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A series of ferrocenylchalcone-b-lactam conjugates were synthesized and evaluated against 3D7 (CQ-
Sensitive) and W2 (CQ-Resistant) strains of Plasmodium falciparum. The SAR studies revealed the
dependence of activities at N-1 substituent of b-lactam ring with compounds being more potent on
resistant strain. The compound 9f and 9lwith N-cyclohexyl substituent proved to be the most potent and
non-cytotoxic among the series exhibiting IC50 values of 2.36 and 2.43 mM respectively, against W2 strain
of P. falciparum.

© 2014 Elsevier Masson SAS. All rights reserved.
1. Introduction

After HIV and Cancer, Malaria still remains a major health
problem particularly in the developing countries [1]. Five species of
Plasmodium are responsible for the deadly disease, out of which
Plasmodium falciparum is the most dangerous. According to the
World Health Organization (WHO) factsheet, 3.4 billion people are
at risk, of which 1.2 billion are at high risk and more than one
malaria case occurs per 1000 populationwith transmission over 97
countries [2]. In 2012, malaria took 665,000 lives, which estimates
around 1300 deaths per day or the death of one child per minute.
The development of resistance across the existing drugs and the
lack of vaccine have provided strong impetus for the discovery of
new and effective antimalarials [3]. At present, WHO recommends
an Artemisinin-based combination therapy (ACT), including an
artemisinin derivative and a longer-acting partner drug for the
treatment of malaria [4]. However the development of resistance to
.

served.
the present treatment in some parts of Southeast Asian regions is of
great concern [5,6].

The successful amalgamation of the classical organometallic
chemistry to biology, medicine, and molecular biotechnology has
become a useful strategy in drug discovery research [7]. The
introduction of the metal complexes to the biologically active
organic pharmacophores has shown significant enhancement of
their activity profiles. Among all the metallocenes used, ferrocenyl
(Fc) moiety is considered as the most attractive because of its
unique properties such as non-toxicity, neutral nature and chemi-
cal stability [8]. Many Fc based compounds display interesting
cytotoxic [9], antimalarial [10], antifungal [11], antitoxoplasmic [12]
and DNA-cleaving activity [13]. Ferroquine (FQ-SSR97193); the
ferrocenyl analogue of chloroquine (CQ), is now under phase II
clinical trials for the treatment of malaria [14]. Deciphering the
mechanism of action of FQ revealed that in addition to the primary
mechanism of action of quinoline (inhibition of the haem detoxi-
fication process); an important implication is the role of metal-
locenic moiety. Evidently, FQ could play a key role in the inhibition
of merozoites reinvasion and clearly showed the advantage of an
organometallic-based drug versus the purely organic parent drug
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and hence the potential of organometallic chemistry for next
generation of drug discovery [15].

The discovery of penicillin as antibiotics of incomparable
effectiveness after World War II has led to the identification of b-
lactams as key structural motifs with a broad range of pharmaco-
logical profiles and minimal or no cytotoxicity [16]. The recognition
of non-classical b-lactams substrates such as carbapenems and
monobactams along with classical b-lactams antibiotics rejuve-
nated a great interest in this field [17]. Last few years have wit-
nessed the modification of b-lactam ring to prove their diverse
biological properties viz. thrombin and chymase inhibitory activity,
human tryptase, cholesterol absorption inhibitory activity, anti-
inflammatory, vasopressin V1a antagonist activity, antidiabetic,
antimalarial, antiparkinsonian, anti-tubercular and anti-HIV activ-
ity [16].

The naturally occurring bioactive 1,3-diaryl-2-propen-1-ones or
Chalcones are another prominent secondary metabolite precursors
of flavonoids and isoflavonoids in plants. The open-chain flavonoid
consisting of two aromatic rings joined by a three-carbon-a, b-
unsaturated carbonyl system exhibits a wide variety of biological
properties such as anti-inflammatory anticancer, immunomodula-
tory, antimicrobial, antibacterial, and immunosuppressive as well
as leishmanicidal, antimalarial, and trypanocidal activities [18]. The
recent reports on the antimalarial profiles of chalcones have
encouraged new developments and modifications of these struc-
tural units by both organic and medicinal chemists.

Recent reports from our group has shown the synthesis and
antimalarial evaluation of 4-amino-quinoline-b-lactam conjugates
tethered via 1,2,3-triazoles [19], amide [20], urea and oxalamide
linkers [21]. Some of the synthesized conjugates exhibited prom-
ising antimalarial efficacy with activity profiles comparable to CQ
against CQ resistant W2 strain of P. falciparum. In continuationwith
our interest to scrutinize the influence of Fc nucleus on the activity
profile of organic ligands [22], the present manuscript explicates
the synthesis of 1H-1,2,3-triazole-tethered b-lactam-ferroce-
nylchalcone conjugates and their in vitro antimalarial evaluation
against CQ-susceptible 3D7 and CQ-resistant W2 strain of
P. falciparum (Fig. 1).
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The use of 1H-1,2,3-triazole as linker in the synthesized conju-
gates is based on its moderate dipole character, hydrogen bonding
capability, rigidity and stability under in vivo conditions.

2. Result and discussion

2.1. Synthetic chemistry

The precursors' viz. 3 and 4 were obtained via our recently re-
ported mono- and dipropargyation of 3-amino-azetidin-2-ones 2
[23], prepared by Staudinger reaction of N-substituted 1-azadiene
with azidoketene generated in situ from azidoacetic acid and p-
toluenesulphonyl chloride in the presence of triethylamine with
subsequent reduction using Zn/NH4Cl, using 1.1 and 2.5 equivalents
of propargyl bromide in the presence of K2CO3 in dry DMF at room
temperature as shown in Scheme 1.

The second precursor 7, was obtained via aldol-condensation of
O-alkylazido-acetophenones with ferrocenecarboxaldehyde 6 in
the presence of sodium hydroxide as a base in EtOH:H2O (9:1)
mixture (Scheme 2).

The precursors 3, 4 and 7 were utilized for the synthesis of
desired mono- and bis-1H-1,2,3-triazole-tethered b-lactam-ferro-
cenylchalcone conjugates via Cu-promoted azide-alkyne cycload-
dition reaction in the presence of sodium ascorbate in EtOH:H2O
(10:1) mixture as depicted in Scheme 3.

2.2. Antimalarial evaluation

The synthesized b-lactam-ferrocenylchalcone conjugates were
evaluated for their antimalarial profiles against the CQ-S 3D7 and
CQ-R W2 strain of P. falciparum and the corresponding IC50 as well
as 95% Cl values are listed in Table 1. The synthetic precursor viz. 3-
amino-azetidin-2-ones were previously evaluated for their anti-
malarial potential and have exhibited IC50 values in the range of
18.59e38.06 mMagainst CQ-S strain of P. falciparum [27]. As evident
from Table 1, although the synthesized conjugates were not as
active as the standard drug CQ, the introduction of the ferrocene
nucleus significantly improved the antimalarial efficacy of b-lactam
nucleus. A closer inspection of Table 1 revealed an interesting
Structure Activity Relationship (SAR) with activities strongly
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Scheme 1. Synthesis of mono- and bis-propargylated precursors.
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Scheme 2. Synthesis of O-alkylazido-ferrocenylchalcones.
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Entry n R
8a/9a 2 4-FC6H4
8b9b 2 4-CH3C6H4
8c/9c 2 4-ClC6H4
8d/9d 2 C6H5
8e/9e 2 Cycloheptyl
8f/9f 2 Cyclohexyl

8g/9g 3 4-FC6H4
8h/9h 3 4-CH3C6H4
8i/9i 3 4-ClC6H4
8j/9j 3 C6H5
8k/9k 3 Cycloheptyl
8l/9l 3 Cyclohexyl

Entry n R

6, (1 mmol), CuSO4.5H2O
Sodium ascorbate
EtOH: H2O, rt, 8h

6, (2 mmol), CuSO4.5H2O
Sodium ascorbate
EtOH: H2O, rt, 8h

Scheme 3. Synthesis of desired target hybrids.
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depending upon the nature of substituent at N�1 position of b-
lactam while the length of alkyl chain introduced as linker and the
presence of mono- and bis-ferrocenylchalcone have a little influ-
ence. On comparing the activity profiles among mono-ferroce-
nylchalcone-b-lactam conjugates 8ael against 3D7 strain, the
presence of N-alkyl viz. cyclohexyl and cycloheptyl substituent
improved the activity profiles compared toN-aryl substituents with
8f proved to be the most potent among the series exhibiting an IC50
value of 5.81 mM.

Similar comparison among bis-ferrocenylchalcone-b-lactam
conjugates 9ael against 3D7 strain revealed the dependence of
activities only on the substituent at N�1 position of b-lactam ring
while no improvement with the introduction of another
ferrocenylchalcone unit was observed. The conjugates with N-aryl
substituent at N�1 position of the b-lactam ring viz. 9aed and 9gej
exhibited comparable activity profiles and are less potent
compared to their N-alkyl counterparts viz. 9eef and 9kel. The
compound 9l with N-cyclohexyl substituent proved to be most
potent among the series with an IC50 value of 4.80 mM.

A general comparison of activity profiles of synthesized conju-
gates 8ael and 9ael against CQ-S and CQ-R strains revealed that
the scaffolds showed better antimalarial efficacy against CQ-R (W2)
compared to CQ-S (3D7) strains. SAR studies among mono-ferro-
cenylchalcone-b-lactam conjugates 8ael against W2 strain showed
activities to be independent upon the nature of substituent at N�1
position and the length of the linker. The compound 8e with



Table 1
Antiplasmodial activity against 3D7 and W2 strains of P. falciparum.

Compound R n Strains

3D7 W2

IC50 (mM) 95% CI IC50 (mM) 95% CI

8a p-FeC6H4 2 24.43 22.83e26.15 5.50 5.07e5.96
8b p-CH3eC6H4 2 26.85 24.54e29.39 4.72 4.45e5.01
8c p-CleC6H4 2 20.00 18.03e22.19 6.81 5.53e8.38
8d C6H5 2 20.18 18.19e22.39 14.45 12.45e16.78
8e C7H13 2 8.26 7.86e8.68 2.89 2.49e3.35
8f C6H11 2 5.81 5.03e6.71 5.07 4.63e5.55
8g p-FeC6H4 3 18.58 17.44e19.79 4.48 3.35e5.98
8h p-CH3eC6H4 3 17.26 15.63e19.06 10.45 8.80e12.40
8i p-CleC6H4 3 34.67 27.67e43.45 4.99 4.64e5.36
8j C6H5 3 17.99 15.15e21.35 16.79 15.55e18.13
8k C7H13 3 8.39 7.88e8.94 4.46 3.98e4.79
8l C6H11 3 15.28 13.52e17.26 7.66 6.75e8.69
9a p-FeC6H4 2 31.70 26.46e37.97 20.33 20.66e26.36
9b p-CH3eC6H4 2 23.44 20.75e26.48 14.06 11.69e16.92
9c p-CleC6H4 2 21.23 19.31e23.34 11.09 10.00e12.30
9d C6H5 2 13.77 12.99e14.60 15.14 13.10e17.49
9e C7H13 2 5.75 4.76e6.96 3.33 3.04e3.64
9f C6H11 2 6.79 5.77e7.99 2.36 2.04e2.73
9g p-FeC6H4 3 >100 e 26.92 18.84e38.45
9h p-CH3eC6H4 3 11.51 9.02e14.68 17.50 18.88e18.14
9i p-CleC6H4 3 26.55 25.26e27.90 14.29 12.58e16.21
9j C6H5 3 15.96 14.78e17.23 15.67 12.90e19.02
9k C7H13 3 5.38 4.58e6.33 6.97 6.63e7.32
9l C6H11 3 4.80 4.51e5.12 2.43 2.19e2.70
CQ 0.021 0.018e0.025 0.49 0.37e0.63

IC50 values are means of 5 experiments. 95% CI: 95% confident interval.

Table 2
Cytotoxicity and selective index of conjugates 9f and 9l.

Compound Strains

Cytotoxicity 3D7 W2

(IC50 mM) (IC50 mM) SIa (IC50 mM) SIa

9f 68.47 6.79 10.08 2.36 29.01
9l 75.04 4.80 15.63 2.43 30.88

a Selectivity index.
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cycloheptyl substituent at N�1 position of b-lactam ring proved to
be the most active among this series and exhibited an IC50 value of
2.89 mM. The evaluation studies among bis-ferrocenylchalcone-
conjugates 9ael confirmed them to be less potent than their
mono-counterparts against CQ-R (W2) strain of P. falciparum. The
activity profiles among this series were also shown to depend upon
the nature of substituent at N�1 position of the b-lactam ring with
a preference for N-alkyl (cyclohexyl) substituent. Further, studying
the effect of nature of substituent at N�1 position of the triazole
ring against CQ-S (3D-7) strain revealed a preference for ethyl
linker among mono-conjugates as evident by 8e and 8f while no
such dependence has been observed among bis-conjugates. Similar
comparison of activity profiles against W2-strain showed inde-
pendence over nature of substituent at N�1 position of triazole-
functionality as evident by conjugates 8e, 8f 8k, 8l, 9e, 9f, 9k and 9l.

The conjugates 9f and 9lwere the most potent among the series
exhibiting IC50 values of 2.36 and 2.43 mM respectively. However,
the in vitro antimalarial activity of the mono- and bis-ferroce-
nylchalcones-b-lactam conjugates is lower than ferroquine in lab-
oratory strains (2.1e13.4 nM) [28] and in Senegalese or Gabonese
field isolates (0.55e28.2 nM and 0.43e30.9 nM, respectively)
[29,30], 4-N-substituted ferroquine analogues [31] and of
ferrocenylmethyl-phenylindoles [32]. The antimalarial activities of
the present conjugates against CQ-R W2 strain however are
equivalent to ferroceneeciprofloxacin complexes [10a,33] and
ferrocenyl-chalcones such as 1-ferrocenyl-3-(4-nitrophenyl)prop-
2-en-1-one [34,35].

Cytotoxicity of two most potent conjugates viz. 9f and 9l was
determined against mammalian HeLa cells. As shown in Table 2, the
conjugates were non-cytotoxic against mammalian cells and
therefore had selectivity for inhibition of P. falciparum.

3. Conclusion

In conclusion, the present manuscript explicates the synthesis
and antimalarial evaluation of mono- and bis-ferrocenylchalcones-
b-lactam conjugates. The observed antimalarial profiles showed
that these conjugates are more active against CQ-R W2 strain
compared to CQ-S 3D7 strain of P. falciparum. SAR revealed a strong
dependence of activity profiles at N�1 substituent of b-lactam ring
while the length of the linker and the presence of the mono- and
bis-ferrocenylchalcones seemed to play a secondary role. The
compounds 9f and 9l with an optimum combination of N-alkyl
(Cyclohexyl) substituent at N�1 position, a chain length of n ¼ 2
and n¼ 3 and the presence of bis-ferrocenylchalcone unit proved to
be the most potent among the series exhibiting IC50 values of 2.36
and 2.43 mM respectively.

4. Experimental section

Melting points were determined by open capillary using Veego
Precision Digital Melting Point apparatus (MP-D) and are uncor-
rected. 1H NMR spectra were recorded in deuterochloroform and
DMSO-d6 with Bruker B-ACS 120, 400 MHz and Bruker AVANCE III
HD, 500 MHz spectrometer using TMS as internal standard.
Chemical shift values are expressed as parts per million downfield
from TMS and J values are in hertz. Splitting patterns are indicated
as s: singlet, d: doublet, t: triplet, m: multiplet, dd: double doublet,
ddd: doublet of a doublet of a doublet, and br: broad peak. 13C NMR
spectra were recorded on Bruker 500 MHz AVANCE III HD spec-
trometer in and DMSO-d6 using TMS as internal standard. Mass
spectra were recorded on a BRUCKER high resolution mass spec-
trometer (micrOTOF-QII). Elemental analyses were performed on
Heraus CHN-O-Rapid Elemental Analyzer. Column chromatography
was performed on a silica gel (60e120 mesh) using ethyl aceta-
teehexane mixture as eluent.

4.1. General procedure for the synthesis of procedure for the
preparation of b-lactam ferrocenylchalcone conjugates (8 and 9)

To a stirred solution of O-alkylazido ferrocenylchalcone 6
(1 mmol for 8 and 2 mmol for 9) in EtOH:H2O (10:1) was added
appropriate acetylenic b-lactam 4 or 5 (1 mmol), copper sulphate
(0.055 mmol for 8 and 0.1 mmol for 9) and sodium ascorbate
(0.13mmol for 8 and 0.26 for 9) in succession, at room temperature.
The progress of the reaction was monitored using tlc and on
completion, water (15 mL) was added to the reaction mixture and
extracted with chloroform (2 � 50 mL). Combined organic layers
were dried over anhydrous magnesium sulphate and concentrated
under reduced pressure to result in the isolation of a crude product
which was purified by silica gel chromatography using 4:6 (EtOA-
c:hexane) for 8 and 5.5:4.5 (EtOAc:hexane) for 9.

4.1.1. 3-[(1-{2-[4-(3-Fereocenyl-acryloyl)-phenoxy]-ethyl}-1H
[1,2,3]triazol-4-ylmethyl)-amino]-1-(4-fluoro-phenyl)-4-styryl-
azetidin-2-one (8a)

Yield 80%; Brick Red Solid; mp. 112e113 �C; 1H NMR (CDCl3,
300 MHz): d 4.16 (s, 5H, H13), 4.37 (s, 2H, H5), 4.47 (s, 2H, H12), 4.57
(s, 2H, H11), 4.64 (s, 2H, H7), 4.89 (t, J ¼ 6.0 Hz, eNH, exchangeable
with D2O), 5.16e5.30 (m, 3H, H1 þ H8), 5.75 (dd, J ¼ 5.7 Hz, 7.2 Hz,
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1H, H2), 6.19 (dd, J ¼ 7.2 Hz, 15.9 Hz, 1H, H3), 6.71 (d, J ¼ 15.9 Hz, 1H,
H4), 6.93e7.71 (m, 13H, 11ArH þ H9 þ H10), 7.76 (s, 1H, triazole-H6),
7.94 (d, J ¼ 8.4 Hz, 2H, eArH); 13C NMR (CDCl3, 75 MHz): 49.6, 58.6,
60.5, 61.2, 63.3, 69.0, 69.8, 71.4, 79.3, 114.3, 115.8, 115.9, 116.2, 118.7,
118.8, 122.2, 125.1, 126.7, 126.8, 128.7, 128.8, 130.7, 132.4, 135.4,
135.5, 143.1, 146.5, 161.8, 188.4. HRMS (ESI-micrOTOF-QII) calcd for
C41H36FFeN5O3 [MþH]þ 722.3751, found 722.3749.

4.1.2. 3-[(1-{2-[4-(3-Fereocenyl-acryloyl)-phenoxy]-ethyl}-1H-
[1,2,3]triazol-4-ylmethyl)-amino]-4-styryl-1-p-tolyl-azetidin-2-one
(8b)

Yield 81%; Brick Red Solid; mp. 114e115 �C; 1H NMR (CDCl3,
300 MHz): d 2.28 (s, 3H, eCH3), 4.16 (s, 5H, H13), 4.37 (s, 2H, H5),
4.47 (s, 2H, H12), 4.57 (s, 2H, H11), 4.65 (s, 2H, H7), 4.90 (t, J ¼ 6.0 Hz,
eNH, exchangeable with D2O), 5.16e5.29 (m, 3H, H1 þ H8), 5.72
(dd, J ¼ 5.7 Hz, 7.2 Hz, 1H, H2), 6.17 (dd, J ¼ 7.2 Hz, 15.9 Hz, 1H, H3),
6.72 (d, J ¼ 15.9 Hz, 1H, H4), 6.90e7.69 (m, 13H, 11ArH þ H9þH10),
7.75 (s, 1H, triazole-H6), 7.95 (d, J ¼ 8.6 Hz, 2H, eArH); 13C NMR
(CDCl3, 75 MHz): 21.0, 49.7, 58.6, 60.1, 61.1, 66.3, 69.0, 69.8, 71.4,
79.3, 114.3, 117.2, 118.7, 122.4, 125.3, 126.7, 126.8, 128.8, 128.9, 129.6,
129.7, 130.7, 131.3, 132.4, 134.3, 136.5, 146.3, 146.4, 161.1, 188.6.
HRMS (ESI-micrOTOF-QII) calcd for C42H39FeN5O3 [MþH]þ

718.5279, found 718.5275.

4.1.3. 3-[(1-{2-[4-(3-Fereocenyl-acryloyl)-phenoxy]-ethyl}-1H-
[1,2,3]triazol-4-ylmethyl)-amino]-1-(4-chloro-phenyl)-4-styryl-
azetidin-2-one (8c)

Yield 79%; Brick Red Solid; mp. 117e118 �C; 1H NMR (CDCl3,
300 MHz): d 4.14 (s, 5H, H13), 4.36 (s, 2H, H5), 4.46 (s, 2H, H12), 4.58
(s, 2H, H11), 4.63 (s, 2H, H7), 4.88 (t, J ¼ 6.0 Hz, eNH, exchangeable
with D2O), 5.14e5.31 (m, 3H, H1 þ H8), 5.71 (dd, J ¼ 5.7 Hz, 7.2 Hz,
1H, H2), 6.17 (dd, J¼ 7.2 Hz, 15.9 Hz, 1H, H3), 6.73 (d, J¼ 15.9 Hz, 1H,
H4), 6.89e7.67 (m, 13H, 11ArH þ H9 þ H10), 7.76 (s, 1H, triazole-H6),
7.96 (d, J ¼ 8.4 Hz, 2H, eArH); 13C NMR (CDCl3, 75 MHz): 49.4, 58.5,
60.3, 61.1, 63.5, 69.2, 69.6, 71.5, 79.7, 114.4, 115.6, 115.8, 116.5, 118.4,
118.6, 122.4, 125.2, 126.6, 128.3, 128.5, 128.9, 130.5, 132.3, 135.2,
135.4, 143.5, 146.3, 161.2, 188.9. HRMS (ESI-micrOTOF-QII) calcd for
C41H36ClFeN5O3 [MþH]þ 738.6192, found 738.6184.

4.1.4. 3-[(1-{2-[4-(3-Ferrocenyl-acryloyl)-phenoxy]-ethyl}-1H-
[1,2,3]triazol-4-ylmethyl)-amino]-1-phenyl-4-styryl-azetidin-2-one
(8d)

Yield 82%; Brick Red Solid; mp. 116e117 �C; 1H NMR (CDCl3,
300 MHz): d 4.14 (s, 5H, H13), 4.35 (s, 2H, H5), 4.48 (s, 2H, H12), 4.55
(s, 2H, H11), 4.63 (s, 2H, H7), 4.92 (t, J ¼ 6.0 Hz, eNH, exchangeable
with D2O), 5.14e5.28 (m, 3H, H1 þ H8), 5.70 (dd, J ¼ 5.7 Hz, 7.2 Hz,
1H, H2), 6.19 (dd, J¼ 7.2 Hz, 15.9 Hz, 1H, H3), 6.74 (d, J ¼ 15.9 Hz, 1H,
H4), 6.93e7.66 (m, 14H, 12ArH þ H9þH10), 7.78 (s, 1H, triazole-H6),
7.93 (d, J ¼ 8.6 Hz, 2H, eArH); 13C NMR (CDCl3, 75 MHz): 49.4, 58.8,
60.6, 66.3, 69.8, 69.9, 71.5, 76.8, 79.6, 114.9, 117.3, 118.6, 126.7, 126.8,
126.9, 128.3, 128.5, 128.7, 129.5, 129.7, 130.5, 131.9, 132.7, 134.8,
136.8, 146.4, 146.6, 161.8, 188.4. HRMS (ESI-micrOTOF-QII) calcd for
C41H37FeN5O3 [MþH]þ 704.6415, found 704.6411.

4.1.5. 3-[(1-{2-[4-(3-Ferrocenyl-acryloyl)-phenoxy]-ethyl}-1H-
[1,2,3]triazol-4-ylmethyl)-amino]-1-cycloheptyl-4-styryl-azetidin-
2-one (8e)

Yield 79%; Brick Red Solid; mp. 115e116 �C; 1H NMR (CDCl3,
300 MHz): d 1.33e2.26 (m, 12H, cycloheptyl); 3.55e3.59 (m, 1H,
cycloheptyl H), 4.16 (s, 5H, H13), 4.39 (s, 2H, H5), 4.46 (s, 2H, H12),
4.58 (s, 2H, H11), 4.63 (s, 2H, H7), 4.92 (t, J ¼ 6.0 Hz, eNH,
exchangeable with D2O), 5.14e5.29 (m, 3H, H1 þ H8), 5.71 (dd,
J ¼ 5.7 Hz, 7.2 Hz, 1H, H2), 6.16 (dd, J ¼ 7.2 Hz, 15.9 Hz, 1H, H3), 6.72
(d, J ¼ 15.9 Hz, 1H, H4), 6.93e7.68 (m, 9H, 7ArH þ H9 þ H10), 7.77 (s,
1H, triazole-H6), 7.94 (d, J ¼ 8.6 Hz, 2H, eArH); 13C NMR (CDCl3,
75 MHz): 23.6, 28.4, 32.7, 48.6, 49.7, 58.5, 60.2, 66.7, 69.2, 69.5, 71.1,
76.4, 79.7, 114.9, 117.4, 118.6, 126.3, 126.5, 126.8, 128.2, 129.5, 131.9,
132.5, 134.8, 136.6, 146.4, 146.8, 161.9, 188.5. HRMS (ESI-micrOTOF-
QII) calcd for C42H45FeN5O3 [MþH]þ 724.5272, found 724.5267.

4.1.6. 3-[(1-{2-[4-(3-Ferrocenyl-acryloyl)-phenoxy]-ethyl}-1H-
[1,2,3]triazol-4-ylmethyl)-amino]-1-cyclohexyl-4-styryl-azetidin-2-
one (8f)

Yield 82%; Brick Red Solid; mp. 116e117 �C; 1H NMR (CDCl3,
300 MHz): d 1.43e2.25 (m, 10H, cyclohexyl); 3.52e3.55 (m, 1H,
cyclohexyl H), 4.17 (s, 5H, H13), 4.37 (s, 2H, H5), 4.45 (s, 2H, H12), 4.58
(s, 2H, H11), 4.67 (s, 2H, H7), 4.91 (t, J ¼ 6.0 Hz, eNH, exchangeable
with D2O), 5.11e5.27 (m, 3H, H1 þ H8), 5.74 (dd, J ¼ 5.7 Hz, 7.2 Hz,
1H, H2), 6.17 (dd, J¼ 7.2 Hz, 15.9 Hz, 1H, H3), 6.71 (d, J ¼ 15.9 Hz, 1H,
H4), 6.91e7.66 (m, 9H, 7ArH þ H9 þ H10), 7.75 (s, 1H, triazole-H6),
7.94 (d, J ¼ 8.4 Hz, 2H, eArH); 13C NMR (CDCl3, 75 MHz): 22.1, 27.3,
31.5, 47.4, 49.6, 58.7, 60.4, 66.5, 69.6, 69.8, 71.2, 76.7, 79.3, 114.8,
117.1,118.5,126.2,126.4,126.7, 128.6,129.2,131.8,132.4,134.6,136.9,
146.1, 146.9, 161.4, 188.3. HRMS (ESI-micrOTOF-QII) calcd for
C41H43FeN5O3 [MþH]þ 710.7537, found 710.7531.

4.1.7. 3-[(1-{3-[4-(3-Ferrocenyl-acryloyl)-phenoxy]-propyl}-1H-
[1,2,3]triazol-4-ylmethyl)-amino]-1-(4-fluoro-phenyl)-4-styryl-
azetidin-2-one (8g)

Yield 85%; Brick Red Solid; mp. 118e119 �C; 1H NMR (CDCl3,
300MHz): d 2.34e2.36 (m, 2H, H8), 4.00 (s, 2H, H5), 4.16 (s, 5H, H13),
4.46 (s, 4H, H7 þ H14), 4.58 (s, 2H, H12), 4.89 (t, J ¼ 6.0 Hz, eNH,
exchangeable with D2O), 5.15e5.28 (m, 3H, H1 þ H9), 5.81 (dd,
J ¼ 5.7 Hz, 7.2 Hz, 1H, H2), 6.20 (dd, J ¼ 7.2 Hz, 15.9 Hz, 1H, H3), 6.74
(d, J¼ 15.9 Hz,1H, H4), 6.89e6.98 (m, 4H,eArH), 7.14 (d, J¼ 15.9 Hz,
1H, H10), 7.25e7.55 (m, 7H, �ArH), 7.64 (s, 1H, triazole-H6), 7.72 (d,
J¼ 15.9 Hz, 1H, H11), 7.98 (d, J¼ 8.9 Hz, 2H, eArH); 13C NMR (CDCl3,
75MHz): 19.2, 47.0, 58.7, 60.5, 64.3, 69.0, 69.8, 71.3, 71.8, 79.4,114.2,
115.9, 116.2, 118.7, 118.8, 122.5, 124.4, 126.7, 126.8, 128.7, 128.8, 130.7,
131.9, 132.7, 135.5, 136.8, 143.0, 146.2, 161.9, 188.2. HRMS (ESI-
micrOTOF-QII) calcd for C42H38FFeN5O3 [MþH]þ 736.1041, found
736.1037.

4.1.8. 3-[(1-{3-[4-(3-Ferrocenyl-acryloyl)-phenoxy]-propyl}-1H-
[1,2,3]triazol-4-ylmethyl)-amino]-4-styryl-1-p-tolyl-azetidin-2-one
(8h)

Yield 84%; Brick Red Solid; mp. 112e113 �C; 1H NMR (CDCl3,
300 MHz): d 2.30e2.34 (m, 2H, H8), 2.32 (s, 3H, �CH3), 4.01 (s, 2H,
H5), 4.17 (s, 5H, H13), 4.44 (s, 4H, H7 þ H14), 4.59 (s, 2H, H12), 4.88 (t,
J ¼ 6.0 Hz, eNH, exchangeable with D2O), 5.16e5.27 (m, 3H,
H1 þ H9), 5.80 (dd, J ¼ 5.7 Hz, 7.2 Hz, 1H, H2), 6.22 (dd, J ¼ 7.2 Hz,
15.9 Hz, 1H, H3), 6.75 (d, J ¼ 15.9 Hz, 1H, H4), 6.86e6.95 (m, 4H,
eArH), 7.13 (d, J ¼ 15.9 Hz, 1H, H10), 7.23e7.53 (m, 7H, eArH), 7.62
(s, 1H, triazole-H6), 7.71 (d, J ¼ 15.9 Hz, 1H, H11), 7.98 (d, J ¼ 8.9 Hz,
2H, eArH); 13C NMR (CDCl3, 75 MHz): 19.5, 21.4, 47.6, 58.4, 60.3,
64.7, 69.3, 69.5, 71.6, 71.8, 79.7, 114.1, 115.5, 116.4, 118.6, 118.7, 122.3,
124.5, 126.6, 126.9, 128.5, 128.9, 130.5, 131.8, 132.4, 135.6, 136.9,
143.2, 146.1, 161.4, 188.1. HRMS (ESI-micrOTOF-QII) calcd for
C43H41FeN5O3 [MþH]þ 732.0409, found 732.0401.

4.1.9. 3-[(1-{3-[4-(3-Fereocenyl-acryloyl)-phenoxy]-propyl}-1H-
[1,2,3]triazol-4-ylmethyl)-amino]-1-(4-chloro-phenyl)-4-styryl-
azetidin-2-one (8i)

Yield 80%; Brick Red Solid; mp. 119e120 �C; 1H NMR (CDCl3,
300MHz): d 2.32e2.36 (m, 2H, H8), 4.02 (s, 2H, H5), 4.14 (s, 5H, H13),
4.48 (s, 4H, H7 þ H14), 4.59 (s, 2H, H12), 4.88 (t, J ¼ 6.0 Hz, eNH,
exchangeable with D2O), 5.17e5.29 (m, 3H, H1 þ H9), 5.80 (dd,
J ¼ 5.7 Hz, 7.2 Hz, 1H, H2), 6.21 (dd, J ¼ 7.2 Hz, 15.9 Hz, 1H, H3), 6.73
(d, J¼ 15.9 Hz,1H, H4), 6.88e6.96 (m, 4H,eArH), 7.14 (d, J¼ 15.9 Hz,
1H, H10), 7.23e7.54 (m, 7H, eArH), 7.66 (s, 1H, triazole-H6),7.74 (d,
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J¼ 15.9 Hz, 1H, H11), 7.96 (d, J ¼ 8.9 Hz, 2H, eArH); 13C NMR (CDCl3,
75 MHz): 19.1, 47.4, 58.5, 60.3, 64.7, 69.3, 69.9, 71.5, 71.9, 79.6, 114.3,
115.8, 116.3, 118.6, 118.9, 122.3, 124.5, 126.6, 126.9, 128.5, 128.9,
130.5, 131.7, 132.6, 135.4, 136.6, 143.3, 146.4, 161.8, 188.1. HRMS (ESI-
micrOTOF-QII) calcd for C42H38ClFeN5O3 [MþH]þ 752.0713, found
752.0710.

4.1.10. 3-[(1-{3-[4-(3-Ferrocenyl-acryloyl)-phenoxy]-propyl}-1H-
[1,2,3]triazol-4-ylmethyl)-amino]-1-phenyl-4-styryl-azetidin-2-one
(8j)

Yield 80%; Brick Red Solid; mp. 110e111 �C; 1H NMR (CDCl3,
300 MHz): d 2.31e2.37 (m, 2H, H8), 4.01 (s, 2H, H5), 4.14 (s, 5H, H13),
4.47 (s, 4H, H7 þ H14), 4.57 (s, 2H, H12), 4.87 (t, J ¼ 6.0 Hz, eNH,
exchangeable with D2O), 5.15e5.27 (m, 3H, H1 þ H9), 5.83 (dd,
J ¼ 5.7 Hz, 7.2 Hz, 1H, H2), 6.21 (dd, J ¼ 7.2 Hz, 15.9 Hz, 1H, H3), 6.72
(d, J¼ 15.9 Hz, 1H, H4), 6.88e6.96 (m 4H,eArH), 7.12 (d, J¼ 15.9 Hz,
1H, H10), 7.23e7.51 (m, 8H, eArH), 7.63 (s, 1H, triazole-H6), 7.75 (d,
J¼ 15.9 Hz, 1H, H11), 7.97 (d, J¼ 8.9 Hz, 2H, eArH); 13C NMR (CDCl3,
75 MHz): 19.4, 47.3, 58.6, 60.1, 64.8, 69.2, 69.8, 71.4, 71.8, 79.2, 114.6,
115.5,116.7,118.1,118.5,122.6,124.2,126.6,126.8,128.3,128.8,130.3,
131.5, 132.8, 135.7, 136.9, 143.4, 146.2, 161.6, 188.2. HRMS (ESI-
micrOTOF-QII) calcd for C42H39FeN5O3 [MþH]þ 718.4291, found
718.4288.

4.1.11. 3-[(1-{3-[4-(3-Ferrocenyl-acryloyl)-phenoxy]-propyl}-1H-
[1,2,3]triazol-4-ylmethyl)-amino]-1-cycloheptyl-4-styryl-azetidin-
2-one (8k)

Yield 81%; Brick Red Solid; mp. 118e119 �C; 1H NMR (CDCl3,
300 MHz): d 1.37e2.33 (m, 14H, H8 þ cycloheptyl); 3.53e3.55 (m,
1H, cycloheptyl H), 4.01 (s, 2H, H5), 4.16 (s, 5H, H13), 4.45 (s, 4H,
H7 þ H14), 4.56 (s, 2H, H12), 4.87 (t, J ¼ 6.0 Hz, eNH, exchangeable
with D2O), 5.16e5.29 (m, 3H, H1 þ H9), 5.83 (dd, J ¼ 5.7 Hz, 7.2 Hz,
1H, H2), 6.21 (dd, J¼ 7.2 Hz, 15.9 Hz, 1H, H3), 6.75 (d, J¼ 15.9 Hz, 1H,
H4), 6.87e6.95 (m, 2H, eArH), 7.16 (d, J ¼ 15.9 Hz, 1H, H10),
7.24e7.49 (m, 5H, eArH), 7.62 (s, 1H, triazole-H6), 7.70 (d,
J¼ 15.9 Hz, 1H, H11), 7.97 (d, J¼ 8.4 Hz, 2H, eArH); 13C NMR (CDCl3,
75 MHz): 19.2, 22.5, 27.7, 31.9, 47.3, 49.4, 58.7, 60.2, 66.5, 69.6, 69.9,
71.2, 76.6, 79.8, 114.2, 117.1, 118.7, 126.2, 126.5, 126.7, 128.5, 129.9,
131.5, 132.0, 134.2, 136.4, 146.2, 146.6, 161.2, 188.6. HRMS (ESI-
micrOTOF-QII) calcd for C43H47FeN5O3 [MþH]þ 738.2419, found
738.2416.

4.1.12. 3-[(1-{3-[4-(3-Ferrocenyl-acryloyl)-phenoxy]-propyl}-1H-
[1,2,3]triazol-4-ylmethyl)-amino]-1-cyclohexyl-4-styryl-azetidin-2-
one (8l)

Yield 83%; Brick Red Solid; mp. 113e114 �C; 1H NMR (CDCl3,
300 MHz): d 1.46e2.32 (m, 12H, H8 þ Cyclohexyl), 3.54e3.55 (m,
1H, cyclohexyl H), 4.02 (s, 2H, H5), 4.17 (s, 5H, H13), 4.47 (s, 4H,
H7 þ H14), 4.59 (s, 2H, H12), 4.88 (t, J ¼ 6.0 Hz, eNH, exchangeable
with D2O), 5.14e5.28 (m, 3H, H1 þ H9), 5.81 (dd, J ¼ 5.7 Hz, 7.2 Hz,
1H, H2), 6.22 (dd, J¼ 7.2 Hz, 15.9 Hz,1H, H3), 6.72 (d, J¼ 15.9 Hz,1H,
H4), 6.87e6.99 (m, 2H, eArH), 7.13 (d, J ¼ 15.9 Hz, 1H, H10),
7.26e7.49 (m, 5H, eArH), 7.64 (s, 1H, triazole-H6), 7.73 (d,
J¼ 15.9 Hz, 1H, H11), 7.99 (d, J ¼ 8.9 Hz, 2H, eArH); 13C NMR (CDCl3,
75 MHz): 19.4, 22.2, 27.4, 31.6, 47.4, 49.7, 58.3, 60.5, 66.9, 69.0, 69.8,
71.5, 76.2, 79.5, 114.5, 117.1, 118.0, 126.0, 126.1, 126.6, 128.1, 129.7,
131.9, 132.2, 134.7, 136.8, 146.5, 146.6, 161.6, 188.1. HRMS (ESI-
micrOTOF-QII) calcd for C42H45FeN5O3 [MþH]þ 724.1053, found
724.1047.

4.1.13. 3-[Bis-(1-{2-[4-(3-ferrocenyl-acryloyl)-phenoxy]-ethyl}-1H-
[1,2,3]triazol-4-ylmethyl)-amino]-1-(4-fluoro-phenyl)-4-styryl-
azetidin-2-one (9a)

Yield 82%; Brick Red Solid; mp. 107e108 �C; 1H NMR (CDCl3,
300 MHz): d 4.01 (s, 4H, H5), 4.14 (s, 10H, H13), 4.36 (s, 4H, H7), 4.48
(s, 4H, H12), 5.51e5.24 (m, 4H, H8), 4.56 (s, 4H, H11), 4.75 (dd,
J ¼ 5.7 Hz, 7.2 Hz, 1H, H2), 4.96 (d, J ¼ 5.1 Hz, 1H, H1) 6.24 (dd,
J ¼ 7.2 Hz, 15.9 Hz, 1H, H3), 6.66 (d, J ¼ 15.9 Hz, 1H, H4), 6.90 (d,
J¼ 8.6 Hz, 4H,eArH), 7.10 (d, J¼ 15.9 Hz, 2H, H9), 7.23e7.37 (m, 9H,
eArH), 7.71 (d, J¼ 15.9 Hz, 2H, H10), 7.87 (s, 2H, triazole-H6), 7.95 (d,
J ¼ 8.6 Hz, 4H, eArH); 13C NMR (CDCl3, 75 MHz): 45.4, 49.6, 58.3,
62.2, 66.1, 69.3, 69.4, 71.8, 79.4, 114.1, 117.7, 118.5, 124.8, 126.9, 128.5,
129.7, 130.4, 132.6, 133.3, 134.7, 135.3, 135.6, 138.2, 138.5, 139.9,
143.5, 146.4, 161.2, 188.7. HRMS (ESI-micrOTOF-QII) calcd for
C65H57FFe2N8O5 [MþH]þ 1161.3211, found 1161.3206.

4.1.14. 3-[Bis-(1-{2-[4-(3-ferrocenyl-acryloyl)-phenoxy]-ethyl}-1H-
[1,2,3]triazol-4-ylmethyl)-amino]-4-styryl-1-p-tolyl-azetidin-2-one
(9b)

Yield 83%; Brick Red Solid; mp. 105e106 �C; 1H NMR (CDCl3,
300 MHz): d 2.27 (s, 3H, eCH3), 4.00 (s, 4H, H5), 4.16 (s, 10H, H13),
4.34 (s, 4H, H7), 4.46 (s, 4H, H12), 4.50e4.52 (m, 4H, H8), 4.57 (s, 4H,
H11), 4.76 (dd, J ¼ 5.7 Hz, 7.2 Hz, 1H, H2), 4.97 (d, J ¼ 5.1 Hz, 1H, H1),
6.26 (dd, J ¼ 7.2 Hz, 15.9 Hz, 1H, H3), 6.64 (d, J ¼ 15.9 Hz, 1H, H4),
6.91 (d, J¼ 8.6 Hz, 4H,eArH); 7.09 (d, J¼ 15.9 Hz, 2H, H9), 7.25e7.34
(m, 9H,eArH), 7.72 (d, J¼ 15.9 Hz, 2H, H10), 7.86 (s, 2H, triazole-H6),
7.97 (d, J ¼ 8.6 Hz, 4H, eArH); 13C NMR (CDCl3, 75 MHz): 21.0, 45.3,
49.4, 58.5, 62.2, 66.3, 69.0, 69.8, 71.3, 79.3, 114.3, 117.2, 118.8, 124.9,
126.7, 128.8, 129.6, 130.7, 132.3, 133.8, 134.9, 135.0, 135.4, 138.5,
138.6, 139.8, 143.9, 146.7, 161.3, 188.0. HRMS (ESI-micrOTOF-QII)
calcd for C66H60Fe2N8O5 [MþH]þ 1157.1352, found 1157.1348.

4.1.15. 3-[Bis-(1-{2-[4-(3-ferrocenyl-acryloyl)-phenoxy]-ethyl}-1H-
[1,2,3]triazol-4-ylmethyl)-amino]-1-(4-chloro-phenyl)-4-styryl-
azetidin-2-one (9c)

Yield 83%; Brick Red Solid; mp. 102e103 �C; 1H NMR (CDCl3,
300 MHz): d 4.02 (s, 4H, H5), 4.15 (s, 10H, H13), 4.33 (s, 4H, H7), 4.47
(s, 4H, H12), 4.50e4.53 (m, 4H, H8), 4.57 (s, 4H, H11), 4.74 (dd,
J¼ 5.7 Hz, 7.2 Hz,1H, H2), 4.98 (d, J¼ 5.1 Hz, H1), 6.27 (dd, J¼ 7.2 Hz,
15.9 Hz, 1H, H3), 6.63 (d, J ¼ 15.9 Hz, 1H, H4), 6.93 (d, J ¼ 8.6 Hz, 4H,
eArH), 7.07 (d, J¼ 15.9 Hz, 2H, H9), 7.24e7.37 (m, 9H,eArH), 7.74 (d,
J¼ 15.9 Hz, 2H, H10), 7.84 (s, 2H, triazole-H6), 7.96 (d, J¼ 8.6 Hz, 4H,
eArH); 13C NMR (CDCl3, 75 MHz): 45.2, 49.4, 58.2, 62.3, 66.4, 69.5,
69.7, 71.6, 79.3, 114.4, 117.6, 118.3, 124.6, 126.7, 128.3, 129.6, 130.2,
132.4, 133.1, 134.4, 135.2, 135.5, 138.1, 138.5, 139.6, 143.2, 146.6,
161.5, 188.4. HRMS (ESI-micrOTOF-QII) calcd for C65H57ClFe2N8O5
[MþH]þ 1177.5307, found 1177.5302.

4.1.16. 3-[Bis-(1-{2-[4-(3-ferrocenyl-acryloyl)-phenoxy]-ethyl}-1H-
[1,2,3]triazol-4-ylmethyl)-amino]-1-phenyl-4-styryl-azetidin-2-one
(9d)

Yield 85%; Brick Red Solid; mp. 114e115 �C; 1H NMR (CDCl3,
300 MHz): d 4.03 (s, 4H, H5), 4.17 (s, 10H, H13), 4.36 (s, 4H, H7), 4.45
(s, 4H, H12), 4.51e4.54 (m, 4H, H8), 4.57 (s, 4H, H11), 4.77 (dd,
J ¼ 5.7 Hz, 7.2 Hz, 1H, H2), 4.95 (d, J ¼ 5.1 Hz, 1H, H1), 6.23 (dd,
J ¼ 7.2 Hz, 15.9 Hz, 1H, H3), 6.75 (d, J ¼ 15.9 Hz, 1H, H4), 6.90 (d,
J ¼ 8.6 Hz, 4H, eArH), 7.08 (d, J ¼ 15.9 Hz, 2H, H9), 7.23e7.37 (m,
10H, eArH), 7.73 (d, J ¼ 15.9 Hz, 2H, H10), 7.87 (s, 2H, triazole-H6),
7.98 (d, J ¼ 8.4 Hz, 4H, eArH); 13C NMR (CDCl3, 75 MHz): 49.6, 58.7,
60.3, 66.7, 69.5, 69.6, 71.4, 76.6, 79.3, 114.7, 117.2, 118.7, 126.2, 126.4,
126.7, 128.1, 128.4, 128.9, 129.4, 129.9, 130.8, 131.7, 132.8, 134.6,
136.4, 146.6, 146.8, 161.7, 188.9. HRMS (ESI-micrOTOF-QII) calcd for
C65H58Fe2N8O5 [MþH]þ 1143.6244, found 1143.6437.

4.1.17. 3-[Bis-(1-{2-[4-(3-ferrocenyl-acryloyl)-phenoxy]-ethyl}-1H-
[1,2,3]triazol-4-ylmethyl)-amino]-1-cycloheptyl-4-styryl-azetidin-
2-one (9e)

Yield 78%; Brick Red Solid; mp. 102e103 �C; 1H NMR (CDCl3,
300 MHz): d 1.34e2.24 (m, 12H, cycloheptyl); 3.51e3.56 (m, 1H,
cycloheptyl H), 4.03 (s, 4H, H5), 4.18 (s, 10H, H13), 4.35 (s, 4H, H7),
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4.46 (s, 4H, H12), 4.52e4.55 (m, 4H, H8), 4.55 (s, 4H, H11), 4.73 (dd,
J ¼ 5.7 Hz, 7.2 Hz, 1H, H2), 4.95 (d, J ¼ 5.1 Hz, 1H, H1), 6.25 (dd,
J ¼ 7.2 Hz, 15.9 Hz, 1H, H3), 6.66 (d, J ¼ 15.9 Hz, 1H, H4), 6.90 (d,
J¼ 8.6 Hz, 4H,eArH), 7.10 (d, J¼ 15.9 Hz, 2H, H9), 7.23e7.32 (m, 5H,
eArH), 7.75 (d, J¼ 15.9 Hz, 2H, H10), 7.83 (s, 2H, triazole-H6), 7.95 (d,
J ¼ 8.6 Hz, 4H, eArH); 13C NMR (CDCl3, 75 MHz): 23.5, 28.7, 32.6,
48.8, 49.5, 58.7, 60.1, 66.4, 69.3, 69.7, 71.0, 76.2, 79.5, 114.6, 117.1,
118.3, 126.3, 126.5, 126.6, 128.1, 129.3, 131.4, 132.2, 134.6, 136.8,
146.1, 146.5, 161.6, 188.7. HRMS (ESI-micrOTOF-QII) calcd for
C66H66Fe2N8O5 [MþH]þ 1162.8946, found 1162.8940.

4.1.18. 3-[Bis-(1-{2-[4-(3-ferrocenyl-acryloyl)-phenoxy]-ethyl}-1H-
[1,2,3]triazol-4-ylmethyl)-amino]-1-cyclohexyl-4-styryl-azetidin-2-
one (9f)

Yield 81%; Brick Red Solid; mp. 103e104 �C; 1H NMR (CDCl3,
300 MHz): d 1.44e2.23 (m, 10H, cyclohexyl); 3.51e3.53 (m, 1H,
cyclohexyl H), 4.00 (s, 4H, H5), 4.15 (s, 10H, H13), 4.33 (s, 4H, H7),
4.47 (s, 4H, H12), 4.51e4.54 (m, 4H, H8), 4.55 (s, 4H, H11), 4.75 (dd,
J ¼ 5.7 Hz, 7.2 Hz, 1H, H2), 4.96 (d, J ¼ 5.1 Hz, 1H, H1), 6.27 (dd,
J ¼ 7.2 Hz, 15.9 Hz, 1H, H3), 6.62 (d, J ¼ 15.9 Hz, 1H, H4), 6.94 (d,
J¼ 8.6 Hz, 4H,eArH), 7.08 (d, J¼ 15.9 Hz, 2H, H9), 7.24e7.36 (m, 5H,
eArH), 7.69 (d, J¼ 15.9 Hz, 2H, H10), 7.83 (s, 2H, triazole-H6), 7.96 (d,
J ¼ 8.6 Hz, 4H, eArH); 13C NMR (CDCl3, 75 MHz): 22.3, 27.6, 31.7,
47.5, 49.8, 58.4, 60.3, 66.8, 69.2, 69.7, 71.0, 76.3, 79.6, 114.7, 117.3,
118.4, 126.2, 126.3, 126.7, 128.2, 129.6, 131.7, 132.6, 134.4, 136.6,
146.3, 146.8, 161.1, 188.8. HRMS (ESI-micrOTOF-QII) calcd for
C65H64Fe2N8O5 [MþH]þ 1148.1147, found 1148.1142.

4.1.19. 3-[Bis-(1-{3-[4-(3-ferrocenyl-acryloyl)-phenoxy]-propyl}-
1H-[1,2,3]triazol-4-ylmethyl)-amino]-1-(4-fluoro-phenyl)-4-styryl-
azetidin-2-one (9g)

Yield 81%; Brick Red Solid; mp. 104e105 �C; 1H NMR (CDCl3,
300 MHz): d 2.32e2.37 (m, 4H, H8), 4.03 (s, 4H, H5), 4.14 (s, 10H,
H13), 4.47 (s, 8H, H7 þ H14), 4.57 (s, 4H, H12), 5.13e5.29 (m, 5H,
H1 þ H9), 5.82 (dd, J ¼ 5.7 Hz, 7.2 Hz, 1H, H2), 6.22 (dd, J ¼ 7.2 Hz,
15.9 Hz, 1H, H3), 6.76 (d, J ¼ 15.9 Hz, 1H, H4), 6.88e6.99 (m, 8H,
eArH), 7.12 (d, J ¼ 15.9 Hz, 2H, H10), 7.27e7.58 (m, 5H, eArH), 7.65
(s, 2H, triazole-H6), 7.73 (d, J ¼ 15.9 Hz, 2H, H11), 7.97 (d, J ¼ 8.9 Hz,
4H, eArH); 13C NMR (CDCl3, 75 MHz): 19.5, 45.3, 49.4, 58.6, 62.7,
66.4, 69.1, 69.6, 71.9, 79.8, 114.3, 117.5, 118.4, 124.7, 126.5, 128.4,
129.4, 130.6, 132.5, 133.3, 134.6, 135.5, 135.7, 138.1, 138.6, 139.8,
143.2, 146.7, 161.2, 188.3. HRMS (ESI-micrOTOF-QII) calcd for
C67H61FFe2N8O5 [MþH]þ 1189.2590, found 1189.2584.

4.1.20. 3-[Bis-(1-{3-[4-(3-ferrocenyl-acryloyl)-phenoxy]-propyl}-
1H-[1,2,3]triazol-4-ylmethyl)-amino]-4-styryl-1-p-tolyl-azetidin-2-
one (9h)

Yield 80%; Brick Red Solid; mp. 104e105 �C; 1H NMR (CDCl3,
300 MHz): d 1.91e2.24 (m, 4H, H8), 2.35 (s, 3H, eCH3), 4.02 (s, 4H,
H5), 4.14 (s, 10H, H13), 4.45 (s, 8H, H7 þ H14), 4.51 (s, 4H, H12),
5.12e5.28 (m, 5H, H1 þ H9), 5.76 (dd, J ¼ 7.2 Hz, 15.9 Hz, 1H, H3),
6.24 (dd, J ¼ 5.7 Hz, 7.2 Hz, 1H, H2), 6.74 (d, J ¼ 15.9 Hz, 1H, H4),
6.89e6.97 (m, 5H, eArH), 7.14 (d, J ¼ 15.9 Hz, 2H, H10), 7.25e7.56
(m, 8H,eArH), 7.73 (d, J¼ 15.9 Hz, 2H, H11), 7.91 (s, 2H, triazole-H6),
7.93 (d, J ¼ 9.0 Hz, 4H, eArH); 13C NMR (CDCl3, 75 MHz): 19.3, 21.5,
47.4, 58.5, 60.1, 64.8, 69.2, 69.5, 71.7, 71.9, 79.6, 114.4, 115.7, 116.6,
118.2, 118.8, 122.2, 124.2, 126.1, 126.3, 128.6, 128.8, 130.7, 131.6,
132.3, 135.4, 136.4, 143.1, 146.4, 161.5, 188.5. HRMS (ESI-micrOTOF-
QII) calcd for C68H64Fe2N8O5 [MþH]þ 1185.6373, found 1185.6369.

4.1.21. 3-[Bis-(1-{3-[4-(3-ferrocenyl-acryloyl)-phenoxy]-propyl}-
1H-[1,2,3]triazol-4-ylmethyl)-amino]-1-(4-chloro-phenyl)-4-styryl-
azetidin-2-one (9i)

Yield 84%; Brick Red Solid; mp. 101e102 �C; 1H NMR (CDCl3,
300 MHz): d 2.33e2.39 (m, 4H, H8), 4.04 (s, 4H, H5), 4.12 (s, 10H,
H13), 4.45 (s, 8H, H7 þ H14), 4.56 (s, 4H, H12), 5.11e5.31 (m, 5H,
H1 þ H9), 5.81 (dd, J ¼ 5.7 Hz, 7.2 Hz, 1H, H2), 6.21 (dd, J ¼ 7.2 Hz,
15.9 Hz, 1H, H3), 6.78 (d, J ¼ 15.9 Hz, 1H, H4), 6.86e6.97 (m, 8H,
eArH), 7.14 (d, J ¼ 15.9 Hz, 2H, H10), 7.26e7.55 (m, 5H, eArH), 7.66
(s, 2H, triazole-H6), 7.74 (d, J ¼ 15.9 Hz, 2H, H11), 7.98 (d, J ¼ 8.9 Hz,
4H, eArH); 13C NMR (CDCl3, 75 MHz): 19.3, 45.4, 49.6, 58.5, 62.4,
66.7, 69.3, 69.5, 71.8, 79.9, 114.2, 117.4, 118.1, 124.6, 126.4, 128.6,
129.5, 130.3, 132.2, 133.7, 134.3, 135.5, 135.7, 138.5, 138.8, 139.6,
143.0, 146.5, 161.5, 188.9. HRMS (ESI-micrOTOF-QII) calcd for
C67H61ClFe2N8O5 [MþH]þ 1205.8463, found 1205.8459.
4.1.22. 3-[Bis-(1-{3-[4-(3-ferrocenyl-acryloyl)-phenoxy]-propyl}-
1H-[1,2,3]triazol-4-ylmethyl)-amino]-1-phenyl-4-styryl-azetidin-2-
one (9j)

Yield 78%; Brick Red Solid; mp. 106e107 �C; 1H NMR (CDCl3,
300 MHz): d 2.29e2.35 (m, 4H, H8), 4.01 (s, 4H, H5), 4.15 (s, 10H,
H13), 4.47 (s, 8H, H7 þ H14), 4.56 (s, 4H, H12), 5.13e5.26 (m, 5H,
H1 þ H9), 5.80 (dd, J ¼ 5.7 Hz, 7.2 Hz, 1H, H2), 6.24 (dd, J ¼ 7.2 Hz,
15.9 Hz, 1H, H3), 6.74 (d, J ¼ 15.9 Hz, 1H, H4), 6.89e6.98 (m, 8H,
eArH), 7.11 (d, J ¼ 15.9 Hz, 2H, H10), 7.24e7.55 (m, 6H, eArH), 7.65
(s, 2H, triazole-H6), 7.74 (d, J ¼ 15.9 Hz, 2H, H11), 7.98 (d, J ¼ 8.9 Hz,
4H, eArH); 13C NMR (CDCl3, 75 MHz): 19.2, 47.5, 58.2, 60.7, 64.3,
69.7, 69.9, 71.5, 71.6, 79.3,114.1,115.7,116.2,118.6,118.9,122.3,124.5,
126.6, 126.9, 128.1, 128.4, 130.4, 131.2, 132.5, 135.8, 136.8, 143.3,
146.4, 161.1, 188.6. HRMS (ESI-micrOTOF-QII) calcd for
C67H62Fe2N8O5 [MþH]þ 1171.5113, found 1171.5117.
4.1.23. 3-[Bis-(1-{3-[4-(3-ferrocenyl-acryloyl)-phenoxy]-propyl}-
1H-[1,2,3]triazol-4-ylmethyl)-amino]-1-cycloheptyl-4-styryl-
azetidin-2-one (9k)

Yield 80%; Brick Red Solid; mp. 102e103 �C; 1H NMR (CDCl3,
300 MHz): d 1.32e2.32 (m, 16H, H8 þ cycloheptyl); 3.54e3.58 (m,
1H, cycloheptyl H), 4.01 (s, 4H, H5), 4.15 (s, 10H, H13), 4.46 (s, 8H,
H7 þ H14), 4.55 (s, 4H, H12), 5.14e5.27 (m, 5H, H1 þ H9), 5.84 (dd,
J ¼ 5.7 Hz, 7.2 Hz, 1H, H2), 6.24 (dd, J ¼ 7.2 Hz, 15.9 Hz, 1H, H3), 6.76
(d, J¼ 15.9 Hz,1H, H4), 6.88e6.97 (m, 6H,eArH), 7.13 (d, J¼ 15.9 Hz,
2H, H10), 7.26e7.54 (m, 3H, eArH), 7.63 (s, 2H, triazole-H6),7.71 (d,
J¼ 15.9 Hz, 2H, H11), 7.97 (d, J¼ 8.9 Hz, 4H,eArH); 13C NMR (CDCl3,
75 MHz): 19.4, 22.1, 27.4, 31.5, 47.7, 49.2, 58.4, 60.5, 66.7, 69.5, 69.7,
71.3, 76.7, 79.7, 114.6, 117.2, 118.6, 126.3, 126.7, 126.9, 128.4, 129.7,
131.4, 132.3, 134.1, 136.6, 146.4, 146.5, 161.5, 188.8. HRMS (ESI-
micrOTOF-QII) calcd for C68H71Fe2N8O5 [MþH]þ 1190.1983, found
1190.1978.
4.1.24. 3-[Bis-(1-{3-[4-(3-ferrocenyl-acryloyl)-phenoxy]-propyl}-
1H-[1,2,3]triazol-4-ylmethyl)-amino]-1-cyclohexyl-4-styryl-
azetidin-2-one (9l)

Yield 84%; Brick Red Solid; mp. 104e105 �C; 1H NMR (CDCl3,
300MHz): d 1.45e2.35 (m,14H, H8þ Cyclohexyl), 3.51e3.53 (m,1H,
cyclohexyl H), 4.00 (s, 4H, H5), 4.15 (s, 10H, H13), 4.46 (s, 8H,
H7 þ H14), 4.57 (s, 4H, H12), 5.13e5.27 (m, 5H, H1 þ H9), 5.81 (dd,
J ¼ 5.7 Hz, 7.2 Hz, 1H, H2), 6.21 (dd, J ¼ 7.2 Hz, 15.9 Hz, 1H, H3), 6.75
(d, J¼ 15.9 Hz,1H, H4), 6.87e6.97 (m, 6H,eArH), 7.14 (d, J¼ 15.9 Hz,
2H, H10), 7.26e7.59 (m, 3H, eArH), 7.63 (s, 2H, triazole-H6), 77.2 (d,
J¼ 15.9 Hz, 2H, H11), 7.98 (d, J¼ 8.9 Hz, 4H,eArH); 13C NMR (CDCl3,
75 MHz): 19.2, 22.4, 27.5, 31.7, 47.2, 49.6, 58.1, 60.7, 66.8, 69.5, 69.9,
71.3, 76.4, 79.2, 114.2, 117.6, 118.3, 126.2, 126.3, 126.7, 128.2, 129.8,
131.8, 132.1, 134.8, 136.9, 146.2, 146.5, 161.4, 188.0. HRMS (ESI-
micrOTOF-QII) calcd for C67H68Fe2N8O5 [MþH]þ 1176.4863, found
1176.4858.
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4.2. Methods for assessment of antimalarial activity of test
compounds

The two strains viz. 3D7, the CQ-susceptible strain (isolated in
West Africa; obtained from MR4, VA, USA), and W2 (isolated in
Indochina; obtained from MR4, VA, USA), the CQ-resistant strain,
were maintained in culture in RPMI 1640 (Invitrogen, Paisley,
United Kingdom), supplemented with 10% human serum (Abcys
S.A. Paris, France) and buffered with 25 mM HEPES and 25 mM
NaHCO3. Parasites were grown in A-positive human blood (Eta-
blissement Français du Sang, Marseille, France) under controlled
atmospheric conditions that consisted of 10% O2, 5% CO2 and 85% N2
at 37 �C with a humidity of 95%.

The two strains were synchronized twice with sorbitol before
use [24], and clonality was verified every 15 days through PCR
genotyping of the polymorphic genetic markers msp1 and msp2
and microsatellite loci [25,26]; additionally, clonality was verified
each year by an independent laboratory from the Worldwide Anti-
malarial Resistance Network (WWARN).

Chloroquine diphosphate (CQ) was purchased from Sigma (Saint
Louis, MO). CQwas resuspended inwater in concentrations ranging
between 5 and 3200 nM. The synthetic compounds were resus-
pended in DMSO and then diluted in RPMI-DMSO (99v/1v) to
obtain final concentrations ranging from 1 nM to 100 mM.

For in vitro isotopic microtests, 25 mL/well of antimalarial drug
and 200 mL/well of the parasitized red blood cell suspension (final
parasitaemia, 0.5%; final haematocrit, 1.5%) were distributed into 96
well plates. Parasite growth was assessed by adding 1 mCi of triti-
ated hypoxanthine with a specific activity of 14.1 Ci/mmol (Per-
kineElmer, Courtaboeuf, France) to each well at time zero. The
plates were then incubated for 48 h in controlled atmospheric
conditions. Immediately after incubation, the plates were frozen
and thawed to lyse erythrocytes. The contents of each well were
collected on standard filter microplates (Unifilter GF/B; Per-
kineElmer) and washed using a cell harvester (Filter-Mate Cell
Harvester; PerkineElmer). Filter microplates were dried, and 25 mL
of scintillation cocktail (Microscint O; PerkineElmer) was placed in
each well. Radioactivity incorporated by the parasites was
measured with a scintillation counter (Top Count; PerkineElmer).

The IC50, the drug concentration able to inhibit 50% of parasite
growth, was assessed by identifying the drug concentration cor-
responding to 50% of the uptake of tritiated hypoxanthine by the
parasite in the drug-free control wells. The IC50 value was deter-
mined by non-linear regression analysis of log-based dos-
eeresponse curves (Riasmart™, Packard, Meriden, USA). IC50 are
expressed as geometric means of 5 experiments.

4.3. In vitro analysis of cytotoxicity on HeLa cells

HeLa cells were cultured in 60 � 15 mm tissue culture dishes
containing 5 mL of Dulbecco's Modified Eagle's Medium (DMEM)
supplemented with penicillin and streptomycin. Compounds were
dissolved in DMSO to 100 mM concentrations. Once cell cultures
reached 70% confluency, 5 mL of compoundwas added to the DMEM
in the tissue culture dish for a final concentration of 100 mM. Cells
were incubated for 24 h in a 37 �C CO2 incubator. After 24 h incu-
bation, the media was removed from the HeLa cells and the cells
were thenwashed with 5 mL of 1X PBS. The cells were then cleaved
off of the bottom of the plate via 5-min incubation with 0.5 mL of
0.25% trypsin. Cells were re-suspended in 1 mL of 1X PBS and
transferred to a micro-centrifuge tube. 100 mL of trypan blue solu-
tionwas added to the re-suspended cells and allowed to incubate at
room temperature for approximately 10 min. Viable and dead cells
were visualized and counted with a haemacytometer. IC50 values
were determined using GraphPad PRISM.
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