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The synthesis and antiplatelet activity of substituted pyrazolyl piperidine derivatives (3a—n) are described.
These compounds were synthesized by an improved ring opening reaction of 2-arylidene quinuclidinone
using hydrazine hydrate under mild conditions. They were characterized and screened for their in vitro an-
tiplatelet profile in human platelet aggregation using adenosine diphosphate as agonist. Investigation of
structure activity relation revealed interesting results. Among these synthesized derivatives (3a—n), com-
pounds 3a, 3¢, 3j, and 31 exhibited excellent activity, while 3¢ was the most potent one. Based on ICs
values, it was observed that most of the compounds possessed antiplatelet aggregation activity superior to

the reference drug Aspirin.

J. Heterocyclic Chem., 00, 00 (2016).

INTRODUCTION

Atherothrombotic coronary artery disease gives rise to a
number of cardiocirculatory disorders such as myocardial
infarction, unstable angina, or acute stroke associated with
deep vein thrombosis [1]. Hence, it is a growing public
health problem and one of the most common causes of
death worldwide. The abnormal formation of intravascular
occlusions is the main cause of these diseases. Hence, the
prevention of thrombogenesis has become a vital target in
the prophylaxis and therapy of cardiocirculatory disorders
with thromboembolic complications [2]. According to
World Health Organization, stroke is responsible for mil-
lions of deaths and stroke-related disability [3]. Thrombo-
sis may occur when the hemostatic stimulus becomes
unregulated. Important predisposing conditions to throm-
bosis are disturbed blood flow, hyper coagulation, and al-
tered vessel wall [4]. Arterial thrombi are predominantly
composed of platelets, a small amount of fibrin, and a
few red blood cells. Because of this, the antiplatelet agents
are successfully used in the treatment and prevention of
arterial thrombosis. The relevance of antiplatelet drugs
has been firmly established by clinical trials and experi-
enced with drugs, such as aspirin, dipyridamole, and
thienopyridines [5—7]. These drugs are the only oral anti-
platelet agents currently approved by the Food and Drug
Administration for use in patients. Recently, antiplatelet
combination therapy using agents with different

mechanisms of action seems to be an attractive preventive
approach, because different signaling pathways contribute
to platelet activation [8]. Three classes of antiplatelet
agents are currently approved for clinical use and get spe-
cific recommendations from clinical guidelines for practical
management of patients with acute coronary syndrome or
those undergoing percutaneous coronary intervention
(Fig. 1): (i) cyclooxygenase-1 inhibitors (aspirin); (ii) gly-
coprotein IIb/Illa inhibitors (eptifibatide, abciximab, and
tirofiban); and (iii) adenosine diphosphate (ADP) P2Y12
receptor antagonists (ticlopidine, clopidogrel, ticagrelor,
and prasugrel) [9].

Clinical studies have demonstrated their efficacy in the
minimizing ischemic recurrences and prevention of throm-
boembolic disease, but these are accompanied by side
effects such as gastrointestinal toxicity because of aspirin
including nausea, vomiting, dyspepsia, heartburn, gastroin-
testinal ulceration, and so on. In recent years, the issue of
resistance to antiplatelet agents, in particular, aspirin and
thienopyridines, has been highlighted in the medical litera-
ture [10-13].

In short, the treatment of acute coronary syndrome and
its complications, especially the clinical management of
aspirin and clopidogrel resistance, still demand much atten-
tion [14]. Novel effective antiplatelet agents with fast initi-
ation of action and low risks of bleeding are still needed. In
search of newer more potent antiplatelet agents with high
activity and minimum side effects, some novel substituted

© 2016 Wiley Periodicals, Inc.



J. Y. Soni, R. S. Tamboli, R. Giridhar, M. R. Yadav, and S. Thakore

(e} 'OH

Aspirin Ticlopidine

o F

H,c_{o m :

Prasugrel

Vol 000

OH
Ticagrelor

Figure 1. Structures of currently available antiplatelet drugs.

pyrazolyl piperidine derivatives were screened with anti-
platelet activity [14].

Quinuclidinone hydrochloride is an important building
block of many Food and Drug Administration-approved
drugs like Solifenacin, Azasetron, Quinupramine, and so
on and possesses a wide spectrum of biological activity.
Its analogs are known for a7 and a4$2 nicotinic receptors
inhibitory activity [15], Alzheimer’s disease [16], and
antihistamine-bronchodilating agents [17]. Therefore, we
focused our attention on the synthesis of some pyrazolyl
piperidine derivatives from quinuclidinone hydrochloride
with a view to evaluate their antiplatelet activity

RESULT AND DISCUSSION

Synthesis of pyrazolyl piperidine derivative. In the first
step, the starting material 3-quinuclidinone hydrochloride
1 was prepared as per the procedure described in our
previous report [18,19]. It was converted into compounds
2a—n with various substituted aromatic aldehydes in the
presence of sodium hydroxide, using absolute ethanol as
solvent (Scheme 1). Finally, the new pyrazolyl piperidine
compounds (3a—n) were prepared by improved method in
good yields only by refluxing the product of the first step
with excess of hydrazine hydrate [20].

Biological assay and structure activity relationship
evaluations [14]. To confirm the potentiality of the
pyrazolyl piperidine moiety for designing new antiplatelet
agents, the pyrazolyl piperidine derivatives (3a—n) were
screened as our previous protocol described in
Supporting Information. Initially, target compounds were
screened at 100puM for inhibitory effects on human

Scheme 1. Synthesis of pyrazolyl piperidine compounds (3a—n) by using
3-quinuclidinone hydrochloride.
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platelets aggregation using ADP as agonist. Interestingly,
almost all compounds presented a significant inhibitory
profile at this concentration. All the compounds were
screened thrice at 5, 10, and 15 uM concentrations, and
experimental half-maximal inhibitory concentration (ICs()
was calculated (Table 1).

For the synthesized compounds (3a—n), the ICsq of all
derivatives was comparable with aspirin, the most used an-
tiplatelet drug currently in the market (Fig. 2).

The determination of ICsq on ADP-induced platelet
aggregation assays showed two different levels of
antiplatelet activity that included values lower (1.53-
14.78 uM) as well as similar (16.5-24.07 uM) to aspirin
(16.5+0.2uM). The correlation of structure with
activity for our compounds revealed interesting results.
The derivatives with methoxy group (3a—c) were most
potent, while those with nitro group showed least
activity. Except p-nitro compound (3d), all other nitro-
derivatives did not show any activity. Methoxy group
at p-position (3a) increases the activity, while that at
o-position (3b) decreases the activity. But when an
additional methoxy group was introduced as in com-
pound (3c¢), the activity was improved. The substrate
with chloro group at paraposition (3e) showed least ac-
tivity that further improved when both the ortho posi-
tion were substituted by chloro group (3f).
Substitution by various halogens affected the activity
significantly. Among halogens, fluoro (3h) gives better
activity than chloro (3e). An additional methoxy group
(3i) does have much impact on the activity of fluoro
compound. The cyano group (3j) and methyl group at
p-position (3a) did not have any enhancement in the
activity significantly. Instead of chlorophenyl (3e),
chloro pyridyl derivative (31) showed much higher
activity almost comparable with methoxy phenyl deriva-
tive (3a). The best profile (1.53-14.78 uM) was
observed for compounds 3a, 3¢, 3l, and 3j. On the
basis of structure activity relationship, the order of
activity of different compounds can be summarized as
3¢>3a>31>3j>3k>3f>3i>3h>3b>3e>3g>3d.
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Table 1

Structure and ICs( values of target compounds (3a—n)

Ar
—
/ NH
HN
\ N
Compound Ar ICs50 (uM) £ SE Compound Ar IC50 (uM) £ SE
3a /O\O\ 1.563 +0.0364 3h F\@\ 4.988 +0.076
3b 8.495+0.053 3i F 4.771£0.048
°
o\ >
3¢ O\ 1.435+0.053 3j NC\@\ 2.337+0.178
\O ,": 5 ;.
3d ON 24.07+0.119 3k \@\ 3.717+£0.055
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Figure 2. The ICs, values of target compounds (3a—n). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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CONCLUSION

In summary, based on our biological results, we identi-
fied some of the synthesized pyrazolo-piperidine deriva-
tives as potential lead compounds and significant
inhibitors (ICso>20uM) 3a, 3¢, 31, and 3j for further
in vitro and in vivo investigation. Interestingly, the anti-
platelet profile of these compounds offered promising re-
sults when compared with standard aspirin.

EXPERIMENTAL

Material and methods

Chemistry.  Commercial grade solvents and reagents
were purchased from Sigma-Aldrich or Alfa Aesar or
Spectrochem Mumbai and used without further
purification. Quinuclidinone hydrochloride was prepared
as per the procedure described in our previous report
[18,19]. Melting points were measured using a (Buchi B-
545) melting point apparatus and are uncorrected.
Infrared spectra were recorded on Perkin-Elmer RX 1 and
Perkin-Elmer 580B spectrometer (Perkin-Elmer,
Waltham, MA). Elemental analyses were recorded on
Thermosinnigan flash 11-12 series EA. 'H and '*C NMR
spectra were recorded on advance Bruker (400 MHz)
spectrometer in suitable deuterated solvents. 'HNMR data
were recorded as follows: chemical shift measured in
parts per million (ppm) downfield from trimethylsilyl (d),
multiplicity, observed coupling constant (J) in hertz (Hz),
and proton count. Multiplicities are reported as singlet
(s), broad singlet (br s), doublet (d), triplet (t), quartet (q),
and multiplet (m). '>*C NMR chemical shifts are reported
in ppm downfield from trimethylsilyl, and identifiable
carbons are given. Solvents and reagents were purified by
literature methods. Mass spectra were determined by
electrospray ionization (ESI)/mass spectrometry (MS),
using a Shimadzu LCMS 2020. The reaction progress
was monitored by thin-layer chromatography (TLC) in
ultraviolet light as well as in iodine vapor. Platelet
aggregation study was performed by using Chrono-Log
model 592VS dual-channel whole blood aggregometer
from Chrono-Log Corporation (Havertown, PA, USA).

Biology.  Platelet aggregation study was performed as
per our previous protocol [14] by using Chrono-Log
model 592VS dual-channel whole blood aggregometer
from Chrono-Log Corporation. Electrical impedance
method was used with 450 uL. of whole human blood
withdrawn from healthy human volunteers. It was diluted
with 450 uLL phosphate buffered saline and then incubated
at 37°C. Blood sample was equilibrated for 2min for
getting stable baseline. A total of 10 uL of test sample
was added followed by addition of 10 uL. of ADP while
stirring at 1000 rpm. The maximum impedance value was
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determined, and results were analyzed using Aggrolink
version 4.75 software up to 6 min. The ICs, values were
calculated by using three individual experiments at three
different concentrations (viz. 5, 10, and 15 uM).

General procedure for preparation of compounds 2a—n.
The reaction of equimolar proportion of compound 1
and aromatic-substituted aldehyde in presence of
equimolar proportion of sodium hydroxide in absolute
ethanol refluxed. The progress of the reaction was
monitored by TLC. After completion, the solvent was
evaporated in underreduced pressure. The residue was
dissolved in ethyl acetate (50mL) and washed with
water. Organic layer was dried with sodium sulfate and
solvent evaporated in vacuum. The yellow solid
obtained was recrystallized from IPA/H,O (1:1)
(compounds 2d and 2i-2k) or absolute methanol
(compound 2e).

General procedure for the preparation of compounds
3a-n. The product of step one (2a—n) was taken in
excess base hydrazine hydrate and refluxed to give title
compounds (3a—n). The progress of the reaction was
monitored by TLC. After completion, the reaction
mixture was allowed to cool to room temperature. A
crystalline solid precipitated that was filtered and washed
with water. Drying under vacuum afforded pure desired
compounds 3a—n.

(Z2)-2-(4-methoxybenzylidene)quinuclidin-3-one (2a).  Yellow
solid, mp 105-108°C (rep 106-108°C) [21]; yield 78%:;
reaction time 2h and 30 min. 'H NMR (400 MHz, CDCL,):
0 1.99-2.04 (4H, m, CH,); 2.61-2.63 (1H, m, CH);
2.94-3.02 (2H, m, CH,); 3.12-3.19 (2H, m, CH,); 3.84
(3H, s, OCH3); 6.90-6.91 (2H, d, J=8.8Hz, ArH); 6.99
(1H, s, vinylic proton); 8.03-8.05 (2H, d, /=9.2Hz, ArH).
3C NMR (100MHz, CDClLy): 6 26.0, 40.3, 47.5, 55.3,
55.4,93.3,113.9, 114.2, 114.5, 125.1, 126.7, 129.1, 130.1,
134.0, 134.2, 142.7, 150.1, 160.7, 206.5. IR (KBr, cm™):
3061, 3024, 2950, 2835, 1699, 1255. ES/MS 244.2 [M
+1]* calculated for C;sH;;NO,. Anal. Calcd. for
CisH{7NO,: C, 74.05; H, 7.04; N, 5.76; Found: C, 74.29;
H, 6.83; N, 5.61.

(2)-2-(2-methoxybenzylidene)quinuclidin-3-one (2b).  Yellow
solid, mp 112-114°C; yield 82%; reaction time 4 h. 'H
NMR (400 MHz, CDCl;): 6 2.02-2.07 (4H, m, CH,);
2.64-2.66 (1H, m, CH); 2.98-3.05 (2H, m, CH,); 3.15-
3.22 (2H, m, CH,); 3.84 (3H, s, OCH3); 6.90-6.93 (1H,
dd, /=4.0, 0.8Hz, ArH) 7.00 (1H, s, vinylic proton);
7.28-7.32 (1H, t, J=8.0, 7.6 Hz, ArH); 7.53-7.55 (1H, d,
J=7.2Hz, ArH); 7.81 (1H, s, ArH). '>*C NMR (100 MHz,
CDCl3): 6 25.8, 40.3, 47.4, 55.2, 115.4, 117.0, 124.9,
125.0, 129.3, 135.2, 145.0, 159.4, 159.9, 206.5. IR (KBr,
cm™'): 3069, 3031, 3011, 2955, 2837, 1706, 1040.
ESI/MS 244.2 [M+1]* calculated for C;sH;7NO,. Anal.
Calcd. for C{5H7NO,: C, 74.05; H, 7.04; N, 5.76; Found:
C, 73.89; H, 7.28; N, 5.89.
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(2)-2-(2,5-dimethoxybenzylidene)quinuclidin-3-one (2¢c).  Yellow
solid, mp 128-130°C; yield 73%; reaction time 2h and
30min. 'H NMR (400 MHz, CDCls): § 1.93-1.96 (4H, m,
CH,); 2.54-2.57 (1H, m, CH); 2.88-2.95 (2H, m, CH,);
3.04-3.11 (2H, m, CH,); 3.71 (3H, s, OCHs); 3.74 (3H, s,
OCH;); 6.72-6.74 (1H, d, J=8.8 Hz, ArH); 6.79-6.82 (1H,
d, J=3.2Hz, ArH); 7.19 (1H, s, vinylic proton ); 7.45 (1H,
s, ArH ) 8.23-8.24 (1H, d, J=2.8Hz, ArH). '*C NMR
(100MHz, CDCly): ¢ 25.9, 40.3, 47.5, 55.7, 56.1, 111.4,
116.1, 117.8, 118.7, 123.3, 144.5, 153.0, 153.7, 206.3. IR
(KBr, cm™Y): 3308, 3080, 3015, 2945, 2835, 1698, 979.
ESI/MS 274.3 [M+1]* calculated for C,¢H;oNOs. Anal.
Calcd. for C;¢H;oNO5: C, 70.31; H, 7.01; N, 5.12; Found:
C,70.12; H, 7.23; N, 4.99.

(Z)-2-(4-nitrobenzylidene)quinuclidin-3-one (2d).  Yellow
solid, mp 127-129°C (rep 126-128°C) [22]; yield 48%;
reaction time 6h. 'H NMR (400 MHz, CDCl;): 6 1.98—
2.06 (4H, m, CH,); 2.60-2.63 (1H, m, CH); 2.88-2.96
(2H, m, CH,); 3.10-3.17 (2H, m, CH,); 6.95 (1H, s,
vinylic proton); 8.10-8.15 (4H, s, ArH). '*C NMR
(100MHz, CDCls): ¢ 32.8, 34.2, 46.4, 100.5, 124.1,
126.0, 139.6, 147.1, 149.1, 150.7. IR (KBr, cm™'): 3310,
3062, 1708, 1526, 1333, 1098, 994, 854, 679. ESI/MS
259.3 [M+1]* calculated for C,4H;4N,O5. Anal. Calcd.
for C14H14N203: C, 6511, H, 546, N, 1085, Found: C,
65.35; H, 5.29; N, 10.68.

(2)-2-(4-chlorobenzylidene)quinuclidin-3-one (2¢).  Yellow
solid, mp 114-116°C (rep 112.5-114.5°C) [23]; yield 83%;
reaction time 2h. 'H NMR (400 MHz, CDCl5): ¢ 2.06-2.08
(4H, m, CH,); 2.64-2.67 (1H, m, CH); 2.94-3.03 (2H, m,
CH,); 3.13-3.21 (2H, m, CH,); 6.97 (1H, s, vinylic proton);
7.33-7.36 (2H, m, ArH); 7.98-8.02 (2H, m, ArH)."*C NMR
(100 MHz, CDCls): 6 25.8, 40.2, 47.4, 123.7, 128.7, 133.3,
135.4, 145.0, 206.2. IR (KBr, cm™"): 1709, 1308, 1166,
1096. ESIMS 247.9 [M]*, 249.2 [M+2]" calculated for
C14H14NOC1. Anal. Calcd. for C14H14NOC1: C, 6788, H,
5.70; N, 5.65; Found: C, 68.13; H, 5.47; N, 5.43.

(2)-2-(2,6-dichlorobenzylidene)quinuclidin-3-one (2f).  Yellow
solid, mp 121-123°C (rep 118-120°C) [24]; yield 81%;
reaction time 4 h and 30 min. "H NMR (400 MHz, CDCl,): &
1.94-2.11 (4H, m, CH,); 2.67-2.69 (1H, m, CH); 3.02-3.08
(4H, m, CH,); 7.03 (1H, s, vinylic proton); 7.17-7.22 (1H,
dd, /=84, 8.0Hz, ArH); 7.31-7.35 (2H, d, J=8.0Hz, ArH).
13C NMR (100MHz, CDCLy): & 25.6, 40.5, 47.3, 122.1,
1277, 127.8, 1294, 1329, 134.1, 147.9 204.8. IR (KBr,
cm™'): 3055, 3023, 1713, 1103, 979, 851. ESUMS 282.2
M]*, 284.2 [M+2]* calculated for C;4H;3NOCL. Anal.
Calcd. for C4H3NOCl,: C, 59.59; H, 4.64; N, 4.96; Found:
C, 59.73; H, 4.52; N, 4.82.

(2)-2-(3-bromobenzylidene)quinuclidin-3-one (2g).  Yellow
solid, mp 138-140°C; yield 79%; reaction time 3h. 'H
NMR (400 MHz, CDCls): 6 2.02-2.07 (4H, m, CH,); 2.65—
2.67 (1H, m, CH); 2.98-3.03 (2H, m, CH,); 3.15-3.23 (2H,
m, CHy); 6.98 (I1H, s, vinylic proton); 7.04-7.05 (1H, t,
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J=2.8, 2, 0.8 Hz, ArH); 7.30-7.36 (1H, m, ArH); 7.59-7.61
(1H, d, J=8Hz, ArH); 8.06-8.10 (1H, t, J=8.4Hz, ArH).
13C NMR (100MHz, CDCly): d 25.7, 40.1, 47.4, 1164,
116.7, 118.1, 118.3, 112.7, 123.7, 128.1, 128.2, 129.7,
129.8, 135.9, 136.0, 145.6, 161.4, 163.8, 206.2. IR (KBr,
cm™ ) 3083, 3043, 2964, 2938, 1701, 978. ESUMS 292
M]*, 294 [M+2]" calculated for C;4H;sNBrO. Anal.
Calcd. for C14H4NBrO: C, 57.55; H, 4.83; N, 4.79; Found:
C,57.32; H,4.95; N, 4.64.
(2)-2-(4-fluorobenzylidene)quinuclidin-3-one (2h).  Yellow
solid, mp 117-118°C (rep 118-120°C) [21]; yield 81%;
reaction time 30 min. "H NMR (400 MHz, CDCl;): J 2.02—
2.06 (4H, m, CH,); 2.64-2.65 (1H, m, CH); 2.95-3.02 (2H,
m, CH,); 3.13-3.20 (2H, m, CH,); 6.98 (1H, s, vinylic
proton); 7.04-7.08 (2H, m, ArH); 8.05-8.09 (2H, q, ArH).
13C NMR (100MHz, CDCly): J 25.8, 40.2, 47.8, 1154,
115.6, 123.8, 130.2, 130.2, 134.2, 134.2, 144.1, 144.2,
162.0, 164.5, 206.3. IR (KBr, cm™"): 3098, 3060, 1698,
1257, 1221, 1035, 995. ESI/MS 232.2 [M+1]" calculated
for C14H14NOF. Anal. Calcd. for C14H14NOF: C, 7271, H,
6.10; N, 6.06; Found: C, 72.94; H, 5.93; N, 5.93.
(Z)-2-(3-fluoro-4-methoxybenzylidene)quinuclidin-3-
one (2i).  Yellow solid, mp 108—110°C; yield 64%; reaction
time 2h. '"H NMR (400 MHz, CDCl5): J 2.01-2.05 (4H, m,
CH,); 2.62-2.64 (1H, m, CH); 2.95-3.00 (2H, m, CH,);
3.01-3.19 (2H, m, CH,); 3.92 (3H, S, OCHj3;) 6.91-6.95
(2H, m, ArH+vinylic proton); 7.50-7.52 (1H, d,
J=8.0Hz, ArH); 8.25-8.29 (1H, dd, J=1.6, 2Hz, ArH).
13C NMR (100MHz, CDCly): 6 25.9, 40.2, 47.4, 56.1,
112.5, 118.8, 119, 123.8, 127.28, 127.36, 129.4, 143.8,
148.8, 148.9, 150.6, 153.11. IR (KBr, cm™'): 3093, 3075,
1700, 1304, 1169, 686, 518. ESI/MS 262.1 M+1]*
calculated for C15H16N02F. Anal. Calcd. for C15H16N02F:
C, 68.95; H, 6.17; N, 5.36; Found: C, 68.81; H, 6.39; N,
5.59.
(Z)-4-((3-0xoquinuclidin-2-ylidene)methyl) benzonitrile
). Yellow solid, mp 157-159°C [25]; yield 79%;
reaction time 4h. 'H NMR (400 MHz, CDCl5): 6 2.05-2.07
(4H, m, CH,); 2.66-2.67 (1H, m, CH); 2.96-3.02 (2H, m,
CH,); 3.15-3.23 (2H, m, CH,); 6.97 (1H, s, vinylic
proton); 7.63-7.65 (2H, d, J=8.4Hz, ArH); 8.12-8.14 (2H,
d, J=8.4Hz, ArH). '>*C NMR (100 MHz, CDCl3): § 25.6,
40.0, 47.3, 112.3, 118.8, 122.6, 127.4, 132.0, 132.2, 138.3,
147.1 205.8. IR (KBr, cm™'): 3083, 3043, 2964, 2938,
2265, 2229, 1701. ESI/MS 239 [M+1]" calculated for
C15H14N20. Anal. Calcd. for C15H14N20: C, 7561, H,
5.92; N, 11.76; Found: C, 75.79; H, 5.77; N, 11.58.
(2)-2-(4-methylbenzylidene)quinuclidin-3-one (2k).  Yellow
solid, mp 115-117°C (rep 118-120°C) [26]; yield 82%;
reaction time 3h and 30 min. '"H NMR (400 MHz, CDCl5):
0 2.03-2.09 (4H, m, CH,); 2.39 (3H, S, CH3); 2.67-2.68
(1H, m, CH); 2.96-3.06 (2H, m, CH,); 3.16-3.24 (2H, m,
CH2); 7.04 (1H, s, vinylic proton); 7.19-7.21 (2H, dd,
J=8.0Hz, ArH); 7.93-7.95 (2H, d, J=8.4Hz, ArH). 1*C
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NMR (100MHz, CDCl): ¢ 21.6, 25.8, 40.2, 47.6, 124.7,
125.4, 129.2, 132.1, 140.1 206.4. IR (KBr, cm™): 3083,
3043, 2964, 2938, 1701. ESI/MS 228.2 [M+ 1]* calculated
for C;sH7NO. A4nal. Calcd. for C;sH;;NO: C, 79.26; H,
7.54; N, 6.16; Found: C, 79.01; H, 7.69; N, 6.30.
(Z)-2-((3-chloropyridine-4yl)methylene)quinuclidin-3-one
(2).  Brown solid, mp 120-122°C; yield 46%; reaction
time 2h. '"H NMR (400 MHz, CDCly): J 2.02-2.09 (4H,
m, CH,); 2.67-2.68 (1H, m, CH); 2.96-3.04 (2H, m,
CH,); 3.16-3.24 (2H, m, CH,); 6.92 (1H, s, vinylic
proton); 7.84-7.85 (1H, dd, J=7.2, 1.6Hz, ArH); 8.62—
8.63 (2H, d, J=4.4, 1.6Hz, ArH). '3*C NMR (100 MHz,
CDCls): 6 25.5, 40.0, 47.3, 122.1, 125.4, 140.9, 1484,
150.1, 205.7. IR (KBr, cm™'): 3080, 3010, 1709, 1600,
1430. ESI/MS 249 [M]", 251[M+2]* calculated for
C13H13N20C1. Anal. Calcd. for C13H13N20CIZ C, 6278,
H, 5.27; N, 11.26; Found: C, 62.99; H, 5.00; N, 11.41.
(Z)-2-(3-nitrobenzylidene)quinuclidin-3-one (2m).  Yellow
solid, mp 123-125°C; yield 44%; reaction time 6h and
30min. '"H NMR (400 MHz, CDCl5): § 1.98-2.06 (4H, m,
CH,); 2.60-2.63 (1H, m, CH); 2.89-2.96 (2H, m, CH,);
3.10-3.17 2H, m, CH,); 6.95 (1H, s, vinylic proton);
8.10-8.15 (4H, s, ArH). '>*C NMR (100 MHz, CDCls): 6
25.5, 40.1, 47.3, 122.1, 123.5, 132.6, 140.3, 147.5, 205.8.
IR (KBr, cm™'): 3062, 1708, 1526, 1338, 1098, 994, 854,
679. ESI/MS 2593 [M+1]" 259 calculated for
C14H14N203. Anal. Calcd. for C14H14N203: C, 6511, H,
5.46; N, 10.85; Found: C, 64.89; H, 5.59; N, 10.99.
(Z)-2-(2-nitrobenzylidene)quinuclidin-3-one (2n).  Yellow
solid, mp 120-122°C; yield 38%; reaction time 3h. 'H
NMR (400 MHz, CDCls): 6 2.02-2.07 (4H, m, CH,); 2.66—
2.69 (1H, m, CH); 2.90-2.98 (2H, m, CH»); 3.06-3.13 (2H,
m, CH,); 7.38 (1H, s, vinylic proton); 7.46-7.50 (1H, m,
ArH); 7.60-7.65 (1H, m, ArH); 7.89-7.91 (1H, dd, J=8.0,
1.2Hz, ArH); 7.98-8.00 (1H, dd, J=8.0, 1.2Hz, ArH). 1*C
NMR (100 MHz, CDCls): 6 25.4, 40.1, 47.5, 121.3, 1244,
128.9, 129.3, 132.5, 132.7, 146.2, 149.2, 205.1. IR (KBr,
cm ™ b): 3318, 3042, 2940, 2921, 2862, 1556, 1702, 1319,
893, 705. ESIMS 2593 [M+1]" calculated for
C14H14N203. Anal. Calcd. for C14H14N203: C, 6511, H,
5.46; N, 10.85; Found: C, 65.36; H, 5.19; N, 10.71.
4-(5-(4-Methoxyphenyl)-1H-pyrazol-3-yl)piperidine  (3a).
White solid, mp 180-182°C (rep. 181-182°C) [27]; yield
74%:; reaction time 20 min. 'H NMR (400 MHz, CDCl5):
0 1.66-1.76 (2H, m, CH,); 1.72-1.76 (2H, m, CH,);
2.73-2.79 (2H, m, CH); 2.81-2.86 (1H,m, CH) 3.19-
3.22 (2H, m, CH,); 3.85 (3H, s, OCHj3) 6.32 (1H, s,
pyrazol proton); 6.94-6.96 (2H, d, J=8.4Hz) 7.64-7.66
(2H, d, ArH, J=8.8Hz). '*C NMR (100 MHz, CDCl5): §
33.0, 46.5, 55.31, 99.1, 114.1, 125.0, 126.8, 159.4. IR
(KBr, cm™'): 3071, 3005, 1304, 1251, 984. ESI/MS
2582 [M+1]* calculated for C;sH;oN3O. Anal. Calcd.
for C1sHoN3O: C, 70.01; H, 7.44; N, 16.33; Found: C,
69.80; H, 7.69; N, 16.56.
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24-(5-(2-Methoxyphenyl)-1H-pyrazol-3-yl)piperidine
(3b).  White solid, mp 160—162°C; yield 64%; reaction time
30min. 'H NMR (400 MHz, CDCLy): § 1.76-1.77 (2H, m,
CH,); 1.99-2.02 (2H, m, CH,); 2.74-2.89 (3H, m, CH,
CH,); 3.21-3.24 (2H, d, CHy); 3.86 (3H, s, OCHj3) 6.38
(1H, s, pyrazol proton); 6.87-6.90 (1H, dd, ArH,
J=4824Hz); 729-733 (3H, m, ArH). 3C NMR
(100 MHz, CDCly): ¢ 32.9, 34.6, 44.4, 55.3, 99.8, 110.8,
113.7, 118.1, 129.8, 159.9. IR (KBr, cm™'): 3059, 3003,
2942, 2828, 1036. ESI/MS 258.2 [M+1]" calculated for
C15H19N30. Anal. Caled. for C15H19N3OI C, 7001, H,
7.44; N, 16.33; Found: C, 70.34; H, 7.28; N, 16.19.

4-(5-(2, 5-Dimethoxyphenyl)-1H-pyrazol-3-yl)piperidine
(3¢).  White solid, mp 158-160°C; yield 89%; reaction
time 1h and 45min. '"H NMR (400MHz, CDCl): o
1.66-1.76 (2H, m, CH,); 2.02-2.05 (2H, m, CH,); 2.76—
2.82 (2H, m, CH,); 2.84-2.90 (1H, m, CH,); 3.19-3.22
(2H, d, CH,); 3.84 (3H, s, OCH3), 3.94 (3H, s, OCHy);
6.47 (1H, s, pyrazol proton); 6.83-6.86 (1H, dd, J=8.8,
2.8 Hz); 6.93-6.96 (1H, d, J=8.8Hz); 7.20-7.28 (1H, d,
ArH, J=2.8Hz). *C NMR (100 MHz, CDCls): § 33.3,
35.9, 46.7, 55.8, 56.3, 100.0, 112.7, 113.2, 113.9, 141.3,
150.3, 153.9, 156.7. IR (KBr, cm™!): 3298, 2942, 2833,
1048, 1000. ESI/MS 288.3 [M+1]* calculated for
C16H21N302. Anal. Calcd. for C16H21N302: C, 6688, H,
7.37; N, 14.62; Found: C, 67.03; H, 7.26; N, 14.74.

4-(5-(4-Nitrophenyl)-1H-pyrazol-3-yl)piperidine 3d). ~ Yellow
solid, mp 168-170°C; yield 78%; reaction time 1 h and 10 min.
"H NMR (400 MHz, CDCly): § 1.73-1.83 (2H, m, CH,); 2.00—
2.04 2H, m, CH,); 2.76-2.79 (2H, m, CH,); 2.82-2.89 (1H,
m, CH); 3.23-3.26 (2H, m, CH,); 6.50 (1H, s, pyrazol
proton); 7.94-7.96 (2H, d, ArH, J=8.8 Hz,); 8.27-8.29 (2H,
d, ArH, J=8.8 Hz). 3C NMR (100 MHz, DMSO + CDCly): §
37.7, 389, 34.2, 51.2, 1044, 128.6, 1304, 139.0, 1444,
1512. IR (KBr, cm™Y): 3317, 1602, 1508, 1336, 853.
ESIMS 273.0 [M+1]" calculated for C,4H;¢N4O,. Anal.
Calcd. for C14HN4O5: C, 61.75; H, 5.92; N, 20.58; Found:
C, 62.01; H, 5.74; N, 20.41.

4-(5-(4-Chlorophenyl)-1H-pyrazol-3-ypiperidine (3¢). ~ White
solid, mp 185-187°C (rep 186-187°C) [27]; yield 83%;
reaction time 40 min. 'H NMR (400 MHz, CDCl5): § 1.67—
1.77 2H, m, CH,); 1.94-1.97 (2H, m, CH,); 2.67-2.73
(2H, m, CH); 2.76-2.84 (1H, m, CH) 3.15-3.18 (2H, m,
CH,); 6.34 (1H, s, pyrazol proton); 7.34-7.36 (2H, m,
ArH, J=8.4Hz); 7.66-7.68 (2H, d, J=8.6Hz, ArH). '*C
NMR (100 MHz, CDCls): ¢ 33.0, 34.5, 46.5, 99.6, 126.9,
128.9, 131.4, 133.5, 149.2, 151.6. IR (KBr, cm™'): 3068,
1364, 1265, 1004, 907. ESU/MS 262.2 [M]*, 264.2 [M
+2]" calculated for C 4H;¢N3Cl. Anal. Caled. for
C4HgN5CL: C, 64.24; H, 6.16; N, 16.05; Found: C, 64.04;
H, 6.38; N, 16.24.

4-(5-(2,6-Dichlorophenyl)-1H-pyrazol-3-yl)piperidine  (3f).
White solid, mp 148-152°C; yield 84%; reaction time 1h
and 30min. '"H NMR (400MHz, CDCL): 6 1.66-1.76
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(2H, m, CH,); 1.97-2.01 (2H, m, CH,); 2.79-2.87 (3H, m,
CH,CH,); 3.18-3.21 (2H, m, CH,); 6.40 (1H, s, pyrazol
proton); 7.33-7.35 (1H, m, ArH, J=8.4Hz,); 7.39-7.43
(1H, d, J=84Hz, ArH); 7.73-7.75 (1H, m, ArH). *C
NMR (100 MHz, CDCls): 6 33.1, 34.7, 46.5, 99.5, 125.6,
127.8, 128.7, 132.4, 149.3, 152.5. IR (KBr, cm™'): 3237,
3236, 1646, 1320, 1295, 1079. ESI/MS 296.1 [M]*, 298.2
[M+2]*, 300.1 [M+4]" calculated for C;4H;5N5Cl,.
Anal. Calcd. for C4HsN;Cl,: C, 56.77; H, 5.10; N,
14.19; Found: C, 56.63; H, 5.45; N, 14.35.
4~(5-(3-Bromophenyl)-1 H-pyrazol-3-yl)piperidine (3g). ~White
solid, mp 152-156°C; yield 62%; reaction time 20 min.
'H NMR (400MHz, CDCly): § 1.69-1.79 (2H, m,
CH,); 1.99-2.02 (2H, m, CH,); 2.74-2.80 (2H, m,
CH); 2.82-2.88 (1H, m, CH); 3.20-3.23 (2H, d, CH,);
6.39 (1H, s, pyrazol proton); 6.99-7.04 (1H, m, ArH,
J=8.4Hz); 7.36-7.40 (1H, m, ArH, J=8.4Hz,); 7.45-
748 (1H, m, J=8.4Hz, ArH); 7.52-7.54 (1H, m,
ArH,). '>*CNMR (100 MHz, CDCl5): J 33.1, 34.4, 46.4,
99.8, 112.3, 112.6, 114.5, 114.7, 121.2, 130.1, 130.2,
130.3, 135.1. IR (KBr, cm™!): 3336, 3079, 2996,
2953, 2817, 1360, 1287, 1119. ESI/MS 306.1 [M]",
308.1 [M+2]" calculated for C4H¢N3Br. Anal. Calcd.
for C14H¢N3Br: C, 5491; H, 5.27; N, 26.10; Found:
C, 55.00; H, 5.38; N, 13.64.
4-(5-(4-Fluorophenyl)-1H-pyrazol-3-yl)piperidine (3h).
White solid, mp 181-184°C; yield 67%; reaction time
15min. '"H NMR (400 MHz, CDCly): 6 1.68-1.79 (2H,
m, CH,); 1.99-2.02 (2H, m, CH,); 2.73-2.81 (2H, m,
CH); 2.82-2.89 (1H, m, CH); 3.20-3.23 (2H, m, CH,);
6.34 (1H, s, pyrazol proton); 7.07-7.12 (2H, m, ArH);
7.70-7.73 (2H, m, ArH). '*C NMR (100 MHz, CDCly): §
33.0, 34.5, 46.4, 99.41, 1155, 115.7, 127.2, 127.3,
151.7, 161.3, 163.7. IR (KBr, cm™'): 3246, 2950, 2830,
1363, 1264, 1095, 1006. ESI/MS 2462 [M+1]"
calculated for C4H;¢N3F. 4nal. Calcd. for C4H;¢N3F:
C, 68.55; H, 6.57; N, 17.13; Found: C, 68.79; H, 6.73;
N, 17.25.
4-(5-(3-Fluoro-4-methoxyphenyl)-1 H-pyrazol-3-yl)piperidine
(3i).  White solid, mp 142-144°C; yield 74%; reaction time
45min. '"H NMR (400 MHz, CDCL,): § 1.69-1.77 (2H, m,
CH,); 1.96-2.00 (2H, m, CHy); 2.71-2.75 (2H, m, CHy);
2.77-2.85 (1H, m, CH); 3.18-3.21 (2H, m, CH,); 3.92
(3H, S, OCH3); 6.30 (1H, s, pyrazol proton); 6.96-7.00
(1H, t, ArH, J=8.8, 8.4Hz,); 7.45-7.50 (2H, m, ArH). °C
NMR (100MHz, CDCls): ¢ 32.9, 34.5, 46.5, 56.3, 99.3,
1054, 1134, 113.6, 121.3, 121.4, 147.3, 151.2, 153.7. IR
(KBr, cm™'): 3335, 2945, 2842, 1364, 1270. ESI/MS
276.1 [M+1]" calculated for C;sH;gN3FO. Anal. Calcd.
for C;5sHgN3FO: C, 65.44; H, 6.59; N, 15.26; Found: C,
65.57; H, 6.51; N, 15.42.
4-(3-(Piperidin-4-yl)-1H-pyrazol-5-yl)benzonitrile (3j). White
solid, mp 168-170°C; yield 76%; reaction time 40 min. 'H
NMR (400MHz, CDCl3): 6 1.71-1.79 (2H, m, CH,);
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2.00-2.02 (2H, m, CH,); 2.75-2.90 (3H, m, CH, CH,);
3.21-3.24 (2H, m, CH,); 6.46 (1H, s, pyrazol proton);
7.69-7.71 (2H, m, ArH, J=8.4Hz,); 7.88-7.90 (2H, d,
J=8.4Hz, ArH). '3C NMR (100 MHz, DMSO): § 33.0,
34.2, 46.3, 100.2, 109.7, 119.5, 125.9, 133.1, 138.4,
147.9, 151.4. IR (KBr, cm™'): 3355, 3068, 2265, 1364,
1265, 1004, 907. ESI/MS 253.2 [M+1]" calculated for
CisH¢Ny. Anal. Caled. for CisHigNy: C, 71.40; H, 6.39;
N, 22.21; Found: C, 71.17; H, 6.55; N, 22.28.
4-(5-(4-Tolyl)-1H-pyrazol-3-yl)piperidine (3k). White
solid, mp 158-161°C; yield 62%; reaction time 1h. 'H
NMR (400MHz, CDCl3): 6 1.68-1.76 (2H, m, CH,);
1.97-2.00 (2H, m, CH,); 2.38 (3H, s, CH3); 2.69-2.77
(1H, m, CH); 2.79-2.85(2H, m, CH,); 3.18-3.02 (2H, m,
CH,); 6.34 (1H, s, pyrazol proton); 7.20-7.22 (2H, m,
ArH, J=8.4Hz,); 7.59-7.61 (2H, d, J=8.4Hz, ArH). 1*C
NMR (100MHz, CDCl5): ¢ 21.3, 33.1, 34.8, 46.5, 99.3,
125.5, 129.4, 137.7, 148.9, 152.8. IR (KBr, cm™'): 3248,
3068, 1361, 1265, 1004, 907. ESI/MS 2422 M+1]*
calculated for C;sH9N3. Anal. Calcd. for C;sH9N5: C,
74.65; H, 7.94; N, 17.41; Found: C, 74.93; H, 7.76; N,
17.31.
3-Chloro-4-(3-(piperidin-4-yl)-1H-pyrazol-5-yl)pyridine
(31).  White solid, mp 176-179°C; yield 48%; reaction time
10min. 'H NMR (400 MHz, DMSO): J 1.47-1.57 (2H, m,
CH,); 1.84-1.87 (2H, m, CH,); 2.54-2.60 (2H, m, CH,);
2.74-2.80 (1H, m, CH); 2.98-3.01 (2H, m, CH,); 6.72 (1H,
s, pyrazol proton); 7.84-7.85 (1H, d, ArH, J=6Hz,); 8.49—
8.50 (1H, d, J=6.4Hz, ArH); 8.65 (1H, s, ArH); 13.1 (1H,
b, NH, piperidine). °C NMR (100MHz, CDCls): § 33.0,
34.2, 46.3, 100.2, 119.8, 141.2, 141.6, 147.0, 147.5, 150.4.
IR (KBr, cm™!): 3339, 3068, 1364, 1265, 1004, 907.
ESI/MS 263.0 [M]*, 265.1 [M+2]* -calculated for
C3H5CINy. Anal. Calced. for C;3H;sCINg: C, 59.43; H,
5.75; N, 21.32; Found: C, 59.19; H, 5.97; N, 21.19.
4-(5-(3-Nitrophenyl)-1H-pyrazol-3-yDpiperidine 3m).  Yellow
solid, mp 158-161°C; yield 65%; reaction time 1h and
45min. '"H NMR (400 MHz, CDCl5): 6 1.75-1.82 (2H, m,
CH,); 1.99-2.03 (2H, m, CH,); 2.73-2.77 (2H, m, CH,);
2.79-2.80 (1H, m, CH); 3.20-3.23 (2H, m, CH,); 6.43
(1H, s, pyrazol proton); 7.59-7.55 (1H, m, ArH); 8.01-
8.10 (1H, d, J=8.4Hz, ArH); 8.22-8.24 (1H, m, ArH,
J=8.4Hz,); 8.56-8.61 (1H, m, ArH, J=8.4Hz). '3*C NMR
(100MHz, DMSO): ¢ 33.1, 34.7, 46.5, 99.5, 125.6, 127.8,
128.7, 1324, 149.3, 152.5. IR (KBr, cm™}): 3326, 3002,
2267, 1531, 2217, 1348. ES/MS 273.0 [M + 1]* calculated
for C14H16N402. Anal. Calcd. for C14H16N402: C, 6175,
H, 5.92; N, 20.58; Found: C, 61.59; H, 6.04; N, 20.51.
4-(5-(2-Nitrophenyl)-1H-pyrazol-3-yDpiperidine 3n). ~ Yellow
solid, mp 140-142°C; yield 67%; reaction time 3 h. '"H NMR
(400MHz, CDClz): 6 1.74-1.80 (2H, m, CH,); 2.00-2.03
(2H, m, CH,); 2.74-2.78 (2H, m, CH,); 2.80-2.83 (1H, m,
CH); 3.20-3.23 (2H, m, CHy); 6.48 (1H, s, pyrazol proton);
7.60-7.68 (1H, m, ArH); 7.89-7.92 (1H, m, ArH, ) 8.00-8.20
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(2H, m, ArH). '*C NMR (100 MHz, DMSO): 6 21.2, 29.0,
35.1, 101.2, 124.4, 125.3, 129.6, 132.4, 135.3, 148.3, 157.0
152.5. IR (KBr, cm™'): 3320, 3006, 2258, 2223, 1534, 1344.
ESI/'MS 273.0 [M+1]" calculated for C,H;¢N4O,. Anal.
Calcd. for Ci4H16N4O5: C, 61.75; H, 5.92; N, 20.58; Found:
C, 61.65; H, 6.09; N, 20.79.

STATISTICAL ANALYSIS

Calculations and statistics were performed using graph
pad Prism 3.02 software. Data was expressed as mean
+ standard error.
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Synthesis and evaluation of novel quinuclidinone
derivatives as potential anti-proliferative agentsy

Jigar Y. Soni,? Shridhar Sanghvi,” R. V. Devkar® and Sonal Thakore*?

In this study a new series of substituted (2)-4-(3-oxoquinuclidin-2-ylidene) benzamides and substituted
(2)-4-((3-oxoquinuclidin-2-ylidene)methyl)benzoates have been designed and synthesised as potential
anti-cancer agents. This set of compounds were prepared by using a common intermediate (2)-4-((3-
oxoquinuclidin-2-ylidene)methyl)benzoic acid. They were well characterized by various spectroscopic
techniques as well as a crystallographic study and screened for anti-cancer activity. A cell viability assay
using MTT was performed on A549 & L132 cell lines and ICsq values were determined. Analogues 4¢ and
5e exhibited the most potent anti-cancer activity among all the analogues synthesized in this present
study. A haemolytic assay using normal human erythrocytes was performed to study the blood
compatibility of the compounds. Acridine orange/ethidium bromide (AO/EB) staining also showed cell
death. To get a better insight into the mechanism of cell death DAPI (4',6-diamido-2-phenylindol
nuclear staining) and DNA fragmentation studies were performed. A Structure Activity Relationship (SAR)
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1 Introduction

Cancer, a serious health problem, is one of the main causes of
mortality in the developing as well as developed countries.
Different theories have been proposed for the cause of cancer
and several strategies have been formulated and examined for
combating the disease. Survival rates for five years of some
cancers have significantly improved in the past two decades
while those of other cancers, such as lung and pancreatic cancer
remain low.> The major form of cancer treatment is chemo-
therapy, alone or combined with radiation. However, the
majority of cancers develop resistance to chemotherapy during
treatment. As a result, the design and discovery of non-
traditional, efficient and safe classes of chemical agents are
the prime targets in contemporary medicinal chemistry.?

The molecule 3-quinuclidinone hydrochloride possesses
variety of biological spectrum and is a part of many existing
drugs such as azasetron, palonosetron, solifenacin, cevimeline,
quinupramine (Fig. 1). Literature survey revealed that several
derivatives of quinuclidines have been reported to show wide
range of biological activity such as Alzheimer's disease* chronic
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was explored to facilitate further development of this new class of compounds.

obstructive pulmonary disease,’ antihistamine-bronchodilating
agents,® a7 and a4P2 nicotinic receptors inhibitory activity.”
According to Malki et al. analogs of quinuclidinone can provide
an excellent scaffold for novel anti-cancer agents with improved
safety profile.® They used lung carcinoma cells for study and
observed that in more potent derivatives, the carbonyl group of
quinuclidinone was intact.® Further in another study they
observed that quinuclidinone derivatives induce apoptosis in
human breast cancer cells via reduced expression level of Bcl-2,
Bcl-XL and increased mitochondrial apoptotic pathways by
activating the release of cytochrome C.° The derivatives of this
molecule may have a selective mode of action as they are
structurally unique, and yet have a great deal of known chem-
istry upon which to prepare analogs. In search of novel more
potent anti-cancer compounds with greater affinity for cancer
cells than healthy normal cells, we decided to explore the anti-
cancer activity of some novel quinuclidinone derivatives. We
have recently reported the synthesis of quinuclidinone hydro-
chloride from isonipecotic acid.® In the present article we
report the synthesis of some quinuclidinone based ester and
amide derivatives with cytotoxicity and apoptosis-inducing
property in lung cancer cells.

2 Result and discussion
2.1 Synthesis

In the first step 3-quinuclidinone hydrochloride (1) was refluxed
with 4-formyl benzoic acid (2) in the presence of sodium
hydroxide, using absolute ethanol as solvent to give 4-(3-oxo-1-aza-
bicyclo[2.2.2]oct-2-ylidenemethyl)-benzoic acid (3) (Scheme 1).

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Structures of some quinuclidine based drugs.

Formation of this intermediate acid (3) was confirmed from the
broad absorption band at around 3200 cm™ ' in the infrared
spectrum (IR) and downfield peak at 13.1 6 ppm in '"H NMR. The
acid derivative (3) was converted to the acid chloride with thionyl
chloride in the presence of triethylamine. The acid chloride was
further converted in to the corresponding ester or amide deriva-
tive by reaction with appropriate alcohol/amine. The structure of
synthesized compounds established on the basis of elemental
analysis and spectral data. In case of amide derivatives (4a to 4f),
the NH stretching frequency appeared around 3300 to 3450 cm ™.
The formation of ester (5a to 5e) was confirmed from the disap-
pearance of the broadband of carboxyl in the IR spectrum and
appearance of absorption band in the region 1728-1750 cm™*. *C
NMR downfield peak appeared around 165-169 6 ppm, which
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further confirms the formation of ester derivatives. Single crystal
of compound 4c¢ and 5c (Fig. 6 and 7) were obtained by slow
evaporation method using methanol as a solvent. The crystal
structures of compound 4c¢ and 5¢ shows the presence of double
bond with Z geometry. This is well in agreement with previous
report.”*

2.2 Biological assay and structure activity relationship (SAR)

The synthesized compounds were screened for MTT assay. All
compounds were screened at 1, 5, 10 and 20 pM concentrations.
The results obtained in a cytotoxicity assay for quinuclidinone
and its ester and amide analogues accounted for decreased cell
viability in a dose dependent manner. The results also suggest

o
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Scheme 1 Synthetic route for compounds (4) and (5); (reagents and conditions: (a) NaOH, EtOH, reflux; (b) (1) MDC, TEA, SOCL,, reflux; (2) R’
NHa, ACN, K>COs, reflux; (c) (1) MDC, TEA, SOCL,, reflux; (2) R—OH reflux).
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Fig.2 Photomicrographs ofAO/EB staining for apoptosis, treated with (a) control, compounds (b) 4c, (c) 4d, (d) 5¢c, (e) 5d and (f) 1 respectively at
their ICsq values for 24 h (green fluorescence indicated live cells whereas reddish orange stained cells indicate late apoptosis).

that the synthesized compounds showed specificity for cancer
cells over normal lung cells.

The half inhibitory concentration ICs, values in pM
concentration were determined and presented in Table 1. The
results indicate that compared to esters all amide derivative
exhibited reasonably good activity. Among amides the deriva-
tive having unsubstituted phenyl ring (4a) was found to be less
active among all. The introduction of either electron donating
group (methyl) or electron withdrawing group (bromo)
increases the activity. Amide derivative having para-
bromophenyl group (4¢) was found to be most potent among all
aromatic amides. In order to determine if aromatic ring is
essential for activity, derivatives with cyclohexyl (4d) and
heterocyclic ring such as morpholine (4e) and pyrrolidine (4f)
were synthesized. In all these cases an increase in the activity
was observed.

In ester series the derivatives in which the oxygen of ester
group was attached to a secondary carbon exhibited better
activity. Thus esters of secondary alcohols such as isopropyl
alcohol, sec-butanol, and cyclopropyl alcohol were found to be

more active. The compound (5¢) bearing isopropyl group was
found to be most active followed by (5d) and (5e) which were
moderately active. Lowering of activity was observed when
methyl (5a) and ethyl groups (5b) were introduced.

Synthesis of new chemotherapeutic agents with selective
cytotoxicity towards cancer cells is always a major challenge for
chemists and biotechnologists. Based upon the results obtained
in the cytotoxicity assay the derivatives 4c, 4e, 5¢ and 5d were
selected for a detailed scrutiny to assess the mode of cell death.

Cancer cells were stained with fluorescent stains to gain a
deeper insight into the mechanism of cell death. Induction of
apoptosis is a key event and a preferred pathway for induction
of cell death by a test compound.** Hence, a fluorescent probe
(AO/EB) was used to gather qualitative evidence on apoptosis. It
has been reported that the viable cells show green fluorescence
and late apoptotic cells show orange to red fluorescence with
condensed chromatin.” We could observe more orange to red
fluorescent cells 4¢, 4e and 5c as compared to 5d and quinu-
clidinone HCI 1 treated cells suggesting induction of apoptosis

(Fig. 2).

Fig. 3 Nuclear condensation test with DAPI for treated with (a) control, compounds (a

d) 5d and (f) 1 respectively at their ICsq

values for 24 h (arrows indicate condensation/fragmentation/distortion of nuclei as compared to the control).
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Fig. 4 DNA ladder test for apoptosis: ladder formation suggests
induction of apoptosis (lane 1: ladder, lane 2: control, lane 3: 5d, lane 4:
5c, lane 5: 4c, lane 6: 4e, lane 7: quinuclidinone HCL 1).
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Fig. 5 Haemolysis of RBC.

Nuclear condensation resulting due to any test compound is
assessed using DAPI staining.* In our study, condensation/
fragmentation/distortion of nuclei was evident in all treat-
ment groups (Fig. 3). Further confirmation on apoptosis was
obtained from DNA ladder assay, wherein apoptosis induced
DNA damage is accredited to possible induction of apoptotic
pathway." In the present study, all the test compounds showed
moderate to heavy ladder formation (Fig. 4) suggesting induc-
tion of apoptosis.

Novel compounds that may be potent in destruction of
cancer cells often cause damage to the red blood corpuscles
(RBC) and hence, haemolytic assay provides a clue on its merit
in not destroying the RBC.'® Hence, haemolytic assay is a
popular tool to assess the relative impact of test compounds on
RBCs.' In our study 4e, 5e, 5f, and the quinuclidinoneHCI 1

This journal is © The Royal Society of Chemistry 2015
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accounted for moderate haemolysis indicating at their relative
safety for in vivo use as a possible therapeutant (Fig. 5).

3 Conclusions

In conclusion a series of novel quinuclidinone based amides
and esters (4a to 4f and 5a to 5f) were synthesized. The struc-
tures of title compounds were well supported by spectroscopic
data and elemental analysis. Test compounds were able to
induce apoptosis of A549 lung carcinoma cells with minimal
damage to the L132 normal lung cells. The most potent
compounds (4c, 4e, 5¢ and 5d) were subjected to further
investigations. DNA fragmentation suggests that the cytotoxic
effect of the compound is selectively mediated through the
induction of apoptosis. Additional experiments are required to
determine the mechanism of action and for better elucidation
of structure activity relationships of this class of molecules.

4 Experimental
4.1 Materials and methods

Commercial grade solvents and reagents (alcohols and amines)
were purchased from Sigma-Aldrich or Alfa Aeser or Spec-
trochem, Mumbai, India and used without further purification.
Quinuclidinone hydrochloride was prepared as described in
literature.'® Melting points were measured using a (Buchi B-545)
melting point apparatus and were uncorrected. Infrared spectra
were recorded on a Perkin-Elmer RX 1 spectrometer. Elemental
analyses were recorded on Thermo Finnigan Flash 11-12 series
EA. 'H and *C NMR spectra were recorded on an Advance
Bruker (400 MHz) spectrometer in suitable deuterated solvents.
"HNMR data were recorded as follows: chemical shift measured
in parts per million (ppm) downfield from TMS multiplicity,
observed coupling constant (J) in Hertz (Hz), proton count.
Multiplicities are reported as singlet (s), broad singlet (br s),
doublet (d), triplet (t), quartet (q) and multiplet (m). **C NMR
chemical shifts are reported in ppm downfield from TMS.
Solvents and reagents were purified by literature methods. Mass
spectra were determined by LC/MS, using Shimadzu LCMS 2020
and AB Sciex 3200 QTRAP. The reaction progress was monitored
by TLC in ultraviolet light as well as with iodine vapor.

4.2 Biological assay

4.2.1 Cell line and culture. The A549 and L132 cell lines
were obtained from the National Center for Cell Sciences, Pune
whereas Dubecoos Modified Essential Medium (DMEM), Fetus
Bovine Serum (FBS) and antimycotic-antibiotic solution were
obtained from HiMedia. The human cell lines A549 and L132
were seeded in T-25 flask with DMEM, 10% FBS and 1% anti-
mycotic-antibody solution in a humidified atmosphere
supplied with 5% CO, at 37 °C. Cells were subsequently sub-
cultured every third day by trypsinization with 0.25% trypsin
versus glucose solution. Both the cell lines were utilized to
examine the antitumor activity of testing compound at varying
concentration.

RSC Adv., 2015, 5, 82112-82120 | 82115
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Fig. 6 ORTEP diagram of compound 4c with atom numbering scheme. Displacement ellipsoids are drawn at the 50% probability.

4.2.2 Cell viability assay. The IC5, values of cell prolifera-
tion were determined using MTT assay. Quinuclidinone and its
derivatives were dissolved in 0.5% dimethyl sulfoxide and
subsequent doses were prepared in the media. A549 cells were
seeded in 96 well culture plates and were treated with different
concentrations of the compounds for 24 h. The positive control
cells were treated with quinuclidinone in culture medium at
subsequent doses. At the end of the incubation period 100 pl of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT; 1 mg ml™') was added to the wells and plates were
incubated at 37 °C for 4 h. Later, culture medium was discarded
and 150 ul DMSO was added. Absorbance was read at 540 nm in
ELX800 Universal Microplate Reader.

4.2.3 Nuclear morphology assessment (DAPI staining).
A549 cells were seeded in 6 well plate (5 x 10°) and were allowed
to achieve 80% confluence. Cells were treated with IC5, values of
the compounds for 24 h at 37 °C. Cells were washed with PBS

and fixed with 1% paraformaldehyde, rewashed with PBS and
incubated with DAPI for 5 min. Treated cells were examined for
condensed and fragmented nuclei and photographed under
Leica DMRB fluorescence microscope.

4.2.4 Assessment of apoptosis AO/EtBr staining. Cells were
grown on glass cover slip (5 x 10°) and were incubated in a CO,
incubator at 37 °C. Cells were dosed with IC5, concentration of
compounds. After 24 h incubation, cells were washed with PBS
and stained with 5 pl of AO-EtBr mixture. The coverslip was
placed on clean microscopic slides and photograph was taken
under confocal microscope (Carl Zeiss LSM-710).

4.2.5 Haemolytic assay. Whole blood was collected for
haemolytic assay from a healthy human volunteer after taking a
written consent. Protocol was approved and experiments were
performed in compliance with the relevant laws and guidelines
of Indian medical association for research on human subjects
at Blue cross pathology lab (IMA-BMWMC no. 1093), Vadodara,

Fig. 7 ORTEP diagram of compound 5c with atom numbering scheme. Displacement ellipsoids are drawn at the 50% probability.
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India. The blood samples were placed in vacutainer tubes
coated with ethylenediaminetetra-acetic acid (EDTA) and were
gently mixed and treated with IC5, concentration of the
compounds. Control was untreated (with 0% haemolysis) and
positive control was sample treated with 3% hydrogen peroxide
(with 100% haemolysis). After incubation for 3 h (an adjust-
ment of the standard ASTM F-756 (ref. 17)) the tubes containing
blood samples were centrifuged at 1500 rpm for 10 min to
collect the plasma. The supernatant was analysed for the
presence of the haemoglobin at 540 nm and percentage hae-
molysis calculated according to the procedure described by
Shiny et al.*®

4.2.6 DNA ladder assay. A549 cells (3 x 10°) were exposed
to the ICs, concentration of the compounds. Cells were

This journal is © The Royal Society of Chemistry 2015

centrifuged and then washed with PBS, and the pellet was lysed
with 400 pL hypotonic buffer solution (containing 10 mM of tris
(pH 7.5), 1 mM of EDTA and 0.2% triton X-100) for 15 min at
room temperature, and then centrifuged at 13 000 rpm for
15 min. 350 pL of the supernatant was again lysed in 106 uL of
second lysis buffer (150 mM NaCl, 10 mM Tris-HCI (pH 8.0),
40 mM EDTA, 1% SDS and 0.2 mg mL ™" of proteinase K, at final
concentration) for 4 h at 37 °C. The DNA was extracted with
phenol/chloroform/isoamyl alcohol (25:25:1 v/v/v), and the
pellet thus obtained was washed with ethanol and re-suspended
for RNAase digestion in 15 pL of 10 mM Tris, 1 mM of EDTA
(pH 8.5), and 50 pg mL ™" of RNAase for 1 h at 37 °C. The frag-
mented DNA was quantified on 2% agarose gel
electrophoresis.*
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4.3 Synthesis of (Z)-4-((3-oxoquinuclidin-2-ylidene)methyl)
benzoic acid (3)

Compound 1 and formyl benzoic acid were taken in absolute
ethanol and the solution was refluxed with catalytic amount of
sodium hydroxide for about 3-4 h. The reaction progress was
monitored by TLC. After completion the reaction mixture was
acidified with glacial acetic acid. Crude product precipitated
was filtered and washed with water. It was dried under vacuum
and recrystallized using IPA-water.

4.4 General procedure for the preparation of compounds
amides (4)

The product of step one (1 mmol) was taken in 20 ml
dichloromethane and triethyl amine (3 mmol) was added. The
resulting mixture was stirred at 0 °C and thionyl chloride
(1.1 mmol) was added carefully. It was then warmed to room
temperature and refluxed for 30 min. After solvent evaporation
the unreacted thionyl chloride was removed under vacuum. The
acid chloride thus obtained was taken in 20 ml acetonitrile and
appropriate amine (1.12 mol) was added followed by K,COj3
(3 mmol). The reaction mixture was refluxed and the progress of
the reaction was monitored by TLC. After completion, the
alcohol was evaporated under vacuum. The residue was dis-
solved in ethyl acetate (50 ml) and washed with water and sat.
NaHCO; solution. The organic layer was dried with sodium
sulfate and solvent evaporated to give the ester as solid product.

4.5 General procedure for the preparation of esters (5)

To the acid chloride obtained above, appropriate alcohol was
added in excess and the mixture was refluxed. The progress of
the reaction was monitored by TLC. After completion, the
alcohol was evaporated under vacuum. The residue was dis-
solved in ethyl acetate (50 ml) and washed with water and sat.
NaHCO; solution. The organic layer was dried with sodium
sulfate and solvent evaporated to give the ester as solid product.

4.5.1 (Z)-4-(3-Oxoquinuclidin-2-ylidene)methyl)benzoic acid
(3). Yellow solid, mp: >250 °C; yield 78.6%. '"H NMR (400 MHz,
DMSO): 6 'H NMR (400 MHz, DMSO): 6 1.88-1.94 (2H, m, -CH,);
1.99-2.02 (2H, m, -CH,); 2.49-2.50 (1H, m, -CH); 2.82-2.92 (2H,
m, -CH,); 3.12-3.25 (2H, m, -CH,); 6.95 (1H, s, vinylic proton);
7.93-7.95 (2H, d, ] = 8.0, -ArH); 8.14-8.16 (2H, d, J = 8.0, —~ArH);
13.15 (1H, b, acid proton). >C NMR (100 MHz, DMSO): § 25.3, 40,
47.3, 122.9, 129.6, 132.1, 137.7, 146.7, 167.5, 205.4. DEPT-135
(100 MHz, DMSO): 6 25.3, 40.0, 47.3, 122.8, 129.6, 132.1. IR (KB,
em ') 3396, 2971, 2956, 2941, 2869, 1706, 1689, 1624, 1290, 805.
ESI/MS 258.1 [M + 1]" calculated for C;5H,5NO;. Anal. caled for: C,
70.02; H, 5.88; N, 5.44; O, 18.65; found C, 70.42; H, 5.90; N, 5.38.

4.5.2 (Z)-4-((3-Oxoquinuclidin-2-ylidene)methyl)-N-phenyl-
benzamide (4a). Yellow solid, mp: 130-133 °C; yield 60%. 'H
NMR (400 MHz, DMSO): 6 2.00-2.03 (4H, m, 2-CH,); 2.50-
2.52 (1H, m, -CH); 2.86-2.91 (2H, m, -CH,); 3.13-3.91 (2H, m,
-CH,); 6.98 (1H, s, vinylic proton); 7.08-7.12 (1H, t, J = 7.2,
14.2 Hz, -ArH), 7.33-7.37 (2H, t, ] = 7.6, 15.6 Hz, ~ArH); 7.77-
7.79 (2H, d,J = 8 Hz, -ArH), 7.94-7.96 (2H, d, J = 8.4 Hz, -ArH);
8.17-8.19 (2H, d, J = 8.0 Hz, -ArH), 10.33 (1H, s, amide proton).
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3C NMR (100 MHz, DMSO): § 25.3, 47.3, 114.3, 120.7, 123.0,
124.2, 128.1, 129.1, 129.2, 129.4, 131.5, 132.0, 135.8, 136.9,
139.5, 146.6, 165.5, 205.5. IR (KBr, cm'): 3388, 2960, 2943,
2869, 1699, 1656, 1597, 685. ESI/MS 333.2 [M + 1] calculated
for C,;H,(N,O,. Anal. caled for: C, 75.88; H, 6.06; N, 8.43; O,
9.63; found C, 75.71; H, 6.27; N, 8.51.

4.5.3 (2)-4-((3-Oxoquinuclidin-2-ylidene)methyl)-N-(p-tolyl)
benzamide (4b). Yellow solid, mp: >250 °C; yield 58%. "H NMR
(400 MHz, CDCl;): 6 2.06-2.08 (4H, m, 2-CH,); 2.36 (3H, s,
~CH,); 2.67-2.68 (1H, m, -CH), 2.99-3.05 (2H, m, ~CH,); 3.17-
3.22 (2H, m, -CH,); 7.04 (1H, s, vinylic proton); 7.18-7.02 (2H, d,
J = 8.4 Hz, -ArH); 7.53-7.55 (2H, d, ] = 8.0 Hz, -ArH); 7.85-7.87
(2H, d,J = 8.0 Hz, -ArH), 8.13-8.15 (2H, d, ] = 8.4 Hz, -ArH). °C
NMR (100 MHz, CDCl;): 6 20.9, 25.7, 40.1, 47.4, 120.2, 123.6,
127.0, 129.6, 132.2, 134.3, 135.3, 137.1, 146.1, 165.1, 206.2. IR
(KBr, cm ™ 1): 3295, 3130, 3042, 2950, 2869, 1703, 1644, 1607, 808.
ESI/MS 347.2 [M +1]" calculated for C,,H,,N,0,. Anal. calcd for:
C, 76.28; H, 6.40; N, 8.09; O, 9.24; found C, 76.51; H, 6.26; N,
8.27.

4.5.4 (Z)-N-(4-Bromophenyl)-4-((3-oxoquinuclidin-2-ylidene)
methyl)benzamide (4c). Yellow solid, mp: 207-208 °C; yield 69%.
'H NMR (400 MHz, DMSO): § 1.91-2.07 (4H, m, 2-CH,); 2.85-2.92
(2H, m, -CH,); 3.13-3.20 (2H, m, -CH,); 6.98 (1H, s, vinylic
proton); 7.53-7.55 (2H, d, J = 9.4 Hz, -ArH); 7.76-7.79 (2H, d,] =
9.2 Hz, -ArH); 7.94-7.96 (2H, d, ] = 8.4 Hz, -ArH); 8.17-8.20 (2H,
d,J = 8.4 Hz, -ArH); 10.50 (1H, s, amide). ">*C NMR (100 MHz,
DMSO): 0 25.3, 47.3, 115.8, 122.6, 122.9, 128.1, 129.3, 131.9,
132.0, 135.5, 137.1, 139.0, 146.6, 165.6, 205.4. IR (KBr, cm ):
3373, 3302, 3086, 2942, 2866, 1698, 1677, 1620, 1588, 1466, 1067,
1036, 854. ESI/MS 410.2 [M]" calculated for C,,H;4N,BrO,. Anal.
caled for: C, 61.33; H, 4.66; N, 6.81; O, 7.78; Br, 19.43; found C,
61.47; H, 4.45; N, 6.97.

4.5.5 (Z)-N-Cyclohexyl-4-((3-oxoquinuclidin-2-ylidene)methyl)
benzamide (4d). Yellow solid, mp: >225 °C; yield 73%. 'H NMR
(400 MHz, DMSO): 6 1.11-1.13 (1H, m, -CH,); 1.24-1.35 (4H, m,
2-CH,); 1.59-1.62 (1H, m, -CH,); 1.72-1.73 (2H, m, -CH,); 1.73-
1.72 (2H, m, -CH,); 1.86-1.92 (2H, m, -CH,); 1.98-2.03 (2H, m,
~CH,); 2.83-2.90 (2H, m, -CH,); 3.12-3.19 (2H, m, —-CH,); 3.73-
3.75 (1H, m, -CH); 6.94 (1H, s, -vinylic proton); 7.81-7.83 (2H, d,
J = 8.4 Hz, -ArH); 8.09-8.11 (2H, d, = 8.4 Hz, -ArH); 8.22-8.24
(1H, d, amide).

13C NMR (100 MHz, DMSO): 6 25.3, 32.8, 47.3, 48.8, 123.1,
127.7,131.9, 135.7, 136.4, 146.35, 165.3, 205.4. IR (KBr, cm ')
3341, 2926, 2853, 1745, 1703, 1653, 1534, 1500, 800. ESI/MS
338.3 [M + 1]" calculated for C,;H,6N,0,.Anal. caled for: C,
74.53; H, 7.74; N, 8.28; O, 9.45; found C, 74.78; H, 7.51; N, 8.37.

4.5.6 (Z)-2-(4-(Morpholine-4-carbonyl)benzylidene)quinu-
clidin-3-one (4e). Yellow solid, mp: 155-156 °C; yield 55%. 'H
NMR (400 MHz, DMSO): § 2.02-2.07 (4H, m, 2-CH,); 2.65-2.66
(1H, m, -CH); 2.96-3.03 (2H, m, -CH,); 3.15-3.22 (2H, m, -CH,);
3.47-3.79 (8H, m, -4CH,); 7.00 (1H, s, -vinylic proton); 7.40-7.42
(2H, d, J = 8.4 Hz, -ArH); 8.07-8.07 (2H, d, J = 8 Hz, -ArH). °C
NMR (100 MHz, CDCl;): 6 25.3, 40.1, 47.4, 51.6, 66.9, 123.8,
127.2, 132.1, 135.5, 135.8, 145.7, 169.9, 206.2. IR (KBr, cm™):
3444, 3027, 2962, 2869, 1707, 1683, 1635, 1438, 1110. ESI/MS
327.3 [M + 1]" calculated for Cy5H;,NO,. Anal. caled for: C,
69.92; H, 6.79; N, 8.58; O, 14.71; C, 70.14; H, 6.51; N, 8.42.

This journal is © The Royal Society of Chemistry 2015
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4.5.7 (Z)-2-(4-(Pyrrolidine-1-carbonyl)benzylidene)quinuclidin-
3-one (4f). Yellow solid, mp: 170-172 °C; yield 49%. 'H NMR
(400 MHz, CDCl,): 6 1.90-1.96 (2H, m, -CH,); 1.97-1.99 (2H, m,
-CH,); 2.01-2.07 (4H, m, 2-CH,); 2.64-2.66 (1H, m, -CH); 2.96-3.03
(2H, m, -CH,); 3.14-3.21 (2H, m, -CH,); 3.42-3.46 (2H, t, -CH,);
3.63-3.67 (2H, m, -CH,); 7.00 (1H, s, -vinylic proton); 7.50-7.52 (2H,
d,J = 8.4 Hz, -ArH); 8.05-8.07 (2H, d, ] = 8.4 Hz, -ArH). *C NMR
(100 MHz, CDCLy): 6 24.4, 25.7, 26.4, 40.2, 46.2, 47.4, 49.5, 124.1,
127.1,131.9, 135.3, 137.8, 145.5, 169.1, 206.3. IR (KBr, cm ™ %): 3444,
2970, 2944, 2872, 1703, 1623, 1431, 1097. ES/MS 311.4 [M + 1]'
calculated for C;9H,,N,0,. Anal. calcd for: C, 73.52; H, 7.14; N, 9.03;
0, 10.31; found C, 73.37; H, 7.29; N, 9.25.

4.5.8 Methyl(Z)-4-((3-oxoquinuclidin-2-ylidene)methyl)benzo-
ate (5a). Yellow solid, mp: 142-143 °C; yield 70%. 'H NMR
(400 MHz, CDCl,): 6 2.02-2.07 (4H, m, CH,); 2.64-2.66 (1H, m,
CH); 2.98-3.05 (2H, m, CH,); 3.15-3.22 (2H, m, CH,); 3.84 (3H, s,
~CH,); 6.90-6.93 (1H, dd, J = 4.0, 0.8 Hz, ArH), 7.00 (1H, s, vinylic
proton); 7.28-7.32 (1H, t, ] = 8.0, 7.6 Hz, ArH); 7.53-7.55 (1H, d,J =
7.2 Hz, ArH); 7.81 (1H, s, ArH). "*C NMR (100 MHz, CDCl,): 6 25.8,
40.2, 47.4, 51.2, 115.3, 117.0, 124.9, 125.0, 129.3, 135.2, 169.3,
206.5. IR (KBr, cm™): 3380, 3049, 2290, 2220, 2869, 1759, 1728,
1700, 1620. ESI/MS 272.2 [M + 1]" calculated for C,6H;,NO;. Anal.
caled for C;5H,,NO,: C, 70.83; H, 6.32; N, 5.16; O, 17.69 found: C,
70.92; H, 6.28; N, 5.20.

4.5.9 Ethyl(Z)-4-((3-oxoquinuclidin-2-ylidene)methyl)benzo-
ate (5b). Yellow solid, mp: 112-115 °C; yield 68%. "H NMR
(400 MHz, CDCl,): 6 1.39-1.42 (3H, t, -CH,); 2.04-2.08 (4H, m,
CH,); 2.65-2.68 (1H, m, CH); 2.99-3.04 (2H, m, CH,); 3.14-3.23
(2H, m, CH,); 4.46-4.42 (1H, g, CH,); 7.04 (1H, s, vinylic proton);
8.02-8.10 (4H, m, ArH). >*C NMR (100 MHz, CDCl,): 6 8.60, 14.3,
25.7, 40.1, 45.6, 47.4, 61.1, 123.8, 129.4, 130.0, 130.7, 131.8,
131.9, 138.1, 146.2, 166.2, 206 Hz. IR (KBr, cm™"): 3387, 3051,
2994, 2963, 2943, 2922, 2871, 1754, 1701, 1679, 1623, 806.
ESI/MS 286.2 [M + 1]" calculated for C;,H;NOj3. Anal. caled for:
C, 71.56; H, 6.71: N, 4.91; O, 16.82. Found: C, 71.87; H, 6.50; N,
5.13.

4.5.10 Isopropyl(Z)-4-((3-oxoquinuclidin-2-ylidene)methyl)
benzoate (5c). Yellow solid, mp: 96-97 °C; yield 56%. "H NMR
(400 MHz, CDCl,): 6 1.37-1.39 (6H, d, CH;); 2.04-2.08 (4H, m,
CH,); 2.66-2.68 (1H, m, CH); 2.99-3.02 (2H, m, CH,); 3.16-3.21
(2H, m, CH,); 5.23-5.29 (1H, m, CH,); 7.04 (1H, s, vinylic
proton); 8.02-8.04 (2H, m, ArH). 8.08-8.10 (2H, d, J = 8.4 Hz,
ArH). *C NMR (100 MHz, CDCly): 6 21.0, 25.7, 40.2, 47.4, 68.5,
123.8, 129.4, 131.8, 138.0, 146.2, 166.2, 206.2. IR (KBr, cm ™ '):
3057, 2984, 2944, 2964, 2875, 1758, 1724, 1707, 1606, 1458, 810.
ESI/MS 300.1 [M + 1]" calculated for C;3H,,NO;. Anal. calcd for:
C, 72.22; H, 7.07: N, 4.68; O, 16.03. Found: C, 72.45; H, 7.00: N,
4.93.

4.5.11 sec-Butyl(Z)-4-((3-oxoquinuclidin-2-ylidene)methyl)
benzoate (5d). Yellow solid, mp: 100-102 °C; yield 72%. 'H
NMR (400 MHz, CDCL,;): 6 0.96-1.06 (3H, t, -CH3); 1.34-1.35
(3H, d, -CH,); 1.68-1.74 (2H, m, —-CH,); 2.04-2.90 (4H, m,
-CH,); 2.67-2.68 (1H, m, CH); 3.00-3.05 (2H, m, CH,); 3.17-
3.23 (2H, m, CH,); 7.05 (1H, s, vinylic proton); 8.03-8.05 (2H,
m, -ArH). 8.08-8.10 (2H, d, J = 8.66 Hz, -ArH). "*C NMR
(100 MHz, CDCl,): 6 9.7, 19.5, 25.7, 28.9, 40.1, 47.4, 123.9,

This journal is © The Royal Society of Chemistry 2015
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129.4,131.8, 165.8, 206.2. ESI/MS 313.3 [M + 1]" calculated for
C19H,3NO,. Anal. calcd for: C, 72.22; H, 7.07; N, 4.68; O, 16.03.
Found: C, 72.45; H, 7.00; N, 4.93.

4.5.12 Cyclopentyl(Z)-4-((3-oxoquinuclidin-2-ylidene)methyl)
benzoate (5e). Yellow solid, mp: 140-143 °C; yield 43%. '"H NMR
(400 MHz, CDCl,): 6 1.47-1.50 (2H, m, -CH,); 1.56-1.64 (2H, m,
-CH,); 1.78-1.81 (2H, m, -CH,); 1.92-1.95 (2H, m, ~CH,); 2.04-
2.08 (4H, m, 2-CH,); 2.66-2.68 (1H, m, ~-CH); 2.97-3.04 (2H, m,
-CH,); 3.15-3.22 (2H, m, -CH,); 5.02-5.06 (1H, m, ~CH); 7.04-
7.05 (1H, s, vinylic proton); 8.03-8.13 (4H, m, -ArH). >*C NMR
(100 MHz, CDCL,): 6 23.6, 25.4, 25.7, 31.5, 40.1, 47.9, 123.8, 129.4,
130.0, 131.2, 131.7, 131.8, 138.0, 146.2, 165.6, 206.2. IR (KBr,
emY): 3392, 3056, 2942, 2869, 1755, 1708, 1675, 1624, 805. ESI/
MS 325.2 [M + 1]" calculated for C,oH,3NO;. Anal. caled for: C,
73.37; H, 7.70; N, 4.28; O, 14.66. C, 73.08; H, 7.91; N, 4.45.
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Abstract: An improved method for the synthesis of 3-quinuclidinone hydrochloride 4 from
piperidine-4-carboxylic acid 1 has been described. Reaction of piperidine-4-carboxylic acid 1 with
thionyl chloride and ethanol gave ethyl piperidine 4-carboxylate 2. It was further condensed with
methyl chloroacetate in presence of sodium carbonate to give ethyl 1-(2-methoxy-2-
oxoethyl)piperidine-4-carboxylate 3. One pot Dieckmann reaction of 3 in presence of potassium fert-
butoxide followed by hydrolysis and decarboxylation gave title compound azabicyclo[2.2.2]oct-3-one

Sonal Thakore

hydrochloride 4.

Keywords: 3-quinuclidinone hydrochloride, Dieckmann reaction, isonepecotic acid, Gram scale synthesis.

INTRODUCTION

The quinuclidine is ring system found in a number of
natural products [1]. It is also used in preparation of various
therapeutically important molecules and also important in-
termediate and synthesis of some drugs like azasetron, ben-
zoclidine, palonosetron, solifenacin, cevimeline, quinu-
pramine etc [2]. Various quinuclidinone derivatives have
been reported to show various biological activities [3-6].
Quinuclidinone derivatives are reported to show anti-cancer
[7-8], anti-inflammatory [9], central nervous system stimu-
lating activity [10] and antihistaminic activity [11]. Quinu-
clidinone has been also used in synthesis of some catalysts
which are useful in asymmetric reactions such as aldol reac-
tion [12-14]. Henry and aza Henry reaction [15] and Diels-
Alder reaction [16]. Synthesis of quinuclidinone hydrochlo-
ride [17] involves multistep organic synthesis. So, we
thought of designing relatively simple and safer route for the
synthesis of 3-quinuclidinone hydrochloride.

The most useful approach for the construction of quinu-
clidinone ring is Dieckmann cyclization [18]. Literatures
reveal a method for the synthesis of quinuclidinone hydro-
chloride [17] which has various disadvantages. The main
disadvantage is pyridine ring which has serious health con-
cerns. Secondly, it involves a high pressure reaction at a high
temperature using very expensive catalyst like Pd/carbon.
These disadvantages make this method unsuitable for large
scale production. The present method utilizes isonepecotic
acid as the starting material so that the hydrogenation step
can be avoided. Herewith, we report relatively shorter and
safer route which does not involve any harsh conditions,
chromatographic purifications or expensive catalyst. Thus
this method is cost-effective and easy to scale up.

*Address correspondence to this author at the Department of Chemistry,
Faculty of Science, The M. S. University of Baroda, Vadodara-390002,
India; Tel: 91-0265-2795552: Fax: 91-0265-2429814;

E-mail: chemistry2797@yahoo.com

1875-6255/15 $58.00+.00

RESULT AND DISCUSSION

Esterification of isonipecotic acid 1 in presence of
thionyl chloride and ethanol gave ethyl piperidine 4-
carboxylate 2 as shown in Scheme 1. In FTIR, band at 1734
em’ indicated presence of ester group. In 'H NMR triplet at
8 1.02 for three protons and quartet at 6 3.88 for two protons
indicated presence of ethyl group thus confirming formation
of 2. Further condensation of 2 with mono methyl chloroace-
tate in presence of base like sodium carbonate gave ethyl 1-
(2-methoxy-2-oxoethyl) piperidine-4-carboxylate 3. In FTIR,
band at 1739 cm™ indicated presence of ester group. In 'H
NMR triplet at 3 1.04 and quartet at & 3.88 for ethyl and sin-
glet at 6 3.51 for methyl thus confirmed formation of 3. We
have tried various reagents and solvents for Dieckmann con-
densation of ethyl 1-(2-methoxy-2-oxoethyl) piperidine-4-
carboxylate 3 to convert it in to ethyl 3-oxoquinuclidine-2-
carboxylate as shown in Table 1. Potassium ferz-butoxide
gave better conversion to ethyl 3-oxoquinuclidine-2-
carboxylate compared to sodium methoxide and potassium
methoxide but it was very difficult to isolate.

We have also tried to optimize conditions with various
acids for hydrolysis and decarboxylation to get azabicy-
clo[2.2.2]oct-3-one 4 as shown in Table 2. Optimum result
was obtained with HCl while in the case of H,SO,; and
H;PO, the yield was below 50%. The product was further
converted into its hydrochloride salt by purging HCI gas. In
FTIR, band at 1748 cm™ indicated presence of carbonyl of
which confirmed formation of 4.

EXPERIMENTAL DETAILS

Reagent grade chemicals and solvents were purchased
from commercial supplier and used without purification.
TLC was performed on silica gel F254 plates (Merck). Melt-
ing points are uncorrected and were measured in open capil-
lary tubes, using a Rolex melting point apparatus. IR spectra
were recorded as KBr pellets on Perkin Elmer RX 1 spec-

© 2015 Bentham Science Publishers
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Table 1. Reaction condition optimization for the in situ cyclisation reaction of quinuclidinone hydrochloride.”

Entry Reagent (mol) Solvent Isolated Yield (%)
1 Na\methanol (0.068\0.068) toluene No reaction
2 Na\ methanol (0.055\0.055) xylene
3 Na\ methanol (0.072\0.072) xylene
4 28% NaOMe in methanol (0.078) methanol
5 28% NaOMe (0.073) toluene
6 Potassium-ferz-butoxide (0.163) toluene 65
7 K\ethanol (0.163\0.163) toluene 80

"Reaction conditions: ethyll-(2-methoxy-2-oxoethyl) piperidine-4-carboxylate (3), concentration: 0.065 mol, reaction time 16 h.

Table2. Reaction condition optimization for the in situ de-
carboxylation reaction of quinuclidinone hydrochlo-
ride.”

Entry Acid Isolated Yield (%)
1 20% H,SO4 22
2 15% H,S04 40
3 20%H;PO, 37
4 17% H;PO4 39
5 15% H;PO4 39
6 10N HC1 60
7 6N HC1 80
8 4N HC1 77

"Reaction conditions: ethyll-(2-methoxy-2-oxoethyl)piperidine-4-carboxylate 3 (0.065
mol), potassium metal (0.16 mol), absolute ethanol (0.17 mol), toluene (200 mL).

trometer. '"H NMR were recorded on Advance Bruker 400
spectrometer (400 MHz) and °C NMR were recorded on
(100 MHz) with CDCl; or D,0 as solvent and TMS as inter-
nal standard.

Ethyl piperidine 4-carboxylate (2) [19]

To a solution of isonipecotic acid 1 (500 g, 3.87 mol) in
methanol (1.5 L), thionyl chloride (371 g, 5.03 mol) was
added dropwise in nitrogen atmosphere at 0 °C. After addi-
tion, reaction was heated to reflux temperature under nitro-
gen atmosphere for 6 h. Excess methanol was distilled out to

give yellow paste which was dissolved in ethyl acetate (1 L)
and neutralized with saturated sodium bicarbonate solution.
Organic layer was dried by using sodium sulphate and con-
centrated to afford 2 (560 g, 92%) as colorless liquid. IR
(neat) cm™: 3296, 2949, 2856, 2812, 2739, 1734; 'H NMR
(CDCl;, 400 MHz) &: 1.02-1.05 (3H, t, J=7.2 Hz, CHj),
1.33-1.43 (2H, m, CH,), 1.63-1.67 (2H, dd, CH,), 2.14-2.21
(1H, m, CH), 2.37-2.44 (2H, m, CH;), 2.83-2.87 (2H, m,
CH,), 3.88-3.93 (2H, q, J=7 Hz, CH,). °C NMR (CDCl;,
100 MHz) ¢: 14.1,29.0, 41.4, 45.6, 60.2, 175.0.

Ethyl 1-(2-methoxy-2-oxoethyl) piperidine-4-carboxylate:
3

To a solution of ethyl piperidine 4-carboxylate 2 (500 g,
3.18 mol) in dry toluene (1.5 L), sodium carbonate (337 g,
3.18 mol.) was added. Methyl-2-chloroacetate (362 g, 3.3
mol.) was added dropwise at a rate so as to maintain the re-
action temperature 45 °C. The reaction mixture was stirred
for 4 h at rt. After the completion, the reaction mixture was
washed with water till neutral pH. Organic layer was dried
and toluene was distilled out under vacuum at 70 °C to af-
ford 3 as yellow liquid (554 g, 76%). IR (neat) cm™: 2951,
2812, 2775, 1739, 1029. '"H NMR (CDCl;, 400 MHz) &:
1.04-1.06 (3H, t, /=7 Hz, -CHj3), 1.57-1.73 (4H, m, -2CH,),
2.04-2.10 (3H, m, -CH,, -CH), 2.69-2.72 (2H, t, -CH,), 3.03
(2H, s, -NCH,0), 3.51-3.52 (3H, s, -0CH3), 3.89-3.95 (2H, q,
J=7 Hz, -CH,). >C NMR (CDCl;, 100 MHz) & 13.9, 27.7,
40.2,51.3,52.3,59.1,59.9,170.4, 174.5.

Azabicyclo[2.2.2]oct-3-one hydrochloride: (4) [17]

In dry toluene (1.0 L) potassium-zert-butoxide (306.2 g,
2.72 mol) was added under nitrogen atmosphere. Next, the
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reaction mixture was refluxed for 30 min under nitrogen
atmosphere. Ethyl 1-(2-methoxy-2-oxoethyl)piperidine-4-
carboxylate 3 (250 g, 2.18 mol) in 1.0 L dry toluene was
added to the reaction mixture dropwise so that addition will
complete in 3 h at reflux condition under nitrogen atmos-
phere. Progress of reaction was monitored by TLC. After
completion, the reaction mixture was cooled to 0-5 °C and
cold 6 N HCI (1.3 L) was added. The aqueous layer was
separated and refluxed for 14 h for hydrolysis and successive
decarboxylation. Reaction mass was neutralized by adding
saturated K,COj solution and product was extracted in ethyl
acetate (1.5 L). Organic layer was acidify by purging dry
HCI gas and was evaporated to afford 4 as colorless solid
(140 g, 80%).

Mp 300 °C. [17], IR: (neat) em™: 2965, 2907, 2764,
1748; '"H NMR (D,0, 400 MHz): & 1.79-1.81 (0.5H, m),
2.00-2.10 (1.5H, m), 2.17-2.24 (1H, m), 2.69-2.70 (0.5H, 1),
3.10-3.18 (1H, m), 3.29-3.36 (1H, m), 3.41-3.49 (1H, m),
3.91 (1H, s). °C NMR (D,0, 100 MHz): § 25.5, 25.7, 40.0,
47.3,47.4,102.3, 118.8, 122.6, 123.6, 127.4, 132.0, 132.12,
132.3,133.5,137.4, 138.3, 146.1, 147.1, 168.7, 205.8.

CONCLUSION

An efficient three step method for the synthesis of 3-
quinuclidinone hydrochloride has been developed. The pre-
sent method utilizes isonepecotic acid as the starting material
which omits hydrogenation step and use of expensive cata-
lyst. This method has advantage of being cost effective, fac-
ile and safe for the synthesis of 3-quinuclidinone hydrochlo-
ride.
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Starch nanoparticles (StNPs) were acylated under ambient conditions to obtain various nanosized deriv-
atives formed stable suspension in water and soluble in organic solvents. The degree of substitution (DS)
was determined using 'H NMR technique. The cytotoxicity potential of the derivatised StNPs was evalu-
ated in mouse embryonic fibroblast (3T3L1) cells and A549 tumor cell line using MTT cell viability assay.
Other parameters that determine the oxidative stress viz., reactive oxygen species (ROS) generation,
intracellular reduced glutathione (GSH), superoxide generation and acridine orange/ethidium bromide
staining were also investigated. The present study led to the conclusion that cytotoxic activity of acylated
starch nanoparticles was dependent on their dosage, DS and type of substitution. The non-toxic nature in

non-cancerous cells reveals that the nanoparticles (NPs) can be used for cancer therapy and drug delivery.
The nanoparticles also offered reasonable binding propensity with CT-DNA.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Cytotoxic drugs continue to play a major role in cancer therapy
but often produce side effects, especially through the destruction
of lymphoid and bone marrow cells [1]. Therefore, strategic
improvements in cancer therapy are needed to improve efficacy
while decreasing side effects. Over the past decades, nanoparticles
(NPs) have been of great interest in applications for biological
fields such as drug delivery systems [2,3] and anticancer applica-
tions [4]. The antitumor activities of natural biopolymer chitosan
and its NPs are well reported [5]. Another abundant polysaccharide
starch, is relatively, more competent than chitosan due to its low
cost, easy availability and better solubility but suffers from draw-
back of hydrophilic nature. The synthesis of starch nanoparticles
(StNPs) reported by Dufresne et al. [6] paved the way for the devel-
opment of novel nanosized starch derivatives which can offer great
potential for use in diverse medicinal applications. The evaluation
of the in vitro cytotoxicity of a biomaterial is the initial step of bio-
compatibility study. Hence we investigated the cytotoxic potential
of hydrophobic, nanosized, starch derivatives for two different
applications viz. potential anticancer agents and promising bio-
compatible drug carriers. In the past our group has extensively
studied the cytotoxicity evaluation of metal nanoparticles [4,7] as
well as starch metal nanoconjugates [8] with prokaryotic as well
as eukaryotic cells. In this paper we have reported the interesting
interaction of nanosized acyl derivatives of starch with A549

* Corresponding author. Fax: +91 0265 2581102.
E-mail address: chemistry2797@yahoo.com (S. Thakore).

0045-2068/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
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human lung carcinoma cells as well as mouse embryonic fibroblast
(3T3L1) cells and CT-DNA.

2. Experimental

Starch nanocrystals (StNPs) were prepared according to the pro-
cedure described elsewhere [6]. Acylation of StNPs was carried out
by dispersion in aqueous alkali followed by room temperature
reaction with various acid chloride or anhydride [9]. Attempts
were made to carry out the synthesis under ambient conditions
so as to preserve the nanosize. Four type of derivatives were syn-
thesized viz. St-palmiate, St-benzoate, St-phthalate and St-cinna-
mate. The product was collected by centrifugation and purified
(Supporting information).

3. Results and discussion

The acylation was confirmed by spectroscopic analysis. The
characteristic peaks in the FT-IR spectra (Supporting information)
of all the starch nanoparticles are the stretching and bending vibra-
tions of hydrogen bonded -OH groups observed at 3400 and
1650 cm™!. The FT-IR spectra after acylation, showed a carbonyl
absorption band at 1736, 1740, 1742 and 1750 cm™! for palmiate,
benzoate, cinnamate and phthalate starch nanoparticles respec-
tively. In case of aromatic derivatives the peaks due to stretching
and bending of aromatic -C-H appear around 3000 and
800 cm ™! respectively.

The 'H NMR data of the starch nanoparticles is given below.
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StNPs: 5.1 (w, 1H, H-1), 3.31 (s, 1H, H-2), 3.96 (w, 1H, H-3), 3.37
(s, 1H, H-4), 3.08 (w, 1H, H-4 end group), 3.60 (s, 1H, H-5), 3.65
(s, 2H, H-6,60), 5.42 (m, 1H, H-2), 5.44 (m, 1H, H-3) [2].
St-phthalate NPs (DS = 2.63): '"H NMR (400 MHz, CDCl5) 6 11.0
(s, 1H), 7.89 (d, J = 6.8, 2H), 7.81 (d, J= 6.3, 2H), 4.95 (s, J=2,
1H), 4.01 (s,J = 2.2, 1H), 3.57 (s,J = 2.1, 1H), 3.23 (s, ] = 2.2, 1H).
St-cinnamate NPs (DS = 2.59): 'H NMR (400 MHz, CDCl5) § 7.91
(d, J=6.4, 2H), 7.67 (d, J = 6.3, 2H), 6.45 (d, ] = 2.2, 2H), 4.97 (s,
J=2.1, 1H), 445 (s, J=2.3, 1H), 4.11 (s, J=2.1, 1H), 3.44 (s,
J=22, 1H).

St-benzoate NPs (DS = 1.98): '"H NMR (400 MHz, CDCl5) & 8.12 (s,
J=6.5,2H),7.52 (s, ] = 6.3, 2H), 5.5 (s, ] = 2.3, 1H), 5.01 (s, ] = 2.4,
1H), 4.45 (d, J= 2.5, 1H), 3.52 (s, J = 2.1, TH).

St-palmiate NPs (DS = 2.49): "H NMR (400 MHz, CDCl;) 6 4.98 (s,
J=22, TH), 4.04 (s, J=2.1, 1H), 3.47 (s, J=2.3, 1H), 2.97 (s,
J=2.4, 1H), 2.34 (s, J=2.1, 2H), 1.67 (s, J=2.4, 2H), 1.21 (s,
J=2.3, 2H), 0.85 (t, J = 2.4, 3H).

Transmission electron micrographs (TEMs) (Fig. 1) showed
that after acylation the size of the StNPs decreases. The plate-
let-like particles of the unmodified StNPs [6] (Supporting infor-
mation) became somewhat spherical after modification with the
diameter ranged from 40 to 50 nm, due to blocking of hydroxyl
groups which leads to individualization of NPs [10]. The results
of DLS (Supporting information) also showed a single narrow
distribution with average particle size in the range of 30-
50 nm. The results of thermal analysis (Supporting information)
reveal that gelatinization temperature was lower while thermal
stability was higher for acylated StNPs [3]. This suggests im-
proved processibility which is necessary for drug delivery
applications.

The in vitro cytotoxicity was evaluated at various doses by
exposure of A549 cells as well as 3T3L1 cells to acylated StNPs.
Upto 1000 pg/mL concentration the cell viability was recorded to
be higher than 85% even after 72 h (data not shown). This biocom-
patibility was suggestive of the potential of these materials for use
as nanocarriers of drug molecules. A dose range of 1000-
10,000 pg/mL recorded moderate cytotoxicity in 3T3L1 cells (Sup-
porting information) while StNPs induced practically no cell death.
At this dose, in tumor cells interesting dose dependent cytotoxicity
was observed within 24 h (Fig. 2a). Among all the NPs tested here-
in, St-cinnamate NPs showed highest cytotoxicity (Table 1 Sup-
porting information) and its highest dose (10,000 pg/mL)
recorded nearly 80% cytotoxicity (Fig. 2a). On the other hand,
St-palmitate NPs recorded lowest cytotoxic potential, probably be-
cause of its completely aliphatic structure. Cytotoxicity differences
between the acylated starch derivatives are probably due to the
different hydrophobicity and charge density of StNPs. In addition,
other parameters such as the degree of substitution and type of
substitution also determine the extent of cytotoxic activity of
StNPs. There may be a structure activity relationship which re-
quires further investigation.

In biological activities, cell must interact with the extracellular
environment which is generally through chemical, electrical or
mechanical signaling. In the present studies, DS of acylated starch
NPs are >2 which indicates the hydrophobic nature of acylated
starch NPs. Cytotoxicity is reported to increase with increasing
hydrophobicity [11]. Based on this it can be concluded that there
is hydrophobic interaction between tumor cells and starch deriva-
tives which is responsible for cytotoxicity.

Molecules at nanoscale may be able to help overcome the unde-
sirable effects of traditional chemotherapeutic agents by maximiz-

Fig. 1. TEM images of (a) St-phthalate, (b) St-cinnamate, (c) St-benzoate and (d) St-palmiate nanoparticles.
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ing their availability at the target tumor site and minimizing nox-
ious effects on healthy tissue [12]. Tumor cells overexpress many
receptors and biomarkers, which can be used as targets to deliver
cytotoxic agents into tumors [13]. Cancer cells are highly metabolic
and porous in nature and are known to internalize solutes rapidly
compared to normal cells. Therefore, we hypothesized that acyl
StNPs will also show preferential internalization within cancer
cells. Tumor sites possess unique vasculature characteristics that
can be easily exploited by nanoscale systems to efficiently reach
cancer targets. The endothelial cells in tumor vasculature have
loose interconnections and focal intercellular openings. These
breaks in the endothelial cell lining range in size between 100
and 1000 nm, and nanoparticles (NPs) can easily extravasate these
openings. This phenomenon of localizing NPs in the leaky vascula-
ture of tumor tissues is an example of passive targeting [12].

The cytotoxicity of chitosan NPs and derivatives has been attrib-
uted to positive surface charge [5]. However zeta potential mea-
surements of acylated StNPs (Table 1 Supporting information)
showed that they have negative surface charge. This is because,
neither size nor zeta potential alone determine the optimal cellular
response induced by NPs [14]. It has also been proposed that, in re-
gions where the columbic repulsion of similar charges is not too
pronounced, the presence of a high electric field may cause local
electroporation. So, high electrical fields of the NPs of about
50 nm, which may succeed even with negative zeta potential,
may eventually lead to cytotoxicity. This phenomenon is known
to facilitate permeation of various nanoscale objects through bio-
logical membranes. It is reported in literature, that the proteins
from the growth media adsorb to the surfaces of both cationic
and anionic NPs, increase their hydrodynamic radius, and flips
their charge immediately to similar negative value of the serum
proteins in the original media [15]. Thus size, aggregation state,
surface charge and surface chemistry would be significantly mod-
ified via electrostatic screening which in turn could influence their
ability to interact with or enter cells [16,17]. Therefore, NPs that
had a positive effective surface charge upon preparation are no
longer cationic in the cellular media. This is important when con-

sidering the molecular effect of charge on toxicity and cellular up-
take, and argues against the simple picture, still propagated in the
literature, that cationic nanoparticles disrupt the negatively
charged cellular membrane by electrostatic interactions. Protein
adsorption to the NPs surface can mediate the uptake of the nano-
material via receptor mediated endocytosis [18,19]. This is be-
lieved to be the reason for the interaction of the nanosized
derivatives with biological systems.

Oxidative stress is often considered as the main cause for stim-
ulation of cytotoxicity that is induced by natural or synthetic toxic
agents [20]. Toxicity of NPs is exerted in form of transferring elec-
tron from molecular oxygen or by blockade of electron transport
chain through an unknown mechanism [21,22]. Cellular response
to increased oxidative stress results in a compromised status of
endogenous antioxidants such as reduced glutathione (GSH). Also,
free radical induced membrane damage caused due to lipid perox-
idation (LPO) results in leakage of cellular enzymes [23]. Hence,
biochemical estimation of GSH and LPO are reliable markers of cell
damage caused due to production of free radicals. GSH is consid-
ered to be the first line of cellular defense for cells under various
conditions of oxidative stress [24]. GSH is used as a co-substrate
by enzymes; GPX and GR for reduction of hydrogen peroxide and
lipid peroxides [24]. It is evident from Fig. 2b that 10,000 pg/mL
of acylated starch NPs dose shows significantly low content of cel-
lular GSH. This indicates that at high concentration of 10,000 pg/
mL these NPs show cytotoxic nature (Fig. 2b).

Damage of cellular membrane due to LPO is the major cause of
cell death and hence, its integrity is pivotal for its survival. In the
present study, a 10,000 pg/mL dose of acylated starch NPs recorded
higher LPO indices (Fig. 2c). Significantly elevated indices of LPO
and lower activity of GSH showed that acylated starch NPs were
cytotoxic in nature.

AO/EB staining for cell viability depicted a cell death with max-
imum number of EB positive cells (red! colored) recorded in high-

! For interpretation of color in Fig. 3, the reader is referred to the web version of
this article.
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est dose (10,000 pug/mL) of acylated starch NPs (Fig. 3). Previous
studies have reported polysaccharide NP induced cytotoxicity
against various tumor cell resulting due to oxidative damage to
the cell membrane and mitochondrial dysfunction [22,25]. Similar
alterations observed in our study are in accordance with these re-
ports and thus establish the doses and the resultant cellular dam-
age caused by acylated StNPs.

The binding interaction of many organic carcinogens such as
polycyclic aromatic hydrocarbons with DNA is the key step in their
genotoxic effect. Titration with UV absorption spectroscopy is an
effective method to examine the binding mode of DNA with the
molecules [26]. In general, the spectra of the compounds show
UV absorption bands that are usually symmetrical with no obvious
splitting. In the UV region, compounds exhibited bands between
240 and 320 nm, which are assigned to the m — ©* transitions,
due to long living triplet excited state. Hypochromism results from
the contraction of DNA helix axes as well as the conformational
changes on molecule of DNA, while hyperchromism results from
the secondary damage of DNA double helix structure [27,28]. Upon
increasing concentration of CT DNA, the UV region exhibited an in-

crease in absorption intensity ‘hyperchromic’ effect with a blue
shift of 2-10 nm in © — 7" region (Fig. 4a and Supporting informa-
tion). The strong hyperchromic effect with a blue shift is suggestive
of higher binding propensity to CT DNA due to stabilization of the
nanoparticle-DNA adduct. These changes are typical of compounds
bound to double stranded DNA through non-covalent interaction
[29]. In the present case, the complete intercalation of the com-
pounds between a set of adjacent base pairs seems sterically
impossible, but some partial intercalation can be envisioned [30].

Enhancement of the fluorescence emission when binding with
the biomacromolecules (such as DNA and proteins), is a very useful
fluorescent probe in genomics and proteomics [31]. In present
study we found that luminescence was not observed for com-
pounds either in DMSO or in presence of DNA. Hence, competitive
binding studies using ethidium bromide (EB) bound DNA was car-
ried out. EB is a conjugate planar molecule. Its fluorescence inten-
sity is very weak but it is greatly enhanced when EB is specifically
intercalated into the adjacent base pairs of double stranded DNA.
The enhanced fluorescence can be quenched by the addition of a
second molecule [32]. The addition of compounds to DNA-EB sys-

Fig. 3. AO/EB photomicrographs of stained A549 cells exposed to (a) 0 mg/mL and 10 mg/mL concentration of (b) St-palmiate, (c) St-benzoate, (d) St-phthalate and (e) St-
cinnamate nanoparticles. Results are expressed as mean + SEM for n = 3 (replicates). Where NS = non-significant, “p < 0.05, “p < 0.01 and ***p < 0.001 compared to untreated

cells.
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intensity changes on increasing the acylated StNPs concentration.

tem displayed an increase in emission intensity of the DNA-EB sys-
tem (Fig. 4b and Supporting information). Increase in fluorescent
intensity indicates that the acylated StNPs has not completely
intercalated into the DNA helix, as complete intercalation would
decrease the emission intensity due to the replacement of the
intercalated EB from DNA. The observed results suggest that the
nanoparticles can make a contraction in the helix axis of DNA
[31,33]. The binding affinity seems to follow the order St-Pal-
NPs > St-Pht-NPs > St-Cin-NPs > St-Ben-NPs. Aliphatic derivative
has greater binding probably due to more flexible structure. The
presence of additional carboxyl group as in phthalate or extension
of conjugation as in cinnamate both increase the binding affinity.

4. Conclusions

The present study reports for the first time, cytotoxic potential
of the acylated starch nanoparticles along with its biocompatible
nature and warrants further evaluation at preclinical and clinical
levels. The noncytotoxicity to non-cancerous cells and useful ther-
mal properties suggest promising drug delivery applications of
these materials at lower concentrations while higher doses would
be useful as anticancer agents. The cytotoxicity of derivatives with
aromatic groups and high degree of substitution was higher rela-
tive to those containing aliphatic group. The details of the mecha-
nism of action, especially to clarify the mode of interaction with
tumor cells, effect of degree of substitution and particle size are
now under investigation. Despite negative zeta potential the nano-
particles exhibited reasonable biding propensity with CT-DNA,
although complete intercalation was not observed.
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