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Pot  shaped  fluorescent  aggregates of 6, 6-
dicyanopentafulvene derivative 4 serve as reactors and
stabilizer for the preparation of luminescent ZnO
nanoparticles which exhibit high catalytic efficiency in one
pot multicomponent synthesis of tetrahydropyridines.

The tetrahydropyridines are important due to their pharmacological and
biological activities such as antiviral, antidepressant and antimalarial
activities.! Therefore, the development of general methods for the easy
synthesis of structurally diverse tetrahydropyridine derivatives which
are useful for drug discovery process need more attention. Among
various methods reported for the synthesis of tetrahydropyridine
derivatives viz proline mediated cascade Mannich type intramolecular
cyclization,? palladium catalysed cyclizations,® [3+3] annulations of
aziridines and allenoates and cyclization of N-allylamino-substituted
Baylis-Hillman adducts,* one pot multicomponent reactions (MCR)® are
advantageous due to their atom and synthetic step economy. However,
most of the reported one pot multicomponent reactions for the synthesis
of tetrahydropyridines require longer reaction time and higher loadings
of expensive catalysts. To overcome these drawbacks of
multicomponent coupling reactions, it is important to develop an
efficient and economical catalytic system which could lead to the
formation of tetrahydropyridine derivatives in shorter reaction time.
Recently, various types of metal nanoparticles have been utilized as
multipurpose promoters for a wide range of synthetically useful
reactions.® From our laboratory, we also reported the preparation of
inexpensive iron oxide nanoparticles from the aggregates of
hexaphenylbenzene derivative and their utilization in Sonogashira
coupling reactions.®® Having done this, we were then interested in the
development of an effective and economical catalytic system which
could be utilized in one pot three step multicomponent reactions for the
synthesis of tetrahydropyridines. For this purpose, non-planar push-pull
dicyanopentafulvene is scaffold of our choice as its aggregation
properties are still unexplored.” Thus, making use of this scaffold, we
designed and synthesized B-naphthol appended dicyanopentafulvene
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(DCF)® derivative 4. We envisaged that DCF derivative 4 having
aromatic groups with rotatable C-C and C-N single bonds could exhibit
the aggregation induced emission enhancement (AIEE) characteristics.’
Further, we expected that the presence of soft imine linkages will
enhance the affinity of the molecule toward soft metal ions.*
Interestingly, derivative 4 showed AIEE characteristics and formed pot
like fluorescent aggregates in aqueous media and these aggregates
exhibited further enhancement of emission intensity in presence of zinc
ions. Additionally, these aggregates served as reactors as well as
stabilizer for the preparation of luminescent zinc oxide nanoparticles
(ZnO NPs) in mixed aqueous media. Though various methods have
been reported in the literature for the preparation of ZnO nanostructures
but most of these methods suffer from the limitations of multi steps,
longer reaction time and use of drastic conditions.”* Above all, ZnO
nanoparticles generated by using these methods are not stable in
aqueous media as luminescence of nanoparticles is lost whereas for
biological applications, stability in aqueous media is a prerequisite.
Thus, the method being reported in the present manuscript for
preparation of luminescent ZnO NPs in aqueous media is advantageous
over other reported methods in literature (Table S1, ESIt). Further, to
our pleasure, small loading (0.5 mol%) of in situ generated ZnO NPs
exhibited excellent catalytic efficiency in one pot three (in situ five)
component reactions for the preparation of tetrahydropyridines.’? To the
best of our knowledge this is the first report where the weakly
fluorescent aggregates of DCF derivative exhibit ZnO nanoparticle
induced AIEE phenomenon and further these in situ generated ZnO
nanoparticles serve as efficient catalytic system in multi component
reactions for the preparation of tetrahydropyridines.

Knoeovenegal condensation between derivative 1 and malononitrile
resulted in the formation of 6, 6-dicyanopentafulvene derivative 2a in
52% vyield. Subsequently Suzuki-Miyaura cross coupling between 2a
and 3a furnished the derivative 2b in 56% yield which on condensation
with B-hydroxynaphthaldehyde 3b afforded desired product 4 in 85%
yield (Scheme 1). The structure of compound 4 was confirmed from its
spectroscopic and analytical data (Fig. S32-37, ESI¥).
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The UV-vis spectrum of derivative 4 in THF exhibits three absorption

bands at 320, 390 nm and 450 nm due to n-n* and n-n* transitions.

Upon addition of water fraction up to 80% to the THF solution of

derivative 4 the intensity of all the absorption bands increased gradually

with the appearance of level off tail in the visible region (Fig. S1A,

ESI¥) which suggests the formation of aggregates in aqueous media.
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Scheme 1: Symhe5|s of 6, 6- dicyanopentafulvene derivative 4.

Further, scanning electron microscopic (SEM) images of derivative 4 in
H,O-THF (8:2, v/v) mixture showed the presence of pot shaped
aggregates and the dynamic light scattering (DLS) studies indicate the
formation of aggregates having average diameter in the range of 550
nm (Fig. S2, ESIT). The fluorescence spectrum of derivative 4 in pure
THF exhibits a weak emissive band at 510 nm (® = 0.009) with a small
peak at 447 nm when excited at 390 nm. On addition of 80% water
fraction, nine and four folds emission enhancement at 510 nm and 447
nm is observed respectively (Fig. S1B, ESIt). The quantum yield (®)
of emission band at 510 nm gradually increases from 0.009 to 0.09 with
increase in the water fraction in the THF solution of 4 (Fig. S3A, ESIY).
We believe that the band at longer wavelength corresponds to emission
of derivative 4 in the aggregated state (Fig. 1A)."® Furthermore, an
increase in the fluorescence intensity at 510 nm was observed with
increasing fraction of triethyleneglycol (TEG) (Fig. S3B(a), ESIt{) and
also with increasing concentration of compound 4 in THF (Fig. S3B(b),
ESIY).

We also carried out the time-resolved fluorescence studies of derivative
4 in pure THF and H,O-THF (8:2, v/v) mixture and it was found that
the average life time (zay) increases from 0.78 ns to 2.5 ns on moving
from pure THF to H,O-THF (8:2, v/v) mixture (Fig. S4, ESI}). This
result suggests that the decay time of derivative 4 in 80% water
fractions is longer than that of 4 in pure THF which implies the
formation of ordered aggregates.'* The time-resolved fluorescence
studies monitored at the wavelength 510 nm showed that there is very
small difference between fluorescence radiative rate constants®® (k) of
derivative 4 in THF (1.15x10” s) and in H,O-THF (8:2, v/v) mixture
(3.2x107 s™); however, large decrease in case of non-radiative decay
constant (kn) was observed from 1.27x10° s™ in the molecular state to
0.36x10° s in the aggregated state (Table S3, ESIt). These results
suggest that the deactivation of nonradiative decay due to restriction in
the intramolecular rotational relaxation of the rotors linked to the DCF
core in case of derivative 4 is the main reason of the observed emission
enhancement in the fluorescence spectrum. The polarized optical
microscopic (POM) image of derivative 4 showed birefringence at
room temperature, thus, indicating an ordered morphology (Fig.S5A(a),
ESIY).

The presence of hydroxyl and imino groups in derivative 4 prompted us
to evaluate the binding behaviour of aggregates of derivative 4 toward
different metal ions such as Cd?*, Ba?", Hg?, Fe®+, Ni*, zn%, Cu®,
Pb*, Ca?*, Co®*, Ag’, Au®, Na" K*, Li*, Pd*, Cr**, and AI** ions as
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their perchlorate/chloride/or both perchlorate and chloride salts by UV-
vis and fluorescence spectroscopy in H,O-THF (8:2, v/v) mixture.
Among the various metal ions tested, the aggregates of derivative 4
showed selective response towards Zn®* ions. The UV-vis absorption
studies show the appearance of a new absorption band at 370 nm on
addition of Zn* ions (350 equiv.) to the solution of derivative 4 in
mixed aqueous media (HO-THF, 8:2, v/v) with an increase in the
intensity of level-off tail in the visible region (Fig. S5B, ESIf). The
band at 370 nm suggests the formation of ZnO NPs.'® The intensity of
absorption band at 370 nm gradually increased with time (180 min).
The rate constant for the formation of ZnO NPs was found to be
5.9x10° s (Fig. S6, ESIt). However, no significant change in the
absorption behaviour of aggregates of derivative 4 was observed in the
presence of other metal ions such as Cd*", Ba*, Hg*', Fe*, Ni®*, Cu?,
Pb*, Ca®*, Co*, Ag*, Au®*, Na*, K*, Li*, Pd**, Cr**, and AI*" ions (Fig.
S7, ESIY). Time (min)
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Fig. 1: (A) Time dependent fluorescence spectra of compound 4 (5 uM) showing
the response to the Zn?* ions (0-350 equiv.) in H,O-THF (8:2, v/v) mixture
buffered with HEPES; pH = 7.05; Xe= 390 nm; (B) TEM image of ZnO
nanoparticles.

Zn*
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The time dependent fluorescence studies of derivative 4 in the presence
of zinc ions (0-350 equiv.) show 6.4 folds enhancement in the emission
band at 510 nm (® = 0.36) within 180 min with a slight increase in
intensity of the emission band at 447 nm (Fig. 1A). The emission
enhancement depends on the amount of Zn*" ions added and time
interval. Further, on the addition of Zn®" ions into the solution of
derivative 4, the emission spectra showed three emission bands at 457,
480 and 510 nm on excitation at different wavelengths (between 300-
345 nm) (Fig. S8A, ESIt).Y These emission bands overlap with each
other and also with the emission band at 510 nm of aggregate 4 in
presence of Zn*" ions. The excitation spectra of derivative 4 in the
presence of Zn?* ions for the emission at 510 nm showed two peaks at
300 and 378 nm (Fig. S8B, ESIt). These results suggest that localized
surface plasmon state of zinc oxide nanoparticles (ZnO NPs) is likely to
be the one of the origins of emission band at 510 nm. The detection
limit of aggregates of derivative 4 for Zn* was found to be 95x10%M
(Fig. S9, ESI¥). Under the same conditions as used for Zn*" ions, we
tested the fluorescence behaviour of aggregates of derivative 4 toward
other metal ions such as Fe?*, Cd?*, Hg®*, Pd**, Fe**, Cu?*", Co*, Ca®,
Ba?*, Ag*, Mg?, AI**, Li* Na' and K* ions as their chloride and
perchlorate salts, but no significant change in fluorescence intensity
was observed (Fig. S10, ESIY). Thus, the aggregates of derivative 4
show selective response towards Zn?* ions.

We also carried out the time resolved fluorescence studies of derivative
4 in the presence zinc ions. The fluorescence life time data for
derivative 4 in H,O-THF (8:2, v/v) was obtained by fitting the time
resolved curves based on bi-exponential function at 510 nm (Fig. S11,
ESIT). In the absence of zinc ions, major fractions of molecules (56%)
undergo radiative decay through the fast pathway (z; = 0.74 ns). On the
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other hand, in the presence of zinc ions, the major fraction (95%) of the
molecules decay through the slower pathway (. = 9.6 ns). Further, a
small increase in radiative rate constant, but a large decrease in non
radiative rate constant (from 3.6x10° to 0.9x108 s™) was observed in the
presence of zinc ions (Table S4, ESIT). These results suggest that the
presence of zinc ions further restrict the intramolecular rotation of the
rotors which is responsible for the deactivation of nonradiative decay
and hence enhancement in emission intensity is observed.’® All the
above results suggest the existence of ZnO NPs induced AIEE
phenomenon within the aggregates of derivative 4. The TEM images
(Fig. 1B) of the solution of derivative 4 in the presence of zinc ions
showed the presence of spherical ZnO nanoparticles (Fig. S12A, ESI{).
The POM image of sample 4 containing ZnO NPs showed
birefringence (Fig. S5A(b), ESIt). Further, the confocal microscopy
image of compound 4 in the H,O-THF (8:2, v/v) solvent mixture in
presence of zinc ions clearly indicates the presence of luminescent
particles (Fig. S12B, ESIt). We also observed that, these in situ
generated ZnO NPs are visibly stable at room temperature for several
months.

To get further insight into the mechanism of formation of zinc oxide
nanoparticles, we slowly evaporated the solution of derivative 4
containing ZnO NPs. After 3 days, precipitates were obtained which
were filtered and washed with THF to remove organic part. The H
NMR spectrum of the organic part (Fig. S13, ESIT) obtained after
evaporation of THF solution showed the upfield shift of 0.78, 0.31 and
0.27 ppm for hydroxyl, imino and aromatic protons, respectively (Table
S5, ESIT). On the basis of above results, we propose that upon addition
of Zn?* ions to the solution of aggregates of 4, Zn®* ions interact with
nitrogen atoms of imino groups of derivative 4 and enter into the
network of interconnected channels and get reduced to Zn(0) which is
further oxidised to stable ZnO by up taking oxygen from water. Further,
the SEM image of derivative 4 in the presence of Zn?* ions in H,0O-
THF (8:2, v/v) solution showed change in morphology of aggregates of
derivative 4 (Fig. S14A, ESIT). Thus, aggregates of derivative 4
functioned as reactors and stabilizing agent for the preparation of stable
nanoparticles at room temperature. The effect of pH on the formation of
ZnO NPs was studied by zeta potential studies.'® The zeta potential of
ZnO NPs was measured at different pH values after the addition of Zn*"
ion to the solution of derivative 4 in H,O-THF (8:2, v/v). The zero point
charge for ZnO nanoparticles was observed at pH 7 and 10.5. ZnO
nanoparticles are positively charged between pH 7 to 10.5 and
negatively charged between pH 10.5 to 11.5 (Fig. S14B, ESIY). At
acidic pH, zeta potential was negative which suggests the partial
dissolution of ZnO NPs. These studies suggest that the formation of
zinc oxide nanoparticles is more favourable in basic medium.

The powder X-ray diffraction (XRD) studies (Fig. S15, ESIt) of the
crystalline residue showed the presence of diffraction peaks located at
20 values of 31.73, 34.38, 36.22, 47.49, 56.53, 62.79, 66.29, 67.83,
68.98, 72.49, 76.86 which suggests the formation of ZnO
nanoparticles.®® Dynamic light scattering (DLS) data showed the
formation of nanoparticles with average diameter in the range of 10-26
nm (Fig. S16A, ESIf). The Raman-scattering spectrum of ZnO
nanoparticles showed a peak at 437 cm™ which suggests the formation
of spherical ZnO nanoparticles (Fig. S16B, ESIT{).

Having done all this, we then planned to examine the catalytic
efficiency of the in situ generated ZnO NPs in the one pot, three step
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multicomponent reactions for the synthesis of tetrahydropyridine
derivatives. For this purpose we performed one pot reaction of methyl-
acetoacetate 6a (1 mmol), aniline 7a (2 mmol) and p-methoxy
benzaldehyde 8a (2 mmol) in the presence of 0.5 mol % ZnO NPs (100
ul, H,O-THF, 8:2, v/v) to furnish the target compound 12a in 91% vyield
in nearly solvent free conditions (Scheme 2).?> Additionally, it was
found that the ZnO NPs could be reused up to five times without
significant loss of their catalytic activity. The scope of this reaction was
further explored by using different aldehydes, B-ketoesters and amines
(Scheme 2). The results of these reactions summarized in Table 1
suggest that in the presence of only 0.5 mol % of ZnO NPs, the
reactions between methyl/ethyl acetoacetate 6a-b, aniline 7a and
aromatic aldehydes 8a-d having electron withdrawing or electron
donating groups proceed smoothly to furnish the desired products 12a-e
in excellent yields (Table S6, ESI}). Further, the reaction of n-
butylamine 7b with methyl acetoacetate 6a and aldehyde 8a also went
smoothly but moderate yield of 12f was obtained. Thus, the catalytic
efficiency of in situ generated ZnO NPs for the synthesis of
tetrahydropyridine derivatives is better than other catalytic systems
reported in the literature (Table S2, ESI+).? All the products were
isolated and characterized by *H NMR, *C NMR and ESI-MS spectra
(Fig. S17-S28, ESIY).

Zno RZ\NH (o)
O._H - R,
0O o X i
B N A S ’
o NH, R Rj ITI Ry
R
6a-b 7a-b  8a-d 2
12a-f
Scheme 2: One pot multicomponent synthesis of tetrahydropyridine

derivatives 12a-f catalysed by ZnO nanoparticles

Table 1: One pot multicomponent reactions of aromatic/aliphatic amines, aromatic
aldehydes and B-ketoesters catalysed by ZnO nanoparticles.

Sr. R R: Rs Product Temp. | Time | Yield | Melting point
No. (6a-b) (Ta-b) (8a-d) 12a-f
1 —CH, @_ 12a R1 25h 91% 189-190°C
—< >—ot:u3
6a
Ta 8a
2 CaHs Q C CH, 120 RT 3ho | 89% 229-230°C
6b
7a $b
CHy @_ 12¢ RT b 89% 212-213°C
—< >—cul
6a
7a b
4 —CH, @_ < > " 124 RT sh 85% 200-202°C
6a
Ta 8c
5. | —CH, 12e 50°C 9h 80% 255-256°C
NO,
6a
Ta 8d
6. | —CH, Bu— () 12f 50°C 12h | 63° 150-151°C
3 nBu DCH: (]
6a Th
8a

The proposed mechanism for the multicomponent reaction proceeds in
four consecutive steps (Scheme 3, ESI). The reaction steps probably
involve the formation of intermediates 9, 10 and 11 whose structures
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were confirmed by 'H NMR (Fig. S29-S30, ESIf). In step-l,
nucleophillic to B-ketoester furnished the
intermediate enamine 9 which reacts with aromatic aldehyde to afford
the intermediate 10. In step-11, the reaction between amine and aromatic
aldehyde furnished the intermediate Schiff base 11. In the final step,
intermediate 10 tautomerizes and undergoes intermolecular cyclization
with 11 to yield the corresponding tetrahydropyridine derivatives 12a-f.
We have separately synthesized these three derivatives 9, 10 and 11
which were confirmed by *H NMR and consequently mixed them to get
the tetrahydropyridine derivative 12a. This proved that the reaction may
take place through these three steps with the formation of intermediates
9-11. We also carried out one pot Mannich reaction of 4-
chlorobenzaldehyde, aniline and cyclohexanone (1:1:1) by using the
ZnO nanoparticles and product 13 was obtained in 96% vyield at room
temperature (Fig. S31, ESIT). Therefore, this new catalytic system
probably works well for the multicomponent as well as three
component reactions.

In conclusion, we designed and synthesized 6, 6- dicyanopentafulvene
derivative 4 having pB-naphthol groups which formed fluorescent
aggregates in aqueous media due to its AIEE characteristics. These
aggregates showed high affinity towards Zn?* ions and served as
reactors and stabilizer for the preparation of ZnO nanoparticles at room
temperature and exhibited ZnO NPs induced emission enhancement.
Further, in situ generated ZnO NPs showed excellent catalytic activity
in one pot, multicomponent reactions for preparation of
tetrahydropyridine derivatives, 12a-f.
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