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a b s t r a c t

A novel functionalized Schiff base derivative, (E)-3-(1-(2-(9H-fluoren-9-ylidene)hydrazineyl)ethylidene)-
6-methyl-2H-pyran-2,4(3H)-dione, was synthesized via subsequent condensation/tautomerization pro-
cesses in a high yield. The product was fully characterized using NMR, FT-IR, and single-crystal XRD; the
results of DFT simulations were in respectable agreement with crystallographic data. To elucidate the
isomerization, the enol4hydrazinium tautomerism has been pursued theoretically, suggesting an
intramolecular single proton transfer (SPT) from enol (O ….H) to the closest N]C unit, giving the hy-
drazine (NeH) via [NþdH ….O�] S (6) zwitterionic intermediate. The results of Hirshfeld surface analysis
(HSA) and Molecular electronic potential (MEP) were matching the experimental XRD results. Since a
number of hydrogen bonding groups, CeH …. p, and p …. p-stacking interactions were detected
experimentally. The optical properties of the desired compound were experimentally and theoretically
figure out.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The enol-keto tautomerism has been receiving a high level of
attention and consideration for being significant in broad fields of
biochemistry and chemistry [1e3]. The investigation of proton
transfer between two functional groups in the same compound,
namely, excited-state intramolecular proton transfer (ESIPT) gives
access to knowabout the physicochemical properties and biological
activities of the examined molecules [4]. A number of factors could
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influence the proton transfer equilibrium in favor of the predomi-
nantly stable species (the keto or the enol forms) such as hydrogen
bond, solvents, physical state, temperature, light and inter- and
intra-molecular forces [5].

The photophysical properties of ESIPT have been comprehen-
sively explored and functionalized to a selection of applications in
chemistry. Hence, molecules possessing the capability of ESIPT led
to the development of novel materials for biosensing, chemical
sensing, cell imaging, optoelectronics, probing of materials and
white light LED [6]. ESIPT typically exists in an unparalleled four-
level photochemical reaction mode, taking place in femtoseconds
[4]. Over photoexcitation, the electronic charge of molecules can be
reallocated, causing increased in the acidity of the OeH or NeH
hydrogen bond donor groups and a greater level of basicity for
the H-bond acceptors like C]O or C]N in the enol form, giving rise
to extremely rapid enol to keto tautomerization [3].
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Table 1
Crystal structure refinement details of the synthesized compound.

Empirical formula C21H16N2O3

Formula weight, g/mol 344.36
CCDC 2,004,993
Crystal color Yellow
Space group P21/c
Crystal system Monoclinic
F (000) 552
a, b, c (Å) 11.976 (2), 5.0343 (17), 26.710 (7)
V/(Å3) 1594.4 (7)
Z 4
Temperature/K 100
Radiation Mo Ka (l ¼ 0.71073)
Dcalcd (g/cm3) 1.410
m (mm�1) 0.10
Crystal size (mm) 0.62 � 0.06 � 0.04
Tmin, Tmax 0.548, 1.000
R [F2 >2s (F2)] 0.080
wR (F2) 0.226
Rint 0.162
Drmax, Drmin(e/Å

3) 0.41,-0.34
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Numerous Schiff base functionalized compounds (SBFCs) have
been synthesized since the first synthetic protocol disclosed in
1884 b y Hugo Schiff from the condensation of amines with ketones
or aldehydes and utilized in potential implementations, including
anticorrosive, nonlinear optical materials, anticancer medicines,
optic data storage and coordination chemistry [7,8]. The thermo-
chromism and photochromism are remarkable features can be
displayed by the Schiff base (SB) functional groups in the solid state.
These features are normally resulting from a proton-transfer from
the o-hydroxyaryl group to the attached imine moiety [9].
Depending on the substitutions and the electronic conditions, the
o-hydroxyaryl SB compounds could be present either in the keto
form, enol form, keto/enol mixtures or scarcely in the zwitterionic
form. The latter exhibits an ionic NþdH….O� hydrogen bonding, in
which the neutral NeH bond is typically shorter than ionic NþdH
bond [10,11,12,13,14,15,16].

In the context of traditional chemistry, facts deal with obser-
vation through the determination of properties of molecules and
characterization of the structure, which have been the center of
interest for the last several centuries. Nowadays, computational
approaches are focusing much more on the function of molecules
and support the chemical research to answer numerous crucial
steps taking place in the chemical process, though it is predomi-
nantly not likely to monitor the active intermediate or transition
states of reactions [17].

This article describes the synthesis, spectral and single crystal
structure of (E)-3-(1-(2-(9H-fluoren-9-ylidene)hydrazineyl)ethyl-
idene)-6-methyl-2H-pyran-2,4(3H)-dione. The compound repre-
sents an appropriate bidentate ligand for coordination with
transition metal ions via N and O atoms. We have been exploring
such ligands to examine their coordination mode with a selection
of metal ions and to look for potential biological activities
[11,18e24]. The synthesis of the target compound was performed
via condensation of (9H-fluoren-9-ylidene)hydrazine with 3-
acetyl-4-hydroxy-6-methyl-2H pyran-2-one, followed by tauto-
merization process to reach to the stable structure. The product was
proved by XRD-single crystal, NMR and FT-IR; the optimized
geometrical structure was accomplished by B3LYP/DFT calculation
[25e28]. Moreover, the intramolecular single proton transfer (SPT)
process was suggested to explain the enol4hydrazinium isomer-
ization. The optical activity were determined experimentally then
compare theoretically.

2. Experimental

2.1. Measurements and materials

The FT-IR in the range of 500e4000 cm�1 was recorded in solid
state (KBr disks) using a Shimadzu FTIR-8010 M spectrometer. The
1H NMR spectrum was recorded in CDCl3 on Jeol GSX WB spec-
trometer at 270 MHz. All chemicals were purchased from different
suppliers (Sigma-Aldrich, Acros, etc) and employed without any
purification.

2.2. Synthesis of desired SB

9-Fluorenone hydrazone (0.01 mol) was dissolved in 15 mL of
ethanol, then added to stirring dehydroacetic acid (0.01 mol) dis-
solved 30 mL of ethanol. The reaction mixture was subjected to
reflux for an hour and the precipitate product was filtrated, washed
with water and purified by crystallization from ETOH/H2O to afford
(E)-3-(1-(2-(9H-fluoren-9-ylidene)hydrazineyl)ethylidene)-6-
methyl-2H-pyran-2,4(3H)-dione, diffraction quality crystals in a
good yield. 1H NMR (CDCl3): dH ¼ 2.15 (s, 3H, CH3); 2.56 (s, 3H,
acetyl-CH3); 5.91 (s, 1H, pyrone-CH); 7.20e7.90 (m, 8H, aromatic-
CH), 9.85 (b, 1H, NeH), IR (KBr) n/cm�1: 1715, 1653, 1527, 1314,
1020, 845, 732, 644.

2.3. XRD-analysis

XRD-crystal data were recorded at 100 K by means of the Cry-
salisPro software [29] on a Gemini kappa-geometry diffractometer
(Rigaku OD, 2018) equipped with an Atlas CCD detector and using
Mo radiation (l ¼ 0.71073 Å). The structure was solved with the
SHELXT [30] structure solution program using the Intrinsic Phasing
solution method and by using Olex2 [31]. The model was refined
with version 2018/3 of SHELXL [32] using Least Squares Minimi-
zation. The crystal data and structure refinement parameters of the
free ligand are illustrated in Table 1. All hydrogen atoms (except
hydrogen atoms attached to N atom) were included in geometric
positions. The hydrogen atoms bound to N atom was located in
difference Fourier map and its coordinate was refined with
displacement parameters. The final difference Fourier maps
showed no peaks of chemical significance.

2.4. Computational details

Gaussian 09W 32 bit software was served for all DFT operations
in gaseous state at DFT/B3LYPmethod and 6e311þþG (d,p) as basis
set [33,34]. The HSAwas carried out using Crystal Explorer 3.1 [35].

3. Results and discussion

3.1. Synthesis and X-ray analysis

The final product ((E)-3-(1-(2-(9H-fluoren-9-ylidene)hydrazi-
neyl)ethylidene)-6-methyl-2H-pyran-2,4(3H)-dione) was synthe-
sized via equimolar condensation of 3-acetyl-4-hydroxy-6-methyl-
2H-pyran-2-one with (9H-fluoren-9-ylidene)hydrazine in ethanol
under reflux conditions, to initially provide the 4-hydroxy-pyran-2-
one derivative. Since the final product structure has been proved by
XRD-analysis as pyran-2,4-dione (keto form) and not the expected
product 4-hydroxy-pyran-2-one (enol form), therefore, the enol-
keto tautomerization process via the zwitterionic intermediate
(Scheme 1) has been suggested [3e5].

Fig. 1 illustrates the XRD-analysis and confirming the molecular
structure of the target compound, which was crystallized in
Monoclinic, space group P21/c with the following lattice



Scheme 1. Synthesis of pyran-2,4-dione derivative.

Fig. 1. Molecular structure of SB, (a) ORTEP diagram, (b) interHB and (c) S (6) motif.
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parameters: a ¼ 11.976 (2) Å, b ¼ 5.0343 (17), Å, c ¼ 26.710 (7) Å,
b¼ 98.06 (2)�. The geometry of the double bond is confirmed as the
E-isomer. The XRD outcomes have also proved the tautomerization,
in which the proton of OH group in the enol-form has migrated to
the close N of N]C group. In the meantime, the C]O and enamine
groups were linked via a strong intramolecular H-bond [C]O
….HeN] with a distance of 1.830 Å, resulting a very stable S (6) ring
motif (Fig. 1c). Such S (6) plays a critical role in stabilization of
compound lattice. The carbonenitrogen bond¼ C1eN2 found to be
1.340 (4) Å, which agrees with sp3 hybridization of a single bond
character of N and supported the NeH bond formation [36].

The molecular lattice of the crystal reflects the presence of
different types of short interactions, because of the presence of
heteroatoms like N and O, which play a decisive role in these in-
teractions. The lattice displays 14 interactions as short contacts,
four types of inter-forces are detected per molecule, four inter-
molecular H-bonds, two type of C]O …. HPh with 2.619 (4) Å and
another two of HPh …. O]CeO with 2.628 (4)Å as displayed in
Fig. 2a. Such links could resonate to the three-dimensional supra-
molecular network structure of the ligands. On the other hand, two
non-covalent polar p-p stacking interactions are noticed, corre-
sponding to p(C]N) …. p(OeC]O) with 3.239 Å and p(C]N) ….
p(C]N) with 3.341 Å distances, that attributed to the formation of
layer-by-layer, Fig. 2b. Additional weak H …. p interactions were
verified, two of the type HMep(OeC]O) with 2.873 Å and two of
the type HPh …. p(Ph) with 2.832 Å distances (Fig. 2c). Whereas,
another two H …. p(2C) interaction like HMe …. p(2C) with an
average of about 2.710 Å, reflecting the formation of extra supra-
molecular interactions, as seen in Fig. 2d.
3.2. DFT structure analysis

The three-dimensional arrangement of atoms was optimized
(Fig. 3a) and compared with the obtained results of XRD. The
selected experimental XRD and DFT outcomes of bond angle and
bond length values are listed in Table 2. High level of agreement
between XRD and DFT results is obvious in term of reliability fac-
tors. Graphical correlation of values of bond lengths and bond an-
gles gave R2 ¼ 0.984 and 0.990, respectively, Fig. 3c and e.
Moreover, the experimental and simulated outcomes of bond
length values are much closed to each other (Fig. 3b). This high
agreement between the XRD and DFT results applies as well for all
dihedral angles as represented in Fig. 3d.



Fig. 2. Molecular interactions: (a) interHB, (b) p-p stacking, (c) HP …. p(Ph) and (d) H …. p(2C).
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Fig. 3. DFT optimization structure (a). XRD/DFT histogram of bond lengths (b) and bond angles (d), DFT/XRD-graphical correlation for bond lengths (c) and bond angles (e).

Table 2
Selected DFT/XRD bond angles and bond lengths.

Bond No. Bond type Bond length [Å] Angle No. Angle type Angle value (o)

XRD DFT XRD DFT

1 O3 C7 1.262 1.279 1 C5 O1 C4 122.8 122.3
2 O1 C5 1.355 1.376 2 N2 N4 C9 118.6 119.5
3 O1 C4 1.404 1.440 3 N4 N2 C1 120.8 120.6
4 O2 C4 1.210 1.226 4 N4 C9 C21 118.0 118.4
5 N4 N2 1.376 1.395 5 N4 C9 C10 135.9 135.6
6 N4 C9 1.290 1.297 6 C21 C9 C10 106.1 105.9
7 N2 C1 1.340 1.347 7 C21 C16 C15 108.6 108.0
8 C9 C21 1.479 1.486 8 C21 C16 C17 120.3 120.2
9 C9 C10 1.495 1.495 9 C15 C16 C17 131.1 131.8
10 C16 C21 1.395 1.410 10 O3 C7 C3 122.9 122.9
11 C16 C15 1.471 1.477 11 O3 C7 C6 119.8 120.2
12 C16 C17 1.381 1.391 12 C3 C7 C6 117.3 117.0
13 C7 C3 1.440 1.459 13 C9 C21 C16 109.2 109.3
14 C7 C6 1.431 1.446 14 C9 C21 C20 129.2 129.3
15 C21 C20 1.377 1.388 15 C16 C21 C20 121.6 121.4
16 C3 C1 1.415 1.415 16 C7 C3 C1 121.1 120.2
17 C3 C4 1.453 1.449 17 C7 C3 C4 119.3 121.1
18 C2 C1 1.498 1.505 18 C1 C3 C4 119.6 118.7
19 C10 C15 1.426 1.427 19 N2 C1 C3 117.9 118.0
20 C10 C11 1.385 1.396 20 N2 C1 C2 117.7 118.9
21 C15 C14 1.377 1.388 21 C3 C1 C2 124.4 123.1
22 C5 C6 1.335 1.345 22 C9 C10 C15 107.2 107.7
23 C5 C8 1.472 1.498 23 C9 C10 C11 133.2 132.8
24 C20 C19 1.384 1.400 24 C15 C10 C11 119.6 119.5
25 C12 C11 1.392 1.403 25 C16 C15 C10 108.8 109.1
26 C12 C13 1.385 1.395 26 C16 C15 C14 130.6 129.8
27 C14 C13 1.383 1.401 27 C10 C15 C14 120.6 121.1
28 C17 C18 1.389 1.402 28 O1 C5 C6 121.2 122.2
29 C19 C18 1.392 1.400 29 O1 C5 C8 112.9 112.1
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Fig. 4. Mapped dnorm (aeb) and shape index (ced).

Fig. 5. MEP Map of the desired compound.
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3.3. HAS and MEP computation

These analyses were performed by using CIF data of the crystal.
Intermolecular contacts were figured out by small or big red-spots
on surface of the molecule [16,37,38]. Since the ligand possesses a
number of heteroatoms, N and O, several polar sets were formed,
including nine red-spots on the dnorm molecule surface (Fig. 4aeb).
The big spot is cited to the strong intramolecular O….HeN and HPh
…. O]C hydrogen bond interactions. Notably, the shape index
confirmed the H-p and p-p stacking interactions, which are in a
strong agreement with the XRD results (Fig. 4ced).

MEP provided valuable information of hydrogen bonding in the
molecular structure of compound as well as determining the
electrophilic or nucleophilic groups. The DFT/B3LYP method at
6e311þþG (d,p) as basis sets were employed to evaluate MEP of
the new ligand. The results of the computed molecule have
revealed potential decreases in the following order:
blue> cyan> green> yellow > orange> red. TheMEP reflected also
the O, N and some C atoms as nucleophilic sites, meanwhile, the
hydrogen atoms as electrophilic sites (Fig. 5). Therefore, the pos-
sibility of formation of H-bonding is very high. These results are
strongly matching with HSA and XRD outcomes.
3.4. Two-dimensional figure print (2D-FP) investigations

The 2D-FP analysis supports the presence of intermolecular
contacts in the subordinate: H ….H > C …. H > O ….H > N/H, as
shown in Fig. 6aee. The percentage of atom-to-atom finger print
intermolecular interactions reflects the H ….H bonds as a major
contributor with 41.8%, while the N/H with minor ratio, 0.7%.



Fig. 6. Atom-to-atom 2D-FP interactions and their contribution ratios.
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3.5. Enol4hydrazinium prototropic tautomerization

The gas phase enol4hydrazinium tautomerization was exam-
ined by IRC and DFT/B3LYP/6e311 þþ G (d,p) simulation and the
transition state (TS) was optimized via TS(Bernyl) method. The
experimental and computational of proton transfer mechanism
study suggested that the proton of the OH group, initially created
intramolecular hydrogen bond (intraHB) and then moved in space
via single proton transfer to the near N-atom of N2¼C1 unit in an
intra-six-membered ring with S (6) transition state, as
demonstrated in Scheme 2. Before the proton leaves the O-atom
completely and form the zwitterionic intermediate, the prototropic
process includes O/H and N/H distances of 1.818 and 0.883 Å,
respectively. The ETS profiles was found to be 120.2 kJ/mol, as
illustrated in Fig. 7. According to the TS, the structural properties is
close to the zwitterionic form, since slightly short N/H compared
to O/H distances was recorded. Such results are in consistence
with Hammond postulate and indicating that the [O�$$$HeNþ¼C]
S (6) ring formation. However, depending on the X-ray result and
DFT calculation that clearly reflected the keto form as a more stable



Scheme 2. Prototropic enol4hydrazinium tautomerism.

Fig. 7. Prototropic enol4hydrazinium tautomerism energy profiles.
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isomer with zero reference energy and the enol form as a less stable
isomer. Nevertheless, DFTenergy difference calculation showed the
enol with 51.1 kJ/mol that destabilized it compared to the keto one,
this amount of energy is not so high; therefore, it is possible for
example to find both isomers at equilibrium in the liquid state by
using suitable polar solvents [3e5].

3.6. 1H NMR and FT-IR investigations

The structural formation was further elucidated by FT-IR and 1H
NMR spectroscopy. The 1H- NMR in CDCl3 has reflected the antic-
ipated peaks, for instance, the aromatic protons are recorded as a
multiplet with chemical shifts in a range of 7.20e7.90 ppm (8H). As
expected, the vinylic proton is located at 5.91 ppm as a singlet,
while at 9.85 ppm, a broad peak designated to NeH is assigned. The
two-methyl groups are verified at 2.15 ppm and 2.56 ppm, the later
shift indicates the protons of acetyl group. On the other hand, the
recorded FT-IR of the synthesized ligand reflected the obscurity of
NeH and/or OeH vibrations in a range around 3100-3500 cm�1,
that could be rationalized to the enolization process between these
two characteristic functional groups. This would strongly confirm
the existence of intramolecular H-bond (C]O/HeN) in the solid
state of the compound [20e23,31]. Such interaction (intra-
molecular hydrogen bond) could dramatically influence the
appearance of the CeH stretching vibrations in the spectrum. A
typical strong stretching band of C]O is displayed at 1715 cm�1,
while sharp C]N and C]C stretching absorptions are visible at
1653 cm�1 and 1527 cm�1, respectively [39e41], Fig. 8.

3.7. Optical activity: HOMO-LUMO, DOS, TD-SCF, UVeVis. And
optical band gap analysis

The B3LYP HOMO and LUMO surfaces represented the frontier
orbitals were performed) Fig. 9). The energy values of such MO
orbitals and the energy gap are accurately related to both the
electrical transport and optical properties. The DE calculated from



Fig. 8. (a) Exp. Solid state and (b) B3LYP-IR of the synthesized ligand.

Fig. 9. (a) HOMO/LUMO shape and energy, (b) DOS diagram, (c) UVeVis/TD-SCF spectroscopy, and (d) Optical band gap of the desired ligand.
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HOMO and LUMO is found to be 3.47 eV (Fig. 9a). The density of
state (DOS) and MO contributions calculation especially for HOMO
and LUMO as illustrated in Fig. 9b. DOS plot reflected the under-
standable view of MO and their energies, the population analysis
per MO also clearly detected, for example, HOMO is with higher
density contribution compare to LUMO, moreover, the DOS energy
gapDEDOS found to be 3.52 eV, which is consistent with the DEHOMO/

LUMO value (Fig. 9a). The experimental absorption behavior and TD-
SCF/B3LYP computation were performed in the DMSO solvent, in
order to study and compare the optical behavior and recognize the
electronic structure of the desired ligand as seen in Fig. 9c. Two
absorption peaks at 290 and 397 nmwere recorded experimentally
and can be attributed to n or p to p* electron transfer. One broad
peak at 400 nm where detected by TD-DFT due to HOMO/LUMO
electron transfer (Fig. 9c). The Absorption shift between calculated
and experimental is very small (3 nm)which is commonly observed
in TD-DFT/B3LYP calculations [32,33]. The diversity of absorption
peaks in the UV band and the absence of the visible region ab-
sorption guaranty material to be suitable for optical and photonic
applications. The experimental optical band gap for the desired
ligand was established by using Tauc’s formula [34,42]. In com-
parison the experimental DEg with the simulated DEHOMO/LUMO and
DEDOS, the variation value between DEHOMO/LUMO and the experi-
mental DEg is 0.14 eV. Meanwhile, the variation value between
DEDOS with DEg is 0.09 eV. For this reason, the Tauc’s equation is a
trustable model to figure out the electronic transition to determine
the optical activity behavior pure organic compounds.

4. Conclusions

The new compound, (E)-3-(1-(2-(9H-fluoren-9-ylidene)hydra-
zineyl)ethylidene)-6-methyl-2H-pyran-2,4(3H)-dione, was
smoothly synthesized via condensation and tautomerazation pro-
cesses consequently. The enol4keto tautomerism reaction of
functionalized SB derivative was examined to estimate some elec-
tronic properties that occurs via single proton shifting from the OH
to the close Niminium atom. The XRD and DFT calculations of the
target product reflected that the keto form is favored in the solid-
state. The existence of heteroatoms in the structure led to a num-
ber of short interactions, discovered in the crystal lattice. The
theoretically and experimentally the desired compound was
confirmed to be optical active only in the UV region.
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