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Abstract

In the current study, two novel Knoevenagel condensation products of substi-
tuted napthofuran-2-carbaldehydes were designed, synthesized and characte-
rized. In order to study the intermolecular interactions of title compounds, sin-
gle crystals were grown by slow evaporation solution growth technique at
room temperature and crystal structure has been determined by single crystal
X-ray diffraction technique. Both the molecules crystallize in the monoclinic
centrosymmetric space group P2,/c with one molecule in the asymmetric unit.
In compound [4] the molecules are connected via bifurcated C-H--O=C and
C-H--N=C H-bonds and van der Waals interactions forming a layered structure,
whereas in compound [5a] the molecular conformation is stabilized via intra-
molecular C-H--O H-bond and molecule interacts with other molecule gener-
ated via 2;-screw via bifurcated C-H--O=C along with C-H--N=C H-bonds,
which are interacting with nitro- of other molecule generated via same symme-
try operation, forming bifurcated C-H--O-N H-bonds, which helps in formation
of molecular sheet-like structure. Further, in order to understand the various
types and nature of intermolecular interactions in the supramolecular structure
Hirshfeld surface analysis and fingerprint plot analysis was carried out.
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Analysis

1. Introduction

Furan motif posses various pharmacological and biological activities such as
antituberculosis [1], anti-inflammatory [2] and antibacterial [3] activities
have attracted the attention of synthetic chemists. Also substituted benzofu-
rans and naptho-furans find their applications in different fields such as fluo-
rescent sensors [4], antioxidants [5], brightening agents, and a variety of
drugs and agriculture [6]. Recently, Prashanth K. ef al, reported the docking
analysis of naphtho-furan and benzofuran derivatives and concluded that in
most of the interactions involving the nitro group formed hydrogen bond
with Aspl6 of NarL protein and might act as a potential antitubercular lead
molecule [7]. In addition to above, the crystallization phenomenon is very
important in the pharmaceutical industry because it directly affects the bio-
availability of drugs [8]. Furan-containing polycyclic aromatics are expected to
provide relatively high HOMO levels [9] and offer utility in electronic devices
such as organic light-emitting diodes (OLEDs) [10] and organic field-effect
transistors (OFETSs) [11]. Recently, dinaphtho [2,1-b:1’,2’-d]furan [12] and di-
naphtho [1,2-b:2’,1’-d]furan [13] systems were developed and used in sin-
gle-crystal OFETs and p-type semiconductors respectively. Also, chemistry of
multiple bonds plays an important role in the organic synthesis. The Knoevena-
gel condensation reaction is one of the most important reactions in which C=C
bond is formed via condensation reactions of active methylene group with alde-
hydes or ketones that do not contain a-hydrogen [14].

Based on the above importance and application of naptho-furan derivatives
this manuscript reports the synthesis and crystal structures of two novel Knoe-
venagel condensation products of substituted napthofuran-2-carbaldehydes
along with Hirshfeld surfaces and fingerprint plot analysis which has not been

reported previously.

2. Experimental

General remarks:

All the chemicals used were purchased from Merck, Sigma Aldrich, SD fine
and used without further purification. IR spectra were recorded in KBr pellets
on a Perkin-Elmer Spectrometer. 1H NMR (400 MHz) were run on a Bruker
Avance DPX-250, FT-NMR spectrometer in CDClL;/DMSO-ds as solvent and
TMS as an internal standard. Melting points were recorded on a Stuart Scientific
Apparatus SMP3 (UK) in open capillary tubes. The purity of the compounds was
checked by TLC.

Preparation of Ethyl naphthofuran-2-carboxylate [1]

To a solution of 2-hydroxy-1-naphthaldehyde (0.03 mol) in dry N, N dime-

DOI: 10.4236/csta.2020.93005

50 Crystal Structure Theory and Applications


https://doi.org/10.4236/csta.2020.93005

A. Hasija et al.

thylformamide (25 ml), ethyl chloroacetate (0.03 mol) and anhydrous potassium
carbonate (0.9 mol) were added and the reaction mixture was refluxed on water
bath for 24 hrs. The reaction was monitored by TLC. After completion of reac-
tion, the reaction mixture was then poured into ice cold water, to obtain the
product ethyl naphthofuran-2-carboxylate as solid, which was collected by filtra-
tion, dried and recrystallized from ethanol [14].

Preparation of Naphthofuran-2-ylmethanol [2]

To a mixture of Lithium aluminum hydride (0.04 mol) in tetrahydrofuran (5
mL), the solution of ethyl naphthofuran-2-carboxylate (0.01 mol) in THF (5 mL)
was added slowly with continuous stirring at 0°C. Stirring was continued for 2 h
at room temperature. The completion of reaction was monitored by TLC. After
completion of reaction, the reaction mixture was quenched in ammonium chlo-
ride solution. The product was extracted in ethyl acetate and purified through si-
lica gel column chromatography [14].

Preparation of Naphthofuran-2-carbaldehyde [3]

Naphthofuran-2ylmethanol (0.01 mol) was dissolved in ethyl acetate (7 mL)
and IBX (0.03 mol) was added. The resulting suspension was immersed in an oil
bath set to 80°C and stirred vigorously with calcium chloride guard tube. After
3.5 h (TLC monitoring), the reaction was cooled to room temperature and fil-
tered through a celite bed. The filter bed was washed with 3 - 2 ml of ethyl ace-
tate (25 mL), and the combined filtrates were concentrated to obtain naphtho-
furan-2-carbaldehyde [14].

Preparation of Ethyl-2-cyano-3-(naphthafuran-2-yl)acrylate [4]

Naphthofuran-2-carbaldehyde (0.01 mol) and ethylcyanoacetate (0.02 mol)
were dissolved in ethyl alcohol (10 mL) in a round-bottomed flask and the re-
sulting mixture was refluxed at 70°C for 10 h. The completion of reaction was as
indicated by TLC as well as separation of solid from reaction mixture. The sepa-
rated solid product was filtered, dried and recrystallized from ethanol to get pure
compound [14].

Preparation of 8-Nitronaphtho[2,1-b]furan-2-carbaldehyde [4a]

To a solution of Naphthofuran-2-carbaldehyde (0.1 mol) in glacial acetic acid
(20 ml), conc. H,SO, (2 ml) was added followed by the addition of potassium ni-
trate (2 g) with stirring for 1 h at same temperature and the stirring was contin-
ued for 2 h. The reaction mixture was poured into ice-cold water and the solid
obtained was filtered out. It was washed with water, dried and the product was
extracted in ethyl acetate and purified through silica gel column chromatogra-
phy (EtOAc:n-Hexane-9:1).

Preparation of Ethyl-2-cyano-3-(5-nitronaphtho[2,1-b]furan-2-yl)acrylate
[5a]

8-Nitro naphthofuran-2-carbaldehyde (0.01 mol) and ethylcyanoacetate (0.02
mol) were dissolved in ethyl alcohol (10 mL) in a round-bottomed flask and the
resulting mixture was refluxed at 70°C for 10 hrs. The completion of reaction

was as indicated by TLC as well as separation of solid from reaction mixture.

DOI: 10.4236/csta.2020.93005

51 Crystal Structure Theory and Applications


https://doi.org/10.4236/csta.2020.93005

A. Hasija et al.

-l

\r

Figure 1. Morphology of single crystals of [4] (left) and [5a]. (Right) after crystallization
in solvents a, @, a-Trifluoro toluene and toluene respectively.

The separated solid product was filtered, dried and recrystallized from ethanol to
get pure compound [5a].

Reagents and conditions: i) CICH,COOEt, K,COs, DMF, reflux; ii) LiAlH,,
THEF, 0°C; iii) IBX, EtOAc, reflux; iv) KNOs, H,SO./AcOH, rt; v) Ethylcyanoace-
tate, EtOH, 70°C.

Method of crystallization

100 mg of compound [4] and compound [5a] were dissolved in 15 mL of
ethanol separately and warmed for 5 min. The solution was filtered through
Whatman filter paper and resulting solution was kept at room temperature
(22°C - 23°C) in conical flask with stopper slightly open. The crystalline phase
obtained after evaporation was again recrystallized via slow evaporation method
with @, a, a-trifluoro toluene for [4] and toluene for [5a]. After few days, the
crystals of compound [4] and compound [5a] were developed; filtered and suit-
able crystals for single crystal analysis were selected. The morphology of the sin-

gle crystals obtained for [4], [5a] are shown in Figure 1.

3. Results and Discussion

Synthesis of novel Knoevenagel condensation product of naphthofuran-2 car-
baldehyde and 8-nitro napthafura-2-carbaldehyde with ethylcyanoacetate is de-
picted in Scheme 1. Spectroscopic characterization such as FTIR, "THNMR and
mass spectral analysis confirms the assigned structures of the compound [14].

Refinement:

Single-crystal X-ray diffraction data were collected on a Bruker KAPPA APEX
II DUO diffractometer using graphite-monochromated Mo-K, radiation (A =
0.71073 A). Data collection was carried out at 100 K by an Oxford Cryostream
cooling system using the Bruker Apex II software [15]. Cell refinement and data
reduction were performed using the program SAINT [16]. The absorption correc-
tion was carried out using the program SADABS [17]. The structure was solved by
direct methods using SHELXS-97 and refined by full-matrix least-squares methods
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based on F? using SHELXL-2014 [18] [19]. All non-hydrogen atoms were refined

anisotropically. The hydrogen atoms were placed in idealized positions

PP ®

H i) o/ ii)

— g - W
OH o © O OH

[1 [2]
iii)
2 O H
[4a] 3]
V) V)
—\ %O — 0
Tt Ot
[52] [4]

Scheme 1. Synthetic route for the Knoevenagel condensation product of napthofu-
ran-2-carbaldehyde and 8-nitro napthafura-2-carbaldehyde.

Table 1. Crystallographic data and refinement parameters for [4] and [5a].

4 5a
CCDC Number 1868000 1868001
Molecular Formula C18 HI3 N O3 C18 HI12 N2 O5
Molecular weight 292.29 336.30
Temperature 100 100
Crystal Size (mm) 0.30, 0.25, 0.01 0.45, 0.30, 0.2
Absorption coefficient (mm™) 0.094 0.108
Tmin, Tmex 0.972, 0.999 0.953, 0.979
Crystal system Monoclinic Monoclinic
Lattice parameters: a (&), b (), c (A) 12??17)5 ;1;);’64113(;1)8 63 13923;(:;’3;3(:;3 04 (4),
apy() 90, 97.358(6), 90 90, 104.793(2), 90
Space Group, Density, Z, Z', F(000) P21/c 1.370,4, 1, 608 P2i/c, 1.447, 4, 1, 696
hninmax; Kminmaz; Imin,max; -17,17;-18,17; -11, 11 -16, 16; —16, 15; 10, 10
Number of total/unique/observed reflections 21,374, 4143, 2684 13,358, 2704, 2346
No of parameters 200 231
Rint 0.0593 0.0321
Ran, Robs 0.0843, 0.0500 0.0536, 0.0469
WR2a1, WR20bs 0.1447, 0.1258 0.1401, 0.1346
APmaz,min (€A73) 0.359, —0.246 0.741, —0.341
G.o.F 1.015 1.063

DOI: 10.4236/csta.2020.93005

53 Crystal Structure Theory and Applications


https://doi.org/10.4236/csta.2020.93005

A. Hasija et al.

and refined using a riding model with Ui,(H) = 1.2 Ueq [Caromatc] and Uy, (H) =
1.5 Ueq (methyl groups). Geometrical calculations were done using the
PLATON [20]. ORTEP and packing diagrams were generated using the Mer-
cury3.5.1 (CCDC) program [21]. The crystallographic and refinement data is
tabulated in Table 1 and the list of inter and intra-molecular interactions for [4]
and [5a] are collectively tabulated in Table 2.

Crystal Structure Analysis:

The compound [4] crystallizes in the monoclinic centrosymmetric space
group F£2,/c with one molecule in the asymmetric unit. Figure 2 gives the
ORTEP view of the molecule.

All the bond angles and bond lengths are in accordance with values reported
in the literature. The molecules are connected via bifurcated C5/11-H5/11---O2=
C16 and C13-H13--N1=C15 H-bonds and van der Waals interactions forming a
layered structure propagating along the b-axis (Figure 3). Parallel sheets are
connected via C17B-H17B--N1=C15 H-bonds via an inversion center. There al-
so exists stacking interactions between the sheets which are held via purely van

der Waals interactions (Figure 4).

Table 2. List of intra and intermolecular contacts in compounds [4] and [5a].

4 D-H(A) D-A(A) H-A(A) D-H-A() Symmetry
C5-H5--02 0.95 3.370 2.43 172 X+ 1,+y-1/2, 2+ 1/2 +1
C13-H13--N1 0.95 3.408 2.49 164  —x+1,+y-1/2,—z+1/2+1
C11-H11--02 0.95 3.311 2.42 157 X+ 1L, +y-1/2,-z+1/2+ 1
C17-H17B--N1 0.99 3.500 2.64 145 X+ L -y+1,-z+2
5a D-H(A) D-A(A) H--A(A) D-H-A() Symmetry
C3-H3--05 0.95 3.391 2.45 173 —x+1,+y+1/2,-z+1/2+2
C5-H5--02 0.95 3.335 2.39 175 —x+2,+y+1/2,-z+1/2+1
C13-H13--N1 0.93 3.374 2.48 161 —x+2,+y+1/2,-z+1/2+1
CI11-H11--02 0.95 3.320 2.43 157 -X+2,+y+1/2,-z+1/2+1
C17-H17A--N1 0.99 3.515 2.65 146 -X+2,-y,-z+1
C17-H17B---05 0.99 3.363 2.44 155 -X+2,-y,-z+2
C2 -H2.-04 0.95 2.794 2.18 122 XY Z

Figure 2. ORTEP representation (with 50% displacement ellipsoids) of [4] showing the
atom numbering scheme.
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Figure 3. Packing arrangement of molecules in the crystal structure via C-H--O and
C-H--N intermolecular interactions in [4].

Figure 4. Layered packing arrangement of molecules in the crystal structure via C-H---N
intermolecular interactions in between the sheets in [4].

The molecule [5a] crystallizes in the centrosymmetric space group P2,/c with
one molecule in the asymmetric unit. Figure 5 gives the ORTEP view of the mo-
lecule. The molecular conformation is stabilized via intramolecular C2-H2-.-O4
H-bond. The molecule interacts with other molecule generated via 2;-screw bi-
furcated C5/11-H5/11---02=C16 along with C13-H13--N1=C15 H-bonds, which
are interacting with nitro- of other molecule generated via same symmetry oper-
ation, forming bifurcated C3-H3.--O4/05-N2 H-bonds, which helps in forma-
tion of molecular sheet-like structure (Figure 6). The parallel sheets related via
an inversion center are held via additional C17A-H17A--N1, C17B-H17B---O5
H-bonds. The parallel sheets are molecular stacked, stabilizing the overall pack-
ing (Figure 7).

The overall conformation of [4] and [5a] are nearly similar, with slight distor-
tion in C18 methyl group in [5a]. The molecule [5a] is nearly planar with the
-nitro group slightly deviated from the mean plane of the molecule.

Hirshfeld Surface analysis:

Crystal of compound [4] is primarily assembled via bifurcated C5/11-H5/
11---02 and C13 H13---N1=CI15 related to the next molecule via inversion centre.
These majorly competent interactions could also be visualised through the

Hirshfeld Surface Analysis, a module of Crystal Explorer (Version 17.5.), which
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Figure 5. ORTEP representation (with 50% displacement ellipsoids) of [5a] showing the
atom numbering scheme. The dotted lines indicate intramolecular C2-H2:--O4-N2(nitro)
H-bond.

Figure 6. Crystal packing depicting sheet formation in molecule of [5a]. The dotted lines
indicate C-H---O and C-H--N intermolecular interactions.

Figure 7. Layered packing arrangement in molecule of [5a]. The inter sheets are con-
nected via C-H---O and C-H---N intermolecular interactions.
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shows the red region as a plausible region for interactions [22] [23]. Figure 8(a)
shows the red region on the Hirshfeld surface of [4] forming bifurcated C-H--O
and C-H--N and thereby stabilizing the sheet, which is connected to other paral-
lel sheets via molecular stacking and C17-H17B--N1=C15 (Figure 8(b)).

Figure 8. duorm mapped on the Hirshfeld surface for visualising (a) C-H--O and C-H--N
H-bond; (b) C-H-N and molecular stacking; of [4]. The dotted line represents hydrogen
bonds.
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Figure 9. Fingerprint plot for compound [4] showing contribution of N--H/H--N,
O--H/H--O, C--H/H:--C, C.--C, C.-N/N--.C, H--H contacts.
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The individual contribution of different interactions is well elucidated via a
module of Crystal Explorer named Fingerprint plot (Figure 9). The contribution
of various contacts such as N--H/H--N (10.4%), O--H/H---O (12.5%), C---H/H---C
(18.1%), C--C (9.0%), C---N/N---C(1.9%), H---H (41.1%) involved in the packing
signifies the importance of individual contacts in the overall stabilization of the
crystal lattice.

Compound [5a] is stabilized primarily via short H-bonds involving C-H---O
and C-H--N interactions which are well represented through the Hirshfeld surface
analysis. The red region depicts the plausible interactions for the above-mentioned
compound. Figure 10(a) clearly depicts that the major interactions responsible
for stability of the compound are C-H---O and C-H--N, which are also men-
tioned above in the packing analysis. The surface analysis also corroborates with
the role of bifurcated C-H--O and short C-H--N=C hydrogen bonds in the stabi-
lization of this motif (Figure 10(b)).

The qualitative picture of contribution of contacts involved in the assembly of
crystal lattice of compound [5a] is also given by Fingerprint Plot. The qualitative
overview of interactions involved in crystal packing of compound [5a] is as fol-
lows N--H/H--N (10.0%), O--H/H-O (25.5%), C--H/H--C(15.9%), C--C(8.2%),
C-N/N-..C(2.7%) and H---H(27.5%) (Figure 11).

Cambridge Structural Database study:

A database search using Cambridge Structural Database [24] was carried out,
to recognize the importance of structural study in molecules consisting of the
“naptho-furan” skeleton. A total of 11 hits were found including only one struc-
tural report (LERXEN) with substitution of -Br [25] at C10 and a few structural
reports (OCELIT, OCEHOV, TAGZUZ, IYUPID, IDUNIF, DAVQUO) involv-
ing molecules substituted at C12 comprising of the carbonyl group [26] [27] [28]
[29]. LERXEN, having a-Br at C10, forms C-H---Br and halogen contacts, instead
of C-H---O as was observed in case of the -Nitro group in [5a]. Similarly, in case
of DAVQUO, the C12 position is substituted with -COOEt which has higher
propensity of forming C-H---O and van der Waals contacts than that observed in
[4], which has a -CH,C(CN)(COOE?t) group. The limited structural studies till

Figure 10. dnorm mapped on the Hirshfeld surface for visualising (a) C-H--O and C-H--N
H-bond and molecular stacking; (b) C-H---N and C-H---O of compound [5a]. The dotted
line represents hydrogen bonds.
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Figure 11. Fingerprint plot for compound [5a] showing contribution of N--H/H--N,
O.--H/H.--O, C.--H/H--C, C.--C, C.--N/N---C, H---H contacts.

Compound 5a

.

Compound 4

®N...
%0...
®C...
“C..
xC...
®H...

Tzoxxxx

\
\/

Figure 12. Comparison in contribution of varied interactions involved in stabilization of
compound [4] and [5a].
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date in “naptho-furan” containing scaffolds illustrates that these molecules are
yet to be explored in terms of their structural and molecular diversity. This in-
cludes a systematic examination of the molecular conformation and the plethora
of conventional and non-conventional non-covalent interactions which results
in the formation of molecular crystals.

Comparison in packing of compound [4] and [5a]:

Compound [4] stabilized via C-H:--O and C-H---N, also shows relatively more
contribution from H---H contacts (Figure 12) in comparison to compound [5a],
due to the introduction of -NO, group at C10. The nitro substitution in com-
pound [5a] leads to more contribution from O---H interactions which can be vi-
sualised through Figure 12.

4. Conclusion

The wide scope of furan and naptho-furan consisting molecules in electronic
devices, pharmacological and biological activities, has intrigued researchers to
explore such systems further, in order to gain invaluable structural insights. The
structural investigation gives us the platform for unraveling the role of various
intermolecular interactions such as C-H--O, C-H--N, van der Waals contacts,
etc. that are involved in the overall formation of the crystal. In summary we have
synthesized two novel Knoevenagel condensation products of substituted nap-
thofuran-2-carbaldehydes. Spectroscopic characterization such as FTIR, 'H
NMR and mass spectral analysis confirms the assigned structures of the com-
pound. Single crystal X-ray diffraction analysis reveals that both the molecules
crystallize in the monoclinic centrosymmetric space group P2,/c with one mole-
cule in the asymmetric unit. The crystal surface analysis carried out by Hirshfeld
surface studies and fingerprint plot analysis, which facilitates in understanding
the type and nature of intermolecular interactions and as well as packing in the

solid-state.
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