-bonds was found at the
oxygen atom. Structural parameters of this hydrogen bond, and
of some other bonds, are summarized in Table 2. Due to this
ionic hydrogen bonding the first part of the chain attached to
the aromatic fragment is coplanar with the benzene ring. The
same atoms are also involved in a weaker, also ionic, intermo-
lecular hydrogen bond. In this case the acceptor O(1) atom
comes from the neighboring symmetry-related molecule of
NSEA (X, 1- Y, 1 - Z). As a result some nice centrosym-
metric dimers are formed (Figure 3).
Each NSEA molecule also participates in weak C(7)-

H(7)‚‚‚O(4) and C(6)-H(6)‚‚‚O(4) hydrogen bonds with the
oxygen atom from the nearest nitro group in the crystal lattice

(2 - X, 1 - Y, -Z), beingsat the same timesan acceptor of
such a hydrogen bond via its own O(4) oxygen atom. Due to
such interactions, another dimerization takes place (Figure 3).
Finally, there is also a short contact between the methyl C(9)-
H(92) group and the O(3) (X, Y- 1, 1+ Z) oxygen atom, and
this means that also the O(3) oxygen atom from the parent
molecule is an acceptor of such a weak hydrogen bond. The
details of all of these hydrogen bonds can be found in Table 2,
and the final arrangement of molecules bounded via different
types of hydrogen bonding is shown in Figure 3.
Additionally, it appears that the phenyl ring in NSEA is

strongly deformed from regular hexagon. Usually, the deforma-
tions of the ring in 1,2,4-trisubstituted benzene derivatives
measured by the aromaticity index HOMA20 are rather small.
The mean value of HOMA for 154 molecular geometries is
0.96,21 compared to its value for NSEA equal to 0.73. This
deformation can be explained by a possible through-resonance
effect between the electron-donating OH and the two electron-
accepting groups (para NO2 and ortho C-NdC) in NSEA.
When the HOSE model22,23 is applied top-nitrophenol, the

Figure 2. Three-dimensional packing of molecules: (a) view alongX-axis, (b) view alongZ-axis.

TABLE 1: Crystal Data and Structure Refinement Details
for NSEA

empirical formula C9H10N2O3

formula weight 194.19
temperature (K) 293(2)
wavelength (Å) 1.541 78
crystal system triclinic
space group P1h
unit cell dimensions a) 4.988(1) ÅR ) 68.80(3)°

b) 9.102(2) Åâ ) 78.24(3)°
c) 11.057(2) Åγ ) 89.20(3)°

volume (Å3) 457.2(2)
Z 2
density (calc) (Mg/m3) 1.411
absorption coefficient (mm-1) 0.907
F(000) 204
crystal size (mm3) 0.25× 0.30× 0.25
θ range for data collection (deg) 4.39-80.74
index ranges -6e he 6,-10e ke 11,

0e l e 13
reflections collected 2023
independent reflections 1925 [R(int) ) 0.0684]
refinement method full-matrix least-squares onF2

data/restraints/parameters 1918/0/168
goodness-of-fit onF2 1.093
final R indices [I > 2σ(I)] R1) 0.0478, wR2) 0.1550
R indices (all data) R1) 0.0533, wR2) 0.1694
extinction coefficient 0.21(2)
largest diff. peak and hole (eÅ-3) 0.20 and-0.17
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contributions of the quinoid structure are relatively high (17.0-
18.7%) for three independent geometries (R plus twoâ forms)
of this molecule.24,25 Similarly, the weight of the quinoid
structure for salicylaldoxime is equal to 21.6%.26 This means
that the set of the canonical structures needed to rationalize the
intramolecular interactions in NSEA should consist of four of
themsincluding both quinoid structuressas shown in Figure
4. Because of a double through-resonance effect, the oxygen
atom in the formal OH group becomes more positive, the OH
group more acidic, and in consequence, the acidic proton may
be transferred to the N(2) nitrogen atom. This, in turn, leads
to a new possibility of an intramolecular charge transfer which
increases the weights of canonical structures III and IV. The
above be confirmed by the weights of canonical structures
estimated by use of the HOSE model22,23from the geometry of
5-nitro-N-salicylideneethylamine. They are shown in Figure 4.

Undoubtedly, both quinoid structures III and IV contribute
considerably to the description of the molecular geometry of
NSEA. It seems reasonable to conclude that there is a
cooperativity of the ortho and para through-resonance effects
and proton transfer from O(1)H group onto the N(2) nitrogen
atom. The final consequence of those interactions is the ionic
[O-‚‚‚H-N+] hydrogen bond and a remarkable deformation of
the ring geometry which leads to a considerable decrease of its
aromatic character measured by the aromaticity index HOMA.20

This index is calculated from bond lengths of theπ-electron
system in question and may be analytically divided into two
independent contributions:27 the energetic one (EN, proportional
to the resonance energy) and the geometric one (GEO, account-
ing for the bond length alternation).
Table 3 shows a comparison of HOMA, EN, and GEO values

for NSEA and forp-nitrophenol and salicylaldoxime. The far

Figure 3. Dimer formation and other weak hydrogen bonds forming a 3D network.

TABLE 2: Structural Parameters of Hydrogen Bonds

hydrogen bond D-H‚‚‚A sym code donor-H D-H (Å) acceptor‚‚‚H A‚‚‚H (Å) donor‚‚‚acceptor D‚‚‚A (Å) D-H‚‚‚A (deg)

N2-H1‚‚‚O1 N2-H1 H1‚‚‚O1 N2‚‚‚O1 N2-H1‚‚‚O1
0.90(2) 1.95(2) 2.646(2) 133(2)

N2-H1‚‚‚O1 N2-H1 H1‚‚‚O1 N2‚‚‚O1 N2-H1‚‚‚O1
-X, 1 - Y, 1 - Z 0.90(2) 2.24(2) 2.933(2) 134(2)
C6-H6‚‚‚O4 C6-H6 H6‚‚‚O4 C6‚‚‚O4 C6-H6‚‚‚O4
2- X, 1 - Y, -Z 0.97(2) 2.54(2) 3.437(2) 153(2)
C7-H7‚‚‚O4 C7-H7 H7‚‚‚O4 C7‚‚‚O4 C7-H7‚‚‚O4
2-X, 1 - Y, -Z 0.95(2) 2.44(2) 3.318(2) 155(2)
C9-H92‚‚‚O3 C9-H92 H92‚‚‚O3 C9‚‚‚O3 C9-H92‚‚‚O3
1- X, 1 - Y, -Z 0.96(2) 2.79(2) 3.316(2) 156(2)

Figure 4. Canonical structures for the aromatic fragment (without
proton transfer).

TABLE 3: Aromaticity of NSEA and Some Reference
Systems

molecule HOMA EN GEO

R-p-nitrophenyl24 0.996 -0.003 0.007
â-p-nitrophenol25 a 0.994 -0.005 0.011
â-p-nitrophenyl25 a 0.984 0.001 0.015
salicylaldoxime26 0.960 0.000 0.040
NSEA 0.732 0.030 0.238

a There are two independent molecules in the unit cell.
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greater value of the GEO term for NSEA, as compared to those
for salicylaldoxime andp-nitrophenol, supports our former
conclusion of the cooperative interactions. To study possible
differences between the geometries of Schiff bases with
[O-‚‚‚H-N+] ionic and [O-H‚‚‚N] neutral H-bonds, we have
examined possible molecular fragments similar to a Schiff base
with ionic hydrogen bonding and 147 structural fragments
containing neutral [O-H‚‚‚N] H-bonds retrieved from the
Cambridge Structural Database.28 In the case of the ionically
H-bonded structures there is only one compound where this kind
of bond is observed (REFCODE)LIBPER-29). It coexists with
neutral O-H‚‚‚N hydrogen bonding in the other part of the same
molecule. There are several structures containing the Schiff
base molecular fragmentswith a proton transferred from the O
to the N atomsbeing a part of a larger fused aromatic system,
which influences the properties of the hydrogen bond of interest.
The average geometry of Schiff bases with neutral H-bonding
and NSEA is shown in Figure 5. Electron density associated
with hydrogen bonding in Schiff bases is conjugated with the
electron density in the aromatic part of the molecule. Consider-
ing some differences between the geometries of the [O-‚‚‚H-
N+] and [O-H‚‚‚N] hydrogen-bonded Schiff bases, one can
see that there are profound geometrical differences in the
aromatic part of the molecules. Transfer of the proton in Schiff
bases from the oxygen atom to the nitrogen one is associated
with the shortening of the Car-O bond which is gaining partly
double character due to a decrease in electronegativity of the
oxygen atom. This also causes theπ-electron density to shift
from the aromatic ring toward the oxygen atom and results in
a significant elongation of the C(2)C(1) and C(2)C(3) bonds in
the aromatic ring. It appears that in the case of the average
structure with O-H‚‚‚N H-bonding the aromatic fragment of
Schiff bases is dominated by the Kekule canonical structuressthe
canonical structures as shown in Figure 4 without the NO2

groupswith contributions of I equal to 27.6% and II 34.2%. In
contrast, for the NSEA structure with ionic [O-‚‚‚H-N+]
H-bonding, the quinoid structures dominates. There are also
marked differences in bond lengths and valence angles far from
the region of H-bonding, on the opposite site of the molecular
fragment. This supports the idea that by proper substitution in
the para position (relative to the formal OH group) one can
significantly influence the properties of H-bonding in Schiff
bases.
Solid-State NMR. The13C CP/MAS spectra (Figure 6) were

assigned as indicated in Table 4. The widest peaks at 163 and
47 ppm are from carbon atoms linked to the nitrogen atom.
The latter peak, with the lower chemical shift, must correspond
to C(8) in the CH2 group, so the former is from C(7). The
outermost peaks, at 177 and 14 ppm, are assigned on the basis
of the chemical shift30 to C(2) and C(9), respectively. Indeed,

the peak at 177 ppm is from a quaternary carbon atom, because
it is present in the DD spectrum and is drastically diminished
in the SCT spectrum. The peak at 14 ppm shows up in both
the DD and SCT spectra. This is typical of a methyl group,
with dipolar interactions reduced by fast group rotation. The
remaining peaks in the 100-140 ppm region are from the ring
carbons, C(1) and C(3)-C(6). We note that the-HCdN-
C2H5 group should affect the ring chemical shifts qualitatively
similar to the-CtΝ group, which decreases the chemical shift
of the substituted carbon by 15.4 ppm.30 In contrast, the NO2
group increases the chemical shift of the substituted carbon atom
by 20.0 ppm.30 Thus, we assign two quaternary carbon peaks
(cf. SCT and DD) at 111 and 128 ppm to C(1) and C(5),
respectively. The chemical shift of C(5) is unusually low, and
this will be commented on later. There are two peaks left, at
120 and 133 ppm, and three carbon resonances to find [C(3),
C(4), and C(6)]. However, consider that the peak at 128 ppm
is unusually high and that a peak from a nonquaternary carbon
atom appears in this position in the SCT spectrum. It turns out
that the peak from C(5) is overlapped with a peak from a proton-
bearing carbon atom of the aromatic ring. Indeed, we find
slightly different chemical shifts in the SCT and DD spectra of
127.1 and 128.1 ppm, respectively. Considering a mean
chemical shift effect in the aromatic ring, calculated from the
chemical shift increments from the-OH, -CtΝ, and-NO2

groups,30 the C(3) peak should appear at ca. 112 ppm and the
peaks from C(4) and C(6) at ca. 129 ppm. Such calculation
cannot provide exact chemical shifts and because there are
significant conjugation effects between the groups, we do not
know the correct increments for the-HCdN-C2H5 group and
the-OH group is ionized (cf. the crystallographic structure).
Bearing this in mind, we pay attention only to the chemical

Figure 5. Comparison of data for neutral O-H‚‚‚N and ionic
[O-‚‚‚H-N+] H-bonds: (a) bond lengths, (b) valence angles. Figure 6. 13C CP/MAS NMR spectra of solid 5-nitro-N-salicylidene-

ethylamine.

TABLE 4: NMR Chemical Shifts a

solution
solid state

carbon δ (ppm) SCT DD
δ in

DMSO (ppm)
δ in

CHCl3 (ppm)

1 111.7, 109.9b - + 113.45 115.32
2 177.9, 176.1b - + 177.92 172.39
3 119.9 + - 122.80 120.21
4 127.1 + - 129.18 128.44
5 128.1 - + 133.41 137.23
6 133.1 + - 132.62 129.15
7 163.2 + - 166.50, 166.45b 163.88
8 46.7 + - 46.73 50.37
9 13.6 + + 14.78 15.33

aPlus denotes a prominent peak, and minus denotes a minor or absent
peak. The DD experiments expose quaternary carbon lines, and the
SCT experiments highlight lines from carbons with adjacent protons.
bDoublet.
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shift order, which indicates that the peak at 120 ppm should be
assigned to C(3). The specific assignment of the peaks at 133.1
and 127.1 ppm to C(6) and C(4), respectively, can be done on
the basis of the CP efficiency, which increases when the nuclei
involved are closer in space.31 C(6) and C(4) are each linked
to one hydrogen atom, but C(4) is relatively close to H(3) (see

Figure 1), while C(6) is distant from other protons. Therefore,
C(4) is expected to cross-polarize better than C(6), and on the
basis of the SCT spectrum it is assigned to the peak at 127.1
ppm.
We are mainly concerned with solid 5-nitro-N-salicylidene-

ethylamine, but it is instructive to note that the solid-state
chemical shifts are closer to those from the DMSO than from
the CHCl3 solution (Table 4). This is because DMSO is
involved in the hydrogen bond with the-OH group, so it
promotes the ionization of the-OH group. Such ionization,
found in the solid state, significantly affects electron density
distribution and the13C chemical shifts because it facilitates
intramolecular conjugation with electron-acceptor groups. Con-
sider that the ring-C-O- carbons resonate in the range of
ca. 150-165 ppm and that the quinone CdO carbons resonate
in the range of ca. 182-190 ppm.30 Our C(2) has the chemical
shift in between those ranges, closer to the latter. This confirms
that the CO group in solid 5-nitro-N-salicylideneethylamine is
significantly involved in the intramolecular conjugation. C(5)
is in the para position with respect to the OH group (expected
effect of-7.3 ppm30) and in the meta position with respect to
the -HCdN-C2H5 group (expected effect of+0.6 ppm, by
analogy to the-CtΝ group30). It is amazing that C(5) in the
solid sample has the chemical shift characteristic of unsubstituted
benzene (128.5 ppm), although we would expect the chemical
shift of ca. 140 ppm (128.5+ 20.0- 7.3 + 0.6). We also
stress a large low-frequency shift of several ppm of the C(5)
peak from the solid state to the solutions. The-NO2 group in
solutions is capable of rotation around the C(5)-N(1) axes,
while in the solid state it is forced to be coplanar with the
aromatic ring. Again, this facilitates the intramolecular con-

TABLE 5: Parameters of the NMR Line Deconvolutions for C(2) and C(1) (See Figure 8)

C(2) C(1)

parameter 1 2 1 2

δ (ppm) 177.91( 0.02 176.07( 0.07 111.73( 0.03 109.87( 0.06
FWHM (ppm)a 2.04( 0.04 2.7( 0.1 2.20( 0.04 2.48( 0.08
peak area (%) 59 41 64 36

a FWHM ) full width at half-maximum.

Figure 7. Deconvolutions of the C(2) (top) and C(1) (bottom) DD
peaks from solid 5-nitro-N-salicylideneethylamine into Gaussian com-
ponents (see Table 5).

Figure 8. Two-dimensional qualitative electron density map of the H-bonding region. Axes units in angstroms.
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jugation of the-NO2 group and markedly affects the C(5)
chemical shift.
The most startling effect is the splitting of the C(1) and C(2)

peaks from the solid sample (Figure 7, Table 5). The splitting
has the same appearance, so it probably has the same reason.
The ring carbon peaks C(6) and C(4) are overlapped (the latter
also with C(5)) in the ordinary CP spectrum (Figure 6), so we
cannot check whether they are split or not. We have carefully
examined the C(5) and C(3) peaks, well seen in the NMR spectra
(Figure 6). There is no sign of the splitting in the C(5) peak
(DD) and in the C(3) peak (ordinary CP). The carbon atoms
C(1) and C(2) are substituted and thereby not easily accessible
for intermolecular interactions but quite sensitive to electron
density redistribution within substituents. Thus, we believe that
the splitting is not due to general intermolecular solid-state
packing effects,31 which would possibly affect all the ring
carbons. Since the splitting involves the carbon atoms close to
the O‚‚‚H-N intra- and intermolecular hydrogen bonds, we
believe that it is related to the hydrogen bonding. A possible
explanation would be that the protons in the hydrogen bonds
can also be located at the oxygen atoms, and this can be achieved
by a concerted proton jump in the hydrogen-bonded dimer.
In fact, we found a tiny peak (ca. 0.2 eÅ-3) in the X-ray

differential electron density map, located at ca. 0.8 Å from the
oxygen atom. However, the refinement of this peak was
unsuccessful because the corresponding electron density was
too small. On the other hand, the deconvolution of the C(1)
and C(2) NMR peaks (Figure 7, Table 5) cannot be directly
used for the quantitative assessment of the proton transfer in
the hydrogen bond because the CP efficiency is probably
dependent on the proton position (differentTCH and T1F

H

values32). We are not aware of any reliable literature reference
to the13C chemical shift effect caused by the proton jump in
the hydrogen bond in similar systems. Such effects are likely
to be temperature dependent, and the appropriate study is under
way. Anyway, despite the different sensitivity of the X-ray
diffraction and the NMR spectroscopy in this respect (and their
different observation time scales), there is qualitative experi-
mental evidence (Figure 8) from both methods of the coexistence
of two forms of the hydrogen bridges.

Conclusions

The first Schiff base containing an ionic intramolecular
[O-‚‚‚H-N+] H-bond has been described. The structure
5-nitro-N-salicylideneethylamine is dominated by ionic canoni-
cal structures. There is a double through-resonance effect
between the nitro group and both groups of the salicylidene
fragment, and this makes the oxygen atom in the intramolecular
H-bonding more positive. In consequence, the OH group
becomes more acidic and the acidic proton can be transferred
to the nitrogen atom. Significant differences in bond lengths
and valence angles between Schiff bases with neutral and ionic
intramolecular H-bonds, detected also far from the region of
H-bonding, indicate that by proper para substitution (relative
to the formal OH group) one can significantly influence the
properties of the intramolecular H-bonding in the other part of
the Schiff base structure. Such conclusions are also supported
by the solid-state NMR results.
Being involved in the strong intramolecular [O-‚‚‚H-N+]

hydrogen bond, 5-nitro-N-salicylideneethylamine forms its
crystal lattice by means of weak intermolecular [O-‚‚‚H-N+],
N-H‚‚‚O, and C-H‚‚‚O hydrogen bonds.

According to the NMR results, it is probable that the proton
occupies two positions within the [O-‚‚‚H-N+] hydrogen bond,
and this is qualitatively supported by the electron density maps,
which show two maxima in the hydrogen bridge.
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