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(a) UV-Vis absorption spectra in Dichloromethafeepresentative ferrocenyl esters (b) UV-Vis
spectra of 10 uM E4 for DNA Binding Study: (a) 0,00 (b) 1.1 uM (c) 2.2 uM (d) 3.3 uM (e)
4.4 uM (f) 5.5uM at room temperature.
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Highlights

Ferrocenyl esters have been synthesized and charackt successfully.
DFT calculations were carried out to support theeexnental data.
The interaction of these esters with double strdnd@cken blood DNA was studied by cyclic

voltammetry and absorption spectroscopic methods.
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Synopsis

* Synthesis and characterization of aromatic/alighfatirocenyl ester.

» Electrochemical study of the products.

» UV spectroscopy and CV studies were planned inrotaestudy their interaction with
double stranded chicken blood DNA.
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Abstract

A series of aromatic/aliphatic ferroceneyl-esi&$-E10) was synthesized by condensation of 4-
ferrocenyl benzoic acid (FB) with various alcoh@4.-A10). Structural elucidation of these esters
was carried out by FT-IRHNMR and UV-visible spectroscopic studies. Singtgstal X-ray
analysis was used to investigate solid state streadf E1, E4 and E8. DFT calculations were
carried out at hybrid B3LYP level of theory usin@ri3ity Gauss Double-Zeta with polarization
functions full-electron basis sets to support thigeeimental data. Calculated structural parameters
and FTIR vibrational frequencies of the optimizesbignetries were congruent to the experimental
data. The interaction of the esters with doublargted chicken blood DNA was studied by cyclic
voltammetry and absorption spectroscopic methodegabive potential shift in cyclic

voltammetric and the hyperchromic shift in UV-vigestroscopy suggested external interaction



(groove binding). Interaction of ferrocenyl este&sgh DNA were found electrostatic in nature.
Free energies of ferrocenyl esters-DNA complexdiated spontaneity of their binding.
Keywords
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1. Introduction

Discovery ofbis(cyclopentadienyl) iron(ll) has significantlyflimenced research in the advanced
organometallic chemistry. Diverse coordination nembgeometries, bonding modes, thermal
stability, applications in catalysis, organic syegts, and industry makes ferrocene &) most
widely studied versatile compound in many reseaacbas. It has also been investigated
extensively for potential biological and mediciagiplications from the beginning.[1-6]

In recent years, bio-organometallic chemistry hasved as a rapidly emerging area which links
classical organometallic chemistry to biology, neolar biotechnology and subsequently, with the
preparation of novel peptide mimetic models andatmal drugs.The oxidized species of
ferrocene, ferrocenium (Gpe’) was reported to be responsible for the cytotgrioperties on
DNA mediated through its capacity to generate oryjgee radical species. Presence of the
ferrocenyl moiety enhances activity due to itstreddy low reversible redox behavior.[6-11] This
property is responsible for generating reactivegexyated species under physiological conditions
resulting in increase in anti-cancer activity asllves cell permeability due to its lipophilic

nature!*? Ferrocene has been recently reported to haveiamtitproperties due to the metabolic



formation of ferrocenium ions which induces oxigdatidamage to DNA. As a result, many
functionalized ferrocenes have been prepared atediéen cancer cells.[7-12]

We report, herein, synthesis, structural charazagdn (experimental and calculated) of some
newly synthesized ferrocenyl-esters. Different laific and aromatic ferrocenyl esters were
designed to study the effect of the presence ddettgroups on the DNA binding ability of the
compounds, [7] which was performed using cyclictamimertry and Uv-visible spectroscopic
techniques.

2. Material and Methods

2.1 Materialsand Reagents

Ferrocene (172.5 °C), hexadecyltrimethylammoniuomnde sodium hydroxide (318 °C), N,N-
dicyclohexylcarbodiimide (DCC, 34 °C), 4-N,N-dimgtaminopyridine (DMAP, 110-113 °C), 4-
aminobenzoic acid (187-189 °C), sodium nitrite (2C€), octadecan-1-ol (170-171 °C),
hexadecan-1-ol (b.p. 150°C to 154), m-cresol (1) &€can-1-ol and conc.,BO, (10 °C) were
purchased from Fluka, Switzerland and used witladher purification. Anhydrous MgS@dec.
1124 °C) and benzoyl chloride were purchased franréac, Spain. 1-Napthol (95 to 96 °C),
propan-1-ol (97 to 98 °C), propan-2-ol, silica §6FHF,s4 were obtained from Merck, Germany.
NaHCQ; and conc. HCI were obtained from Riedel-deHaenn@ay. The solvent
dichloromethane purchased from Sigma Aldrich usedrev purified according to the
standard reported method.

2.2  Synthesis

2.2.1 4-Ferrocenyl benzoic acid (FB)

FB was synthesized following a reported procedurtdined in the scheme 1. [14, 15]

2.2.2 Synthesis of Ferrocenyl Ester Derivatds (E1-E10)

1.306 mmol 4-ferrrocenyl benzoic acid and 1.306 inahaohols (A1-A10, scheme 1) were added

to a three- necked round-bottom flask fitted wigfiux condenser, magnetic stirrer and inert gas
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inlet/outlet. 50 ml anhydrous GBI, was added to the flask with constant stirring.eAfthat a
solution containing 0.296 g (1.436 mmol) N,N-digeéxylcarbodiimide (DCC) and a catalytic
amount of N,N-dimethylaminopyridine (DMAP) in 10 rahhydrous CKCl, was added to the
flask under N atmosphere. The reaction mixture was stirred fbodrs at room temperature. The
dicyclohexylurea was filtered off and the solvenhsmremoved under reduced pressure. The
obtained products were purified by passing throagbolumn of silica gel (ethyl acetate: n-
hexanes), and then recrystallized from chlorofanrhexane (1:9).

2.2.3 Synthesis of phenyl 4-ferrocenyl benzoate (E1

The ferrocenyl ester phenyl 4-ferrocenyl benzoai®s veynthesized and purified by above
mentioned general method using phenol (0.122 ¢)6L1@mol). The product was purified by

passing through a column of silica gel (ethyl ateeta-hexane = 1:5).

> 10 1.2 0 9 8

3'@-@0—0—@ 7

vre 37y 5 6

= E1
Yield; 54.0%, m.p. 12€. *H NMR (300 MHz, DMSO-g): § 8.309 ( 2H, dJ = 8.4 Hz, 2,4),
7.754 ( 2H, dJ = 8.4 Hz, 1,3), 7.488 ( 2H, m, 5,9), 7.347-7.283( m, 6-8), 4.996 { 2H, {J =
1.8 Hz, 1'4’ (°>-CsHa4)}, 4.487 { 2H, t,J = 1.8 Hz, 2°,3" §°-CsHy)}, 4.057 { 5H, s, §°>-CsHs)}.
UVIvis (CHxCly): Amax461 €=1500), 368 §=3000) nm. GzHigFeQ;, Calcd: C, 72.251, H, 4.712;
Found; C, 71.39; H, 4.02.
2.2.4 Synthesis of n-propyl 4-ferrocenyl benzoat&p)
n-Propyl 4-ferrocenyl benzoate was prepared bytbeedure described above using (0.078 g;

1.306 mmol) propane-1-ol. Obtained ester was matiby passing through a column of silica gel

(ethyl acetate: n-hexane = 1:6).

2 1 L2 0
3R C—O0-C3H;
4'Fe

= ‘' m



Yield; 52.0%.'H NMR (300 MHz, DMSO-g): 5 8.163 ( 2H, dJ = 8.4 Hz, 2,4), 7.981 ( 2H, d =
8.4 Hz, 1,3), 4.736 {2H, 1] = 1.8 Hz, 1",4'¢>-CsHJ)}, 4.413 { 2H, t,J = 1.8 Hz, 2,3’ {>-CsHJ)},
4.060 {5H, s, §>-CsHs)}, 4.127 ( 2H, tJ = 7.2 Hz, -OCH), 1.836 ( 2H, m, -CHt), 1.069 ( 3H, t,

J = 7.2 Hz, -CH). UVNis (CHCL): Amax 455 £=2360), 344 ¢=9280) nm. 344. GHyoFeO
Calcd: C, 68.96, H, 5.747; Found; C, 67.88; H, 4.98

2.2.5 Synthesis of ethyl 4-ferrocenyl benzoate (E3)

Ethyl 4-ferrocenyl benzoate was synthesized by almegntioned procedure using (0.060 g; 1.306
mmol) ethanol, obtained product was purified byspas through a column of silica gel (ethyl
acetate: n-hexane = 1:5).

12

2 1 (”3
3'4-5_@0#0_62'45
Fe
: 3 4 E3
=

Yield; 53.0%, m.p. 8&.H NMR (300 MHz, DMSO-¢): 5 7.871 ( 2H, dJ = 8.4 Hz, 2,4), 7.669
(2H, d,J = 8.4 Hz, 1,3), 4.909 { 2H, f] = 1.8 Hz, 1',4'¢>CsHa)}, 4.452 { 2H, t,J = 1.8 Hz,
2',3'(n>-CsHa)}, 4.034 { 5H, s, §°-CsHs)}. 4.313 ( 2H, g,J = 7.2 Hz, -OCH)), 1.332 ( 3H, tJ =

7.2 Hz, -CH). UV/is (CH.CL,): Amax 455 €=2630), 361 §=7890) nm. GgHigFeQ, Calcd: C,
68.26, H, 5.38; Found; C, 67.88; H, 5.08.

2.2.6 Synthesis of 1-naphthyl 4-ferrocenyl benzoa(&4)

1-Naphthyl 4-ferrocenyl benzoate was synthesizedhay procedure outlined in scheme 1 by
using (0.18 g; 1.306 mmol) 1-napthol. Ferrocenytesbtained was purified by passing through a
column of silica gel (ethyl acetate: n-hexane 5.1:5

10 9
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Yield; 56.0%, m.p. 181-182. 'H NMR (300 MHz, DMSO-g): 5 8.169 ( 2H, dJ = 8.4 Hz, 2,4),
7.811 ( 2H, dJ = 8.4 Hz, 1,3), 8.070-7.476 ( 7H, m, 5-11), 4.9%H, t, J = 1.8 Hz, 1".4'¢°-
CsHJ)}, 4.507 { 2H, t,J = 1.8 Hz, 2',3'¢>-CsH,)}, 4.089 { 5H, s, §°-CsHs)}. UV/vis (CH,Cly):
Amax 460 €=2000), 370 ¢=6550) nm. G/HpFeQ Calcd: C, 75.0, H, 4.62; Found; C, 73.88; H,
4.08.

2.2.7 Synthesis of methyl 4-ferrocenyl benzoate (E5

The specie methyl 4-ferrocenyl benzoate was prejpasang (90.041 g; 1.306 mmol) methanol by
the above mentioned procedure. Purification of Iteguester was done by column of silica gel

(ethyl acetate: n-hexane = 1:7).

71 =X 0
s &2 )-E—o—cn,
4Ee 3 4 E5

=

Yield; 55.0%, m.p. 100-16C. 'H NMR (300 MHz, DMSO-g¢): § 7.64 ( 2H, dJ = 8 Hz, 2,4),
7.43 (2H, dJ =8 Hz, 1,3), 4.21 { 2H, ) = 1.8 Hz, 1",4'>CsH,)}, 4.061 { 2H, t,J = 1.8 Hz,
2',3'(n%-CsHa)}, 3.79 {5H, s, °CsHs)} 4.13 ( 3H, s, -OCH). UVNis (CHCly): Amax 455
(e=2360), 361 ¢=6910) nm. GgH1sFeGy Calced: C, 67.5, H, 5.00; Found; C, 66.4; H, 4.88.

2.2.8 Synthesis of n-octadecanyl 4-ferroceny! berede (E6)

The n-octadecanyl 4-ferrocenyl benzoate was syizitbgdy general procedure described above
using (0.325 g; 1.306 mmol) n-octadecanol. Obtajmextiuct was purified by passing through a

column of silica gel (n-hexane).

2 1 =X o
3'@—@C—O+CH2}—CH3
4'Fe 17

= '

Yield; 65.0%, m.p. 6&. *H NMR (300 MHz,**CHCl): § 7.970 ( 2H, d,J = 8.4 Hz, 2,4), 7.530 (
2H, d,J = 8.4 Hz, 1,3), 4.726 { 2H, 1] = 1.8 Hz, 1',4'¢>-CsH,)}, 4.403 { 2H, t,J = 1.8 Hz,

2',3'(n°-CsHa)}, 4.049 { 5H, s, (°-CsHs)}, 4.324 ( 2H, t,J = 6.6 Hz, -OCH), 1.785 ( 2H, m, -
9



CH,-), 1.311-1.269 ( 30H, m, -GH), 0.849 ( 3H, t, -Ch). UV/vis (CH.CL): Amax 455 £=3440),
361€=9078) nm. GsHsoFe, Caled: C, 75.26, H, 8.96; Found; C, 74.4; H, 8.08.

2.2.9 Synthesis of isopropyl 4-ferrocenyl benzoa(&7)

Isopropyl 4-ferrocenyl benzoate was prepared byqug0.078 g; 1.306 mmol) 2-propanol
following the general procedure mentioned abovetal@bd ferrocenyl ester was purified by

passing through a column of silica gel (ethyl aeeta-hexane = 1:6).

21 A2 o0 H
3’@—@0—0—0—{0%}
@4Fe 34 E7 ?

Yield; 57.0%, m.p. 71-7&. H NMR (300 MHz, DMSO-¢): 5 7.873 ( 2H, d,) = 8.4 Hz, 2,4),
7.667 ( 2H, dJ = 8.4 Hz, 1,3), 4.904 {2H, f] = 1.8 Hz, 1',4’ {°>-CsH4)}, 4.450 { 2H, t,J= 1.8
Hz, 2',3'(°-CsHa)}, 4.032 { 5H, s, §°-CsHs)} 4.345 ( 1H, m, -OCH-), 1.329 ( 6H, d, -GH
UVIVis (CH.Cl): Amax 454 €=2520), 362 ¢=6360) nm. Calcd: C, 68.96, H, 5.747; Found; C467.
H, 5.08. GoH2oFe, Calced: C, 68.96, H, 5.747; Found; C, 67.4; H, 5.08

2.2.10 Synthesis of (3-methyl)-phenyl 4-ferrocenydenzoate (E8)

(3-Methyl)-phenyl 4-ferrocenyl benzoate was synittexs by above mentioned general procedure
using m-cresol (0.140 g; 1.306 mmol), the produtsrdocenyl ester was purified by passing

through a column of silica gel (ethyl acetate: ndre = 1:7).

2 1 1 2 9 7
)t
4'Fe
:- 3 4 EB8 5 “CH,

Yield; 58.0%, m.p. 109-1£C. *H NMR (300 MHz,**CHCL): § 8.184 ( 2H, d,J = 8.7 Hz, 2,4),
7.605 ( 2H, dJ = 8.7 Hz, 1,3), 7.284-7.061 ( 4H, m, 5-8), 4.782H, t,J = 1.8 Hz, 1',4'¢*
CsHa)}, 4.452 { 2H, t,J = 1.8 Hz, 2',3'(°-CsH4)}, 4.160 { 5H, s, §>-CsHs)}, 2.420 ( 3H, s, -CH).
UVIvis (CHaCLy): Amax 459 €=1070), 363 §=2893) nm. GHyoFeQ Calcd: C, 72.72, H, 5.05;

Found; C, 71.4; H, 4.98.
10



2.2.11 Synthesis of n-decanyl 4-ferrocenyl benzo&(e9)

n-Decanyl 4-ferrocenyl benzoate was synthesizedallgve mentioned general method using
(0.248 g; 1.306 mmol) n-decanol. ferrocenyl estataimed was purified by passing through a
column of silica gel (n-hexane).

21 1.2 g

3 &2 C—O—-CH—CH;,
B °
N =9

Yield; 64.0%."H NMR (300 MHz,"*CHCL): § 7.898 ( 2H, d,) = 8.4 Hz, 2,4), 7.527 ( 2H, d,=

8.4 Hz, 1,3), 4.729 { 2H, ] = 1.8 Hz, 1", 4'>-CsH,)}, 4.407 { 2H, t,J = 1.8 Hz, 2",3'4°>-CsHaJ)},
4.052 { 5H, s, 4>-CsHs)}, 4.326 ( 2H, tJ = 6.6 Hz, -OCH-), 1.784 ( 2H, m, -CH), 1.279-1.251

( 14H, m, -CH-), 0.849 ( 3H, t, -Ch). UVNis (CHCL,): Amax 455 £=2350), 369 ¢=3990) nm.
CaiHzsFe Caled: C, 67.37, H, 9.09; Found; C, 66.92H, 8.99.

2.2.12 Synthesis of n-hexadecanyl 4-ferrocenyl bevete (E10)

The n-hexadecanyl 4-ferrocenyl benzoate benzoatepnepared by above mentioned procedure
using (0.315 g; 1.306 mmol) n-hexadecanol. Obtapreduct was purified by passing through a

column of silica gel (n-hexane).

N
=

3 C—0—-CH,—CH,
15

3 4 EI10

@k
-
)

Yield; 68.0%, m.p. 7. *H NMR (300 MHz,**CHCly): § 7.971 ( 2H, dJ = 8.4 Hz,2,4), 7.529 (
2H, d,J = 8.4 Hz, 1,2), 4.727 { 2H, § = 1.8 Hz, 1",4'>-CsHa)}, 4.404 { 2H, t,J = 1.8 Hz, 2,3’
(n°>-CsHa)}, 4.050 { 5H, s, §>-CsHs)}, 4.325 ( 2H, t,J = 6.6 Hz, -OCH), 1.784 ( 2H, m, -Chi),
1.315-1.270 ( 26H, m, -G#), 0.894 ( 3H, t, -Ch). UV/vis (CH,Cly): Amax 455 €=2380), 368
(e=4920) nm. GgH4eFeG, Caled: C, 74.70, H, 8.73; Found; C, 72.4; H, 70@8lcd: C, 74.71, H,
8.67; Found; C, 72.4; H, 7.98

2.3 Characterization
11



'H NMR spectral analysis was carried out using Brukeance 300 MHz NMR instrument (in
DMSO-d). Fourier transform infrared spectra were recoroied FTIR instrument, Nicolet 6700,
Thermoscientific company, USA using solid statelgsis. Melting temperature of the esters was
determined on a melting point apparatus, Mel-Temltamura Riken Kogyo, Inc., Tokyo, Japan,
using open capillary tubes. Thermal characterinatisas carried out using Perkin-Elmer
instrument TGA7 thermobalane, at a heating rat€®®5°C/min under N atmosphere upto
maximum temperature of 66C. Single crystal X-ray studies were performed %2(2) K on a
Bruker Apex Il CCD diffractometer using MgKradiation {= 0.71073A). The cyclic
voltammetry studies of representative ferrocenesthasters were performed using Eco Chemie
Auto lab. PGSTAT 12 potentiostat/galvanostat instent with three electrode cells, glassy carbon
(GC, 0.071 crf), Pt wire (0.1 cm thickness) and saturated calategitrode (SCE)/ 3 M KCI were
employed as working, counter and reference eleetredpectively, using tetrabutylammonium
perchlorate (TBAP) as a supporting electrolyte. Terking electrode was polished with
powdereda-alumina on a polishing pad and washed with doubsyilled water prior to each
experiment. Absorption spectra of the esters wecerded on shimadzu 1700 spectrophotometer,
Kyoto Japan. Purity of the product was monitoredrh using pre-coated kieselgel 60-HF TLC
platter using the eluent system that gave the ssgsaration. Flash column chromatography was
carried out using a forced flow of the indicateti/ent on Kieselgel using pre-coated kieselgel 60-
HF (0.02-0.045 mm).

3. Results and discussion

FB was synthesized following the reported methagkmiin the scheme 1. It was then esterified
with the aromatic and aliphatic alcohols (A1-A1@h8me 1) producing ferrocenyl esters (E1-
E10). The process was carried out in anhydrous latcmethane using N,N-

dicyclohexylcarbodiimide (DCC) and catalytic amooh#-N,N-dimethylaminopyridine (DMAP).

12



The viscous products obtained were further purifisthg flash column chromatography. FTIR,
3¢ and'H-NMR analyses were carried out in order to confihm syntheses of Es.

In FTIR spectra a broad band of carboxylic group@OH, 3500-2200 ci) disappeared with the
appearance of an intense carbonyl (C=0) peak @-17@0 cni indicating the formation of ester
linkage.[5,6] Typical Fe-Cp stretching vibration svdound in range 470-490 ¢m The
representative FTIR spectra are given in supporiifgrmation (SlI). In order to support the
experiental data, IR frequencies were calculatecusipg hybrid B3LYP with DFT-optimized
DGDZVP basis sets. These frequencies were scaleatding to the reported method and are
given in supplementary information.[15]

"H-NMR spectroscopic analysis of FB and ferrocerstees was carried out using TMS as an
internal reference to support the FTIR results.eRamt peaks for FBL4] were found in the
spectrum.’H-NMR spectra of Es were consistent with the prepostructures. Characteristic
signals associated with the proton of ferroceneetyoivere present in all spectra in the form of
one upfield singlet 4.01-4.07 ppm and two downfitidlets [13] corresponding to unsubstituted
and substituted cp ring protons respectively. Dpsapance of signal because of carboxylic group
(12.95 ppm) and appearance of signals due to digphad aromatic substituents confirmed the
formation of esters. Signals HC-NMR spectra of all the synthesized compounds were
appropriate regions and confirmed the successfaothegis and purity of esters. [5-8] Their
representative NMR spectra are given in Sl. Siogystals suitable for X-ray analysis of E1, E4
and E8 were grown by slow evaporation from the tsmiu The data suggested that the compound
E1 was crystallized in the monoclinic space grd&t@h/c. The Fel-C bond lengths fgP (CsHs)
ring of E1 were in the range of 2.030(2) -2.051(2) A (cal€©42-2.63 A), similar to thg” (CsHs)
ring, with a range of 2.017(3)-2.051(3) A (calc023-2.059 A). The cyclopentadienyl C-C bond

lengths were in the range of 1.406(3)— 1.432(3kd#lq 1.411-1.441 A) for® (CsH,) ring whilst

13



for #° (CsHs) ring, these ranges from 1.371(3)-1.410(4) A (calc383-1.421 A). The
representative bond length and angles are givébie 1.

The cyclopentadienyl rings were deviated slightigni an eclipsed geometry B1. The alkyl
benzoate chain is attached with the cyclopentatimy in almost linear fashion as evidenced by
the torsion angle of C9-C10-C11-C12, the value diicv was 3.7(3)° (calc. 3.9). However,
disposition of terminal phenyl ¢Bs) ring, which gave a C17-02-C18-C23 torsion angle o
126.9(2)° (calc. 127) mean that the phenyl moietlg1 was significantly out of the benzoate £0
plane. Analysis of hydrogen bonding El showed only two interactions, involving the un
substituted ring and the ester O=C group 7a$CsHs) C-H....O=C (2.651 A, calc. 2.682)
interactions, together with sg-H.....n(CsHs) interactions. The molecules were arranged as one
dimensional column along a-axis through...n stacking interactions of two phenyl rings in the
ester chain. The compoutd crystallized in the monoclinic space groeg/n. The Fel-C bond
lengths for;® (CsH,) ring of E4 were in the range of 2.025(3)-2.048(2) A (cal@32-2.049 A),
similar to the;” (CsHs) ring, with a range of 2.027(3)-2.044(3) A (cac029-2.051 A), figure 1.
The cyclopentadienyl C-C bond lengths were in thege of 1.399(5)— 1.428(4) A (calc. 1.40-
1.431 A) fory® (C5HA4) ring whilst fors® (CsHs) ring, these ranged from 1.395(4)— 1.416(4) A
(calc. 1.41-1.45 A). Unlik&1, the cyclopentadienyl rings were in almost eclipgeometry irE4.
Similarly, unlike E1, the alkyl benzoate chain attached with the cyahdadienyl ring was out of
plane as evidenced by the torsion angle of C9-C10-C12, the value of which was 148.1(3)°
(calc. 149.2).

Similarly, disposition of terminal phenyl {8s) ring, which gave a C17-O2-C18-C23 torsion
angle of 119.9(3)° (calc. 119.9), meant that thenyl moiety inE4 was also significantly out of
the benzoate COplane. Analysis of hydrogen bonding B4 showed only two types of
interactions, involving the un substituted ring @he ester O=C group ag-(CsHs)C-H....0=C

(2.552 A) interactions together with C-H .z interactions. Due to these intermolecular attoasj
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each molecule was linked with neighboring three eooles and arranged in zigzag fashion
forming three dimensional supra-molecular architex(figure 2).

The compoundE8 crystallized in the monoclinic space groBp,/n. The Fel-C bond lengths for
n° (C5H4) ring ofE8 were in the range of 2.018(3) -2.036(2) A (cald.122.04 A), similar to the
n° (C5H5) ring, with a range of 2.009(3)-2.035(3) dal¢. 2.010-2.041 A). The cyclopentadienyl
C-C bond lengths were in the range of 1.403(4)423(4) A (calc. 1.410-1.438 A) for (C5H4)
ring whilst for ° (C5H5) ring, these ranges from 1.363(5)— 1.41&6)calc. 1.371-1.422 A).
Unlike E1, the cyclopentadienyl rings were in almost eclipgeometry irE8. The alkyl benzoate
chain attached with the cyclopentadienyl ring wigghy out of plane as indicated by the torsion
angle of C6-C10-C11-C12, the value of which wa®@3? (calc. 13.3). However, disposition of
terminal phenyl (6Hs) ring, which gave a C17-02-C18-C23 torsion angl8&1(3)° (calc. 88.7)
means that the phenyl moiety&8 wass almost at right angle to the benzoate flé@ne. Analysis
of hydrogen bonding ifE8 showed two types of interactions, involving the ;CGibstituted on
phenyl ring and the ester O=C group &g,d)C-H....0=C (2.692 A, calc. 2.71 A) interactions
together with C-H....C-H and C-H....interactions between {8s) C-H and 5°-(CsHs) of
neighboring molecules. The molecules were arraragedne dimensional column along b-axis,
table 2. The geometric parameters of E1, E4 andat®ilated by using hybrid B3LYP

With DFT-optimized DGDZVP basis set were found I tusual ranges.[15] ] The X-ray data
suggests that the bond angles and bond lengthsaanparable with the previous reports on
ferrocene derivatives. For example, Hongwei used féBthe synthesis of one dimensional
coordination polymers and the FB showed similaucitiral features as E1, E4 and ES8 [16].
Similarly, Gandrath synthesized some ferrocenerestad carboxylates, the C-C, Fe-C bond
lengths and bond angles are comparable with theictsral data [17]. Recently, Guoxiong
synthesized errocenylphosphonofluoridodithioatavdéres and the data is again in agreement

with the our ferrocene moety [18].
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In order to study the reactions, electrostatic pibdé V(r) maps were calculated which are known
for the identification of the electronic charge tdimution around molecular surface and
subsequently to predict sites for the reactiongs€hmaps were calculated by using the same basis
set as for IR frequencies. Attempt was made to igratie site for electrophilic/nucleophillic
attacks. It can be seen that the FB is stable gaalimost uniform distribution of charge density,
figure 3. However, oxygen and nitrogen atoms aneosmnded by a greater negative charge
surface, making these sites potentially more faser#or electrophilic attack (red). On the other
hand the electrostatic potential map calculate¢pf@nol showed positive (blue) mesh around OH
group; however the aromatic ring seems neutraéims of electron density. Thus distribution of
potential in both esters is in favor of the esteation reaction. [15]

UV-visible spectroscopictechnique was used to study the interaction (r&@§e600 nm) and the
binding mode of esters with double strand chickied DNA. It was found that the esterification
of FB with various alcohols resulted in red shifthwrespect to the ferrocene due to the electron
withdrawing nature of the ester linkage. [19] Wivempared to FB the aliphatic Es exhibited blue
shift (hypsochromic effect, E2, E3, E5, E6, E7,d8@ E10) whereas aromatic compounds showed
red shift (bathochromic effect, E1, E4, and E8)akhivas in accordance with the literature that the
increase in conjugation results in the better @gedfz-orbitals and consequently decreases in the
energy gap.

DNA binding study using UV-Vis spectroscopybetween E4-DNA was investigated by studying
interaction between 10 uM E4 and various conceotrat(0.0-5.5 uM) of DNA, figure 4. It was
found that there was an increase in absorbanceftlyypmism; figure. 4) with the increase in the
concentration of DNA, based on the expected cordtional changes of cyclopentadienyl rings in
E4. [20,21] From literature it is known that NFGr#rophenylferrocene), which is a potential
anticancer drug exhibit similar behavior with DNNFC-DNA interactions reduce the face to

face base stacking, causing extension and subsbguercoiling of the DNA double helical
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structure[7,8] or external interaction (groove binding oe@tostatic) resulting in hyperchromic
shift.[12,23] Therefore E4 is expected to exhibtaye binding with DNA. Binding constants for
Es-DNA were determined at room temperature emptpyBenesi-Hildebrand equation.[24]
Different solvent mixture were used to calculatesth constants depending upon the solubility of
the products like DMSO/FD (9:1) mixture for E4, E7 DMF/ ¥© (9:1) mixture for E10, E6 and
EtOH/ H0O (9:1) mixture for the remaining Es. The bindimgergy data for Es was found in range
6.21 x 16M™to 2.48 x 16 M, table 3, figure 5 which was in agreement withlitezature which
showed that the typical range is betweeh 10 ° M * for ferrocenl esters. NegativeG values
found in range -17.74 to —30.27 kJ/mol signified #pontaneity of interaction.

Electrochemical study was carried out to study redox behavior of thecttems. Cyclic
voltammograms and approximately one value of lgcfipr all esters indicated reversible redox
behavior. The selected CV data of the Es is giventable 4 and representative cyclic
voltamograms are given in figure 9. The investigatcarried out at different scan rates revealed
that oxidation and reduction peaks showed a nédgighift in peak potential with the increase in
scan rate (figure 7) which is a particular behavedated to reversible redox electro-active specie.
[25,26] The Randles-Sevcik equation was used toutate the diffusion coefficient values (D),
Kochi’s formula was used to calculate charge transbefficienté) and Nicholson, Kochi method
was used to calculate the Heterogeneous rate cdrfsdble 5). Calculated value, approximately
0.5 (figure 8, table 5) indicated reversibility thie redox process for E1-E10. [Z]straight line
was obtained from the plot of peak current verspusaee root of scan rate (figure 8). This linear
relationship suggested that processs is diffusamtrolled.

DNA binding study using CV was used to elucidate the mechanism of theiraoteam with

double strand chicken blood DNA in vivo figure[28-30] the addition of various concentrations
of DNA on fixed concentrations of E1 resulted ircigase in the current reduction peak values.

Also a negative peak potential shift (cathodict3hif the CV was observed which was attributed
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to the electrostatic interaction of the positivelyarged ferrocene of E1 with polyanionic DNA
molecule.The substantial diminution in peak current was tuthe formation of slowly diffusing
E1-DNA complex which lowered the concentration mef E1. The cathodic shift in peak also
indicated that Fe (Il) of E1 was easier to oxidiz¢he presence of DNA as its oxidized form was
more strongly bound to DNA than its reduced forBil-B5] Using different concentrations of
DNA, the binding constants, (Kfor all the Es-DNA complexes were calculated abnno
temperature (Z&), (figure 10, table 6 he binding energy data for Es was found in rangé &

10° to 2.71 x 16. K, andAG valves obtained from CV were in good agreemet ie ones
obtained from UV-vis techniques (table 6 and tabtespectively).

4. Conclusion

A series of aromatic and aliphatic ferrocenyl e&#fE10 was synthesized and characterized using
standard protocols/procedures. Calculated bondérdiss, angles and vibrational IR frequencies
showed excellent correlation with the experimeniatia Their DNA interaction through UV-vis
spectroscopy and Cyclic voltammetry were utilizeaider to investigate their potential activity to
be used as drugs. The observed hperchromism amaldoashifts in peak potential suggested their
different modes of interaction with DNA. Electrochieal studies showed thall the synthesized
ester follow diffusion controlled one electron reible redox behavior and formal potential
values of compounds can be tailored by changinguibstituent attached to the ferrocenyl moiety.
Hence Es could be considered as a potential miferiarugs. Among all, E3 showed greatest
binding constant as well as Gibbs free energy ithuas greatest potential to be used as drug.
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CCDC number for the compounds:BisFeQ, Cy7Ho FEQ, and G4 HaoFeO2 are 1053011,
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Table 1 Selected bond lengths and bond angles of E1, E£&E

Important bond lengths and bond angles of E:C,HigFeCy)

Bond Bond length A Bond angle Bond angle
Measurement (°)

Fel—Cl1 2.017 (3 Cl—Fel—C5 40.41 (13
Fel—Cé6 2.030 (2 C5—Fel—C7 125.80 (13
Fel—C1C 2.046 (2 C17—02—Cl1¢ 120.22 (18
Fel—CA4 2.051 (3 Fe}+—Cl—H1 124.¢
C3—C4 1.374 (4 C4—C5—Fel 71.37 (16
02—C1e¢  1.399 (3 C7—Fel—C2—Cl1 -165.9 (2
C4—H4 0.930( Cl—C2(—C21— 0.04

C22

C21—C2z 1.367 (4

C1&—-02—C17+—01 3.0(3

C1le—C2: 1.369 (3

C1:—C14—C17—01 3.7(3

C11—Cle 1.391(3

Fel—C8—H8 126.¢

Important bond lengths and
(CaHaFe0y)

bond angles of E4

Bond Bond length A Bond a gle Bond angle
Measurement (°)
Fel—Cé6 2.025 (3 C1(—C6—H6 126.2
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Fel—C1C 2.033 (3 Fel—C6—H6 125.¢
Fel—C4 2.038 (3 C6—C7—H7 125.¢
01—C17 1.183 (3 Fel—C7—H7 126.¢
02—C1¢ 1.413 (3 Cl1—C1z—H12 119.
C4—H4 0.930( 01—C17+—02 122.8 (3
C2—C3 1.416 (4 02—C17—Cl4 112.1 (2
C1—C2 1.395 (4 C1l(—Fe}-C7—C6 38.19 (19
C3—H3 0.930( C6—C7—C8—Fel -58.7 (2
C2:—C24 1.411(4 C1(—Fe}—-C1—C5 -121.09 (1¢
C1—C5 1.405 (4 C2:—C2—C21— -1.9 (5

C26
Important bond lengths and bond angles of E8
(CaH0FeQ) i
Bond Bond length A Bond angle Bond angle

Measurement

Fel—C10  2.018(3) Cl—Fel—C10 g)l)—Fel—Clo
Fel—C4 2.035 (3) C10—Fel—C6 41.22 (10)
02—C17 1.352 (3) Cl10—Fel—C4 158.43 (14)
C2—H2 0.9300 C17—02—C18 117.9 (2)
C6—C7 1.415 (4) C5—Cl—Fel 69.8 (2)
Cl1—C12 1.396 (4) C3—C2—C1 108.9 (4)
C20—C21  1.351(6) C5—C1—H1 127.0
C24—H24C  0.9600 Fel—C8—H8 126.4
02—C18 1.396 (4) 01—C17—02 122.1 (3)
Cl4—C17  1.480 (4) 02—C17—C14 1119 (3)
Fel—C9 2.029 (3) C7—Fel—C8—C9 119.8 (3)
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Table 2 Crystallographic data and structure refinementltesu

El E4 E8
Empirical formula GaH1gFeG CorHooFe CosHooFeQ
Formula weight 382.22 432.28 396.25
Temperature 296 K 296 K 296 K
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2i/c P2i/n P21/n
alA 5.8859 (2) 12.4697 (4) 11.4841 (5)
b/A 21.1780 (9) 14.2173 (5) 8.8836 (4)
c/A 13.9737 (5) 12.8412 (4) 18.7976 (8)
a 90° 90° 90°
Vi 98.353(2)° 118.243 (1)° 98.471 (2)°
r 90° 90° 90°
Volume / & 1723.37 (11)  2005.53 (11) 1896.81 (14)
Z 4 4 4
Density Mg m™> 1.473 1.432 1.388
S 1.05 1.04 1.02
F(000) 792 896 824
Limiting indices -7<h<5 -14<h<14 -14<h<14
-24<k<25 -17<k<17 -10<k<7
-14<1<16 -15<1<15 -23<1<23
Reflections number 3109 3620 3718
Rint 0.027 0.041 0.024
Tmax 25.3° 25.3° 26.0°
WR(F?) 0.086 0.104 0.121
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Table 3.Binding constant and free energy values for femgtesters-DNA complexes

from UV-spectrophotometric data at room temperature

"Binding Constant Free energy

Compounds 1 _
T(Kp) M (-AG= -RT In K) KjV
E1l 2.51 x 10 28.22
E2 1.87 x 18 27.55
E3 6.21 x 10 30.27
E4 1.83 x 18 27.50
E5 1.09 x 10 26.33
E6 8.22 x 16 20.46
E7 1.58 x 16 22.01
ES 8.62 x 16 25.79
E9 2.48 x 16 17.74
E10 5.20 x 1B 19.42

Table 4. Selected CV data for compounds in mentioned stdvasing KCI/TBAPvs Ag/AgBr:

scan rate= 100mV/s

Compounds E (V) E,°(V) *E°(mV) TAEp (mV)

E1 (Ethanol) 0.452 0.210 331 242
E2 (Ethanol) 0.352 0.170 261 182
E3 (Ethanol) 0422 0.207 314 215
E4 (DMSO) 0582 0.468 525 113
E5 (Ethanol) 0.291  0.198 244 93
E6 (DMF) 0502 0428 465 74
E7 (DMSO) 0.382 0.268 325 114
ES (Ethanol) 0.321  0.248 499 73
E9 (Ethanol) 0.392 0.258 325 134
E10 (DMF) 0.572 0.448 510 124
E=EM+E2, TAEp = B°E;
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Table 5.Kinetic parameters calculated from CV data (Eff#fcscan rate on Es) of the compounds

tDiffusion coefficient

tCharge transfer tHeterogeneous rate constant

Compounds
D (cm?s?) coefficienta Ksncms?)
E1l 1.66 x 10 0.500 1.2 x 19
E2 1.23 x 10 0.501 1.74 x 16
E3 1.549 x 10 0.497 9.4x 16
E4 1.11x 10 0.499 1.05x 19
E5 1.03 x 10 0.494 4.0 x 19
E6 25x 10 0.500 2.3x 19
E7 2.7 x 10 0.500 5.26 x 10
E8 2.62 x 10 0.499 2.4 x 18
E9 2.62 x 10 0.500 8.4 x 10
E10 4.6 x 10 0.500 1.48 x 10
D™= , to=Ep-ETE~ES, t Ks,h = 2.18 vnFD/RT]™? exp[-a’nF AEp]

(269,0005A Cv'2

RT
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Table 6. Binding constant and free energy values for femgtesters-DNA complexes from

voltametric data at room temperature

Binding constant Freee energy

Compounds
t*Kp(M™) (AG=RTINK) Kj M ™

El 2.81 x 10 28.55
E2 2.07 x 10 27.86
E3 6.41 x 10 30.44
E4 1.99 x 10 27.77
E5 1.29 x 10 26.79
E6 8.40 x 16 20.57
E7 1.75 x 16 22.24
ES 8.82 x 16 25.92
E9 2.71x 18 17.99
E10 5.42 x 19 19.57

Tip? = 1 (¥ - Ip°) + 1"~ [DNA]

KIDNA]

-
.

Figure 1. A packing diagram of E4 molecule.
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ACCEPTED MANUSCRIPT

Figure 3. Electrostatic potential maps of phenol (A1), feeoyl benzoic acid (FB) and respective

ferrocenyl ester (E1)
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Figure 4. UV-Vis Absorption Spectra in Dichloromethane of Regentative Ferrocenyl esters
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Figure 5. UV-Vis spectra of 10 uM E4 for DNA Interaction Studa) 0.00 uM (b) 1.1 uM (c)

2.2 uM (d) 3.3 uM (e) 4.4 uM (f) 5.5uM at room tezmngture.
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Table 1: Experimental and calculated IR (¢

Codes

FTIR cm'Experimental FTIR cm™ Calculated (multiplied by
scaling factor of 0.9654)

El

3067(aromatic), 1723(C=0), 1604(C=CpB023(aromatic), 1769(C=0), 16051(C=C),
1485(C=C), 1258(C-0), 849(p-1201(C-0), 849(p-substitution), 421 (Fe-
substitution), 473 (Fe-Cp) Cp)

E2

3090(aromatic), 2925(aliphatic)3101(aromatic), 2977(aliphatic
1711(C=0), 1606(C=C), 1567(C=C)1732(C=0), 1641(C=C), 1277(C-0O),
1267(C-0), 857(p-substitution), 476(Fe-C@B73(p-substitution), 486(Fe-Cp)

E3

3105(aromatic), 2905(aliphatic), 3125(aromatic), 2977 (aliphatic),
1702(C=0), 1606(C=C) , 1525(C=C)1752(C=0), 1656(C=C), 1214(C-0),
1274(C-0), 851(p-substitution), 471(FeB11(p-substitution), 431(Fe-Cp)

Cp)

E4

3063(aromatic), 1732(C=0), 1600(C=C3099(aromatic), 1792(C=0),
1505(C=C), 1251(C-0), 861(p-1641(C=C), 1211(C-0), 891(p-
substitution), 478(Fe-Cp) substitution), 423(Fe-Cp)

ES

3063(aromatic), 2924 (aliphatic 3011(aromatic), 2994 (aliphatic),
1709(C=0), 1606(C=C), 1540(C=C)1789(C=0), 1676(C=C), 1199(C-0),
1276(C-0), 859(p-substitution), 486(Fe-C@B19(p-substitution), 410(Fe-Cp)

E6

3069(aromatic), 2915(aliphatic)3099(aromatic), 2955(aliphatic),
1716(C=0), 1606(C=C), 1541(C=C)1776(C=0), 1501(C=C), 1199(C-0),
1272(C-0), 856(p-substitution), 729(-gH 892(p-substitution),  769(-Cbending),
bending), 479(Fe-Cp) 429(Fe-Cp)

E7

3019(aromatic), 2938(aliphatic)3097(aromatic), 2988(aliphatic),
1708(C=0), 1606(C=C), 1548(C=C)1768(C=0), 1676(C=C), 1295(C-0),
1269(C-0), 857(p-substitution), 479(Fe-C@79(p-substitution), 491(Fe-Cp)

E8

3089(aromatic), 2912(aliphatic)3101(aromatic), 2972 (aliphatic),
1717(C=0), 1602(C=C), 1528(C=C)1777(C=0), 1692(C=C), 1213(C-0),
1263(C-0), 854(p-substitution), 477(Fe-C@81(p-substitution), 498(Fe-Cp)

E9

3090(aromatic), 2924 (aliphatic)3100(aromatic), 2994 (aliphatic),
1709(C=0), 1607(C=C), 1547(C=C)1779(C=0), 1697(C=C), 1211(C-0),
1273(C-0), 856(p-substitution), 730(-&H 826(p-substitution), 783(-CH bending),
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bending), 478(Fe-Cp) 458(Fe-Cp)

E10 3089(aromatic), 2916(aliphatic), 3109(aromatic), 2996(aliphatic),
1709(C=0), 1608(C=C), 1528(C=C)1799(C=0), 1628(C=C), 1518,
1270(C-0), 851(p-substitution), 721(-gH 1211(C-0O), 811(p-substitution), 781(-gH
bending), 479(Fe-Cp) bending), 453(Fe-Cp)

[1] M. L. Laury, M. J. Carlson, A. K. Wilsed. Comput. Chem. 201233 2380-2387.

BCNMR

El

CNMR (75 MHz, B*CHCL): § 165.27 (1C), 130 (3C), 134 (1C), 121.77(2C) (pheriryg
adjacent to ferrocenyl group), 83.08(ipso), 7022)( 69.44 (2C) (Cp-substituted), 67.02(5C, Cp-
unsubstituted), 151.09 (1C)146.12 (4C) (phenyl)ing

E2

BCNMR (75MHz,**CHCIy): § 165.26 (1C)(C=0), 130.37(1C), 129.3 (2C), 1282 {21.83 (1C)
(phenyl ring), 83.07(ips0),70.00 (2C), 67.00(2Cp4{slibstituted), 69.92 (5C) (Cp-unsubstituted),
22 (1C), 19.86 (1C)-10.3 (1C) (alkyl).

E3

BCNMR (75 MHz, °CHCLy): § 166.70 (1C)(C=0), 130.37(1C), 130.00(2C),121.82)(@henyl
ring), 83.38 (1C)(ipso), 70.00 (2C), 67.00 (2C) {Sipostituted), 70.00 (5C) (Cp-unsubstituted),
77.51(1C) (O-CH2), 4.44 (1C) (methyl).

E4
3CNMR (75 MHz, *CHCL): § 165.2(C=0), 130.8 (3C),129.4 (2C), 127(1C) (pherigh),
84.38(1C)(ips0),71.00 (2C), 67.01(2C) (Cp-sub=sdyt 71.3 (5C) (Cp-unsubstituted),
152.8(1C),134(IC), 127 (2C) 126.2 (4C), 121.0(1109.4 (1C)(Naphthyl group).

E5
BBCNMR (75 MHz, °CHCLy): & 166.91 (1C)(C=0), 130.86(1C), 129.9(2C),-128.6€)(2127
(1C)(phenyl ring), 83.29 (1C)(ipso), 69.85 (2C)C}86.90 (Cp-substituted), 76.68 (5C)(Cp-
unsubstituted), 77.51(1C)(methyl).

E6

BCNMR (75 MHz, **CHCL): & 166 (1C)(C=0), 130.4 (1C), 129.9(2), 128.7(2C),4pIC)
(phenyl ring), 83.76 (1C)(ipso), 69.20(2C), 66.0D)2 (Cp-substituted), 76.68(5C) (Cp-
unsubstituted), 60.9 (1C), 60.01 (16C) 59.9 (1Cjkwylene), 14.1 (1C) (methyl).

E7
BCNMR (75 MHz,**CHCly): 6 171.22 (1C)(C=0), 143.01(1C) 140 (2C), 135.0 (225-80 (1C)
(phenyl ring), 83.52 (1C)(ipso), 69.64(2C), 66.42)2 (Cp-substituted), 69.84(5C) (Cp-
unsubstituted), 77.48 (1C) (-CH-), 24.51(1C) (méthy

39



ES

BCNMR (75 MHz, **CHCly): §165.36 (1C)(C=0), 129.91 (3C),118.69(2C)(phenyd ratjacent
to ferrocenyl group), 83.11(1C)(ipso), 69.93 (267.01(2C) (Cp-substituted), 77.50 (5C) (Cp-
unsubstituted), 150.90(1C), 145(1C), 132.98 (2@),38(2C) (phenyl ring), 21.43(1C)(methyl

group).

E9

BCNMR (75 MHz,**CHCL): § 167.65(1C)(C=0), 131.19 (1C), 129.99 (2C),1275)(phenyl
ring), 84.41(ipso)(1C), 67.88,(2C), 65.01(2C)(Cpstituted), 69.87(5C)(Cp-unsubstituted), 78.48
(1C), 74.65(7C),76.53 (1C) (methylene), 15.18 (h@)hyl)

E10

CNMR (75 MHz,**CHCLy): § 166.75 (1C)(C=0), 130.19 (1C),129.98 (2C)125.6)(ghenyl
ring), 83.41(1C)(ipso), 66.88 (2C), 65.02 (2C) (&bstituted), 69.83 (5C) (Cp-unsubstituted),
77.48(1C), 76.63 (13C), 71.9 (1C)(methylene),141KB) (methyl).
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