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Abstract

Seven different ferrocene derivatives have been tested in vitro against Ehrlich ascites tumor cells. Neither ferrocene nor the monosub-
stituted derivative N,N-dimethylaminomethylferrocene showed cytotoxic activity (ICsy > 1000 uM for 3 h treatments). Better results
were obtained with 1,2-disubstituted derivatives. The 1Cs, values ranged from 376.6 uM for 1,2-diformylferrocene to 71.2 uM for race-
mic 2-(N,N-dimethylaminomethyl)ferrocenecarboxamide. The latter derivative was also encapsulated in native B-cyclodextrin (CD),
heptakis-2,3,6-tri-O-methyl--CD (TRIMEB) and 2-hydroxypropyl--CD (HPBCD) to give 1:1 (host:guest) inclusion compounds.
The existence of true inclusion complexes in the solid state was confirmed by a combination of powder X-ray diffraction, thermogravi-
metric analysis, FTIR and '>*C CP MAS NMR spectroscopy. The ICs, value for the B-CD inclusion compound was identical to that
obtained for the nonincluded ferrocene derivative. By contrast, the inclusion compounds comprising TRIMEB and HPBCD yielded
ICs values of 25.2 and 20.0 uM, respectively. No obvious relationship could be established between the redox behavior of the com-
pounds determined by cyclic voltammetry and the biochemical data.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction cancers either have a natural resistance to cisplatin or

acquire resistance during treatment. For these reasons, mod-

The successful development of metal-based anticancer
drugs starts with cis-[PtCl,(NHjs),], often referred to as cis-
platin [1-3]. Cisplatin is currently used in the treatment of
testicular, ovarian, bladder and neck cancers. The drug
does, however, present several drawbacks, such as solubil-
ity problems and severe side effects. Also, many human
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ified versions of cisplatin have been studied (the so-called
2nd and 3rd generation drugs), of which carboplatin and
oxaliplatin stand out. There has also been a huge effort to
develop other transition metal compounds as antitumor
agents [4—11]. Ruthenium(II) and ruthenium(I1T) complexes
[12-17], metallocene dihalides Cp,MX, (M =Ti, V, Nb,
Mo) and their derivatives [18-20], ferrocenium salts [21-
25] and organotin compounds [26] are just some of the
examples reported to exhibit promising in vitro or in vivo
antitumor activities against a range of tumor cell lines.
Recently, a ruthenium-dimethyl sulfoxide complex
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(NAMI-A) has successfully completed Phase I Clinical Tri-
als [27]. These different classes of metal-containing antitu-
mor agents do not all function by the same mechanism.
For example, Osella and co-workers reported that the cyto-
toxic behavior of ferrocenium derivatives is based on their
ability to generate oxygen active species which can damage
DNA [24,25]. However, as illustrated by work with ferroce-
nyl derivatives of tamoxifen (the so-called ferrocifens)
[10,28-31], the ferrocene(II) derivatives can have excellent
cancerostatic properties provided that the Cp-ring function-
alization allows a bio-interaction and in situ oxidation to
ferrocenium cation [32]. The bioorganometallic and medici-
nal chemistry of ferrocene has been extensively reviewed
recently [33-35].

Considering the conflicting results in the literature
about the ferrocene/ferrocenium cancerostatic properties,
we decided to carry out a preliminary examination of the
in vitro cytotoxicity of the ferrocenes we had available
against the Ehrlich ascites tumor (EAT) cell line. We
also report the synthesis, characterization and antitumor
activities of three different cyclodextrin (CD) inclusion
compounds containing one of the ferrocene derivatives.
CD inclusion complexes are interesting for pharmaceuti-
cal use due to enhanced solubility, stability and bioavail-
ability of the drug molecules [36,37]. For example,
complexation of the promising antitumor agent rho-
dium(II) citrate with  hydroxypropyl-B-cyclodextrin
(HPBCD) improved encapsulation and release kinetics
from biodegradable polymer microspheres [38]. Other
potential benefits of using CD drug delivery systems in
chemotherapy include improved activities and reduction
of toxic side effects. CD inclusion compounds containing
the anticancer agents carboplatin [39-41] and Cp,MX,
(M=Ti, V, Nb, Mo) [42-45] have already been
described. Utsuki et al. reported that interstitial delivery
of a carboplatin-HPaCD complex from a microencapsu-
lated formulation was effective against an experimental
rat glioma model [46]. Cytotoxicity experiments carried
out on human adenocarcinoma cells indicated that the
anti-tumor activity of Cp,MoCl, can be enhanced by
association with cyclodextrins, in particular the modified
cyclodextrin heptakis-2,3,6-tri-O-methyl-B-CD (TRIMEB)
[47]. CDs are known to form stable inclusion complexes
with a large number of ferrocene derivatives [48]. In the
present work, native B-CD hydrate, TRIMEB and
HPBCD have been studied as the host compounds. The
chemically modified HPBCD has attracted particular
interest for drug formulations due to an improved aque-
ous solubility and safety profile as compared with
unmodified B-CD [49].

2. Results and discussion
2.1. Synthesis and characterization of ferrocene derivatives

As part of an ongoing project in our laboratories
involving the synthesis of disubstituted ferrocenes, we

had available N,N-dimethylaminomethylferrocene (1)
[50], 1,2-bis(hydroxymethyl)ferrocene (2) [51], 1,2-dif-
ormylferrocene (3) [51], and 2-(N,N-dimethylamino-
methyl)ferrocenecarboxaldehyde (4) [52]. This group of
compounds was expanded to include three additional 1,
2-disubstituted ferrocene derivatives. The racemic 2-(X,
N-dimethylaminomethyl)ferrocenecarboxamide (5) was
prepared from 1 by ortho-lithiation and subsequent reac-
tion with carbon dioxide (Scheme 1). Without isolation,
the unstable carboxylation product was further reacted
with oxalyl chloride and ammonia to give the amide as a
stable orange crystalline solid in good yield. The 'H
NMR spectrum of 5 shows two multiplets at ¢ 4.73 and
4.29-4.25 ppm attributed to the 1,2-disubstituted cyclopen-
tadienyl ring, a singlet at 6 4.11 ppm due to the Cp ring, a
pair of doublets (AX pattern, Jao x = 12.6 Hz) at 6 2.98 and
4.06 ppm for the methylene protons, and a singlet at ¢
2.11 ppm for the methyl groups. The presence of the amide
functional group in 5 was confirmed by the IR spectrum
which showed bands at 3400 (vyy) and 1643 cm ™! (Ve=0)-

Transformation of the tertiary amine substituent in
compound 5 gave the compounds 2-carbamoylferroce-
nylmethyl  acetate (6) and  N,N,N-trimethyl-N-
(2-carbamoylferrocenylmethyl)ammonium  iodide  (7)
(Scheme 1). To the best of our knowledge, only the methyl
ester of 2-dimethylaminomethylferrocene carboxylic acid
has been reported [53], prepared by stoichiometric ortho-
palladation of Ugi’s amine (dimethylaminomethylferro-
cene), followed by carbonylation in methanol. Compound
6 was identified by a "H NMR singlet at  1.96 ppm, attrib-
uted to the methyl group in CH;(CO)OCH,—, and two *C
NMR resonances at 6 176.0 and 172.7 for the carbonyl
groups in NH,(CO)- and CHj3(CO)-, respectively. The
formation of compound 7 was confirmed by a '"H NMR
signal at ¢ 2.91 ppm for the methyl groups of the ammo-
nium ion.

Scheme 1. (a) (i) #-BuLi, Et,O, 15 min, (i) CO,, CF;COOH, (iii)
CICOCOCI, 2 h, (iv) NH;3 (conc.). (b) Ac,0. (c) CHsl, Et,O-CH;CN.
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2.2. Synthesis and characterization of f-CD inclusion
compounds

The inclusion compounds were prepared from mixed
water/ethanol solutions containing equimolar amounts of
the CD host and compound 5. For native B-CD, the inclu-
sion compound precipitated as an orange microcrystalline
powder, designated as B-CD - F¢(5) (8). Elemental analysis
indicated that the host:guest ratio in the product was 1:1.
Due to the high solubility of the modified B-CDs TRIMEB
and HPBCD, precipitation at room temperature was not
possible and the solvents were removed by lyophilization.
The products are designated as TRIMEB - F¢(5) (9) and
HPBCD - Fe(5) (10). The powder X-ray diffraction
(XRD) pattern of compound 8 showed the formation of
a new, moderately crystalline phase, different from either
native B-CD hydrate or compound 5, and therefore consis-
tent with the presence of a true inclusion complex (Fig. 1)
[54]. Compounds 9 and 10 were poorly crystalline, showing
only two or three very broad XRD features. Since the low
crystallinity could be due to lyophilization, the samples
were rehydrated and the XRD patterns measured again
(Fig. 1). No significant change was noted, although a few
weak sharp lines are present for the TRIMEB adduct.
The lack of crystallinity for compound 10 is not surprising
since the host itself, HPBCD, is amorphous (Fig. 1f). On
the other hand, when considering TRIMEB, a crystalline
host, the formation of an amorphous inclusion compound
with the ferrocene derivative indicates a profound struc-
tural change.

Thermogravimetric analysis (TGA) curves are shown in
Fig. 2 for B-CD hydrate, the 1,2-disubstituted ferrocene 5,
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Fig. 1. Powder XRD patterns of (a) the 1,2-disubstituted ferrocene 5, (b)
native 3-CD hydrate, (c) the B-CD inclusion compound 8, (d) TRIMEB,
(e) the TRIMEB inclusion compound 9, (f) HPBCD, and (g) the HPBCD
inclusion compound 10. Intensities for (c), (e), (f) and (g) are scaled by a
factor of 4 relative to those for the other diffraction patterns.
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Fig. 2. Thermogravimetric analysis profiles of native f-CD hydrate (——-),
the 1,2-disubstituted ferrocene 5 (- ------), a 1:1 physical mixture of 3-CD
and S (- - — -), and the B-CD inclusion compound 8 (——).

a 1:1 physical mixture of B-CD and 5, and the inclusion
compound 8. Compound 5 features a small mass loss of
3% from 80 to 100 °C and decomposition from 150 to
250 °C, followed by a second abrupt mass loss in the range
350-400 °C. The residual mass is around 20%. Native
B-CD hydrate shows loss of water up to 80 °C (15%, 11
water molecules per B-CD molecule), and starts to melt
and decompose above 250 °C. In an equimolar physical
mixture of B-CD and 5, each component behaves indepen-
dently. For example, a step is present around 180 °C corre-
sponding to the first decomposition event of nonincluded 5.
This feature is not present in the TGA curve of the inclu-
sion compound 8, indicating that the organometallic mole-
cules are complexed by B-CD molecules. The host—guest
interaction promotes simultaneous decomposition of the
two components, which begins just above 200 °C, signifi-
cantly lower than that observed for B-CD hydrate. The loss
of water up to 140 °C was 10.0%, in agreement with ele-
mental analysis which indicated 9 water molecules per -
CD molecule.

TGA was also useful for the recognition of complex for-
mation in the adducts 9 and 10 (Fig. 3). Decomposition of
compound 9 occurs in a single step. The behavior is not
very different from that exhibited by TRIMEB except that
the mass loss for 9 is more abrupt, centered around 305 °C.
Contrastingly, for compound 10, three main steps are
observed in the temperature range 190-440 °C, none of
which coincide exactly with the decomposition steps
observed for the nonincluded organometallic 5 or the host
HPBCD. The initial thermal degradation of the guest
occurs at a higher temperature than that for the bulk com-
pound 5.

Evidence for inclusion complexation in the adducts 8-10
was also obtained by comparing their KBr IR spectra with
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Fig. 3. Thermogravimetric analysis profiles of TRIMEB (- — -), the
TRIMEB inclusion compound 9 (——), HPBCD (------), and the
HPBCD inclusion compound 10 (- - — ).

that of the nonincluded 1,2-disubstituted ferrocene 5. The
carbonyl stretching absorption (amide I band) shifted from
1643 cm ! for 5 to 1658 cm ™! for the inclusion compounds
8 and 10, possibly due to changes in hydrogen bonding inter-
actions induced by encapsulation. Accordingly, the shift in
this band was even higher for the TRIMEB adduct 9 (to
1670 cm™ "), which was shown by TGA to have a low water
content. The permethylated host molecule is known for its
nonpolar cavity. For the organometallic 5 the expected
amide II band (mainly N-H bending) was obscured by the
strong amide I band at 1643 cm™!. However, for the inclu-
sion compounds, the shift in the amide I band allowed the
amide II band to be resolved as a weaker peak at about
1600 cm™! for 8 and 10, and 1629 cm™" for 9.

Fig. 4 shows the '*C CP MAS NMR spectra of the three
B-CD precursors, the ferrocene derivative 5 and the inclu-
sion complexes 8-10. The spectrum of B-CD hydrate is sim-
ilar to that previously reported and exhibits multiple
resonances for each type of carbon atom [55-57]. This
has been mainly correlated with different torsion angles
about the (1 — 4) linkages for C-1 and C-4 [55,56], and
with torsion angles describing the orientation of the hydro-
xyl groups (see Fig. 5 for carbon atom numbering scheme)
[57]. The different carbon resonances are assigned to C-1
(101-104 ppm), C-4 (78-84 ppm), C-2,3,5 (71-76 ppm)
and C-6 (57-65 ppm). Like the parent compound B-CD,
TRIMEB gives rise to several resonances for each type of
carbon atom. By reference to reported solution spectra
[58,59], the different carbon resonances are assigned to C-
1 (93-102 ppm), C-2,3,4 (74-88 ppm), C-5,6 (68-73 ppm)
and O-CHj; (54-64 ppm). When the guest 5 is included in
the two B-CD hosts to form compounds 8 and 9, the mul-
tiplicity of host resonances is reduced. In fact, some of the
signals for the same type of carbon, C-1 for example,
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Fig. 4. Solid-state '>*C CP MAS NMR spectra of (a) the 1,2-disubstituted
ferrocene 5, (b) native B-CD hydrate, (c) the B-CD inclusion compound 8,

(d) TRIMEB, (e) the TRIMEB inclusion compound 9, (f) HPBCD, and (g)
the HPBCD inclusion compound 10. Asterisks denote spinning sidebands.
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Fig. 5. Carbon atom numbering scheme for B-CD (R =H), TRIMEB
(R = CH;) and HPBCD [R = CH,CH(OH)CH; or H].

coalesce into one broad signal. For the parent B-CD this
feature has been associated with the effect of the included
guest upon the symmetry of the macrocycle and a similar
effect may be occurring in the TRIMEB inclusion
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compound. Inclusion of guest molecules in the B-CD cavi-
ties will result in the host molecule adopting a more sym-
metrical conformation, with each glucose unit in a similar
environment [45,60]. The changes in the spectra may also
be associated with changes in crystallinity, particularly
for the TRIMEB adduct. In addition to the resonances
for the B-CD carbons, the spectra contain weak, broad
lines that can be assigned to the carbonyl and methyl car-
bon atoms of the guest molecule. These are weakly shifted
compared with the corresponding lines for the nonincluded
compound. Other peaks due to the guest overlap with those
of the hosts and are not resolved.

For hydroxypropyl-p-CD, the precursor compound is
amorphous and only broad lines are observed in the '*C
CP MAS NMR spectrum. No significant changes occurred
upon inclusion of the ferrocene derivative, other than the
appearance of guest resonances at 43.2, 70.9 and 175.0

2.3. Cytotoxicity assays

The cytotoxicity of the seven ferrocene derivatives and
the inclusion compounds 8-10 was evaluated on the EAT
line. Ferrocene was also tested. Full details are given in
the experimental part and Table 1 shows the ICs, values.
Compounds 1-6 and ferrocene are insoluble in water and
so DMSO was used as the solvent (1.5% DMSO aqueous
solutions were prepared). Neither ferrocene nor the mono-
substituted derivative 1 exhibited activity. These two com-
pounds were also found to be inactive against P-388 mouse
leukaemia tumor [61]. On the other hand, Fiorina et al.
reported that some ferrocenyl polyamine compounds were
active against P-388 lymphocytic leukaemia in mice [62].
The other ferrocene derivatives tested in this work have
two adjacent substituents on one of the cyclopentadienyl
rings. Compounds 2 and 3, containing either two CH,OH
or two CHO groups, did not show any significant cytotoxic

Table 1
Cytotoxicity of ferrocenyl derivatives and inclusion compounds against Ehrlich ascites tumor
Compound Structure ICs (LM)? Compound Structure 1Cso (uM)
Fc @ >1000 5 H 712+ 1.1
|
Fe 0
((57 | N
CE )
1 @/ >1000 6 HoN 91.6 £ 1.2
e
| N
Fe AN (0]
(éy : 0
Fe )/
< ¢
2 OH >1000 7 HoN 76.2+1.2
|
Fe OH | (0}
-
| N
iCb? Fe \\
3 H 376.6 + 1.3 B-CD - Fc(5) (8) 71.0+1.0
(0}
[ o}
Fe
<
4 HeN 1311+ 1.1 TRIMEB - Fe(5) (9) 252+ 1.0
(6}
| N~
£ \
HPBCD - Fc(5) (10) 20.0 + 1.1

# Concentration required to reduce to 50% the number of cells with respect to the untreated control.
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properties. Better results were obtained for compound 4, in
which one of the CHO groups in 3 has been replaced by a
tertiary amine group. The highest activity (ICsy 71.2 pM)
was exhibited by compound 5, which has an amide group
instead of the CHO group in 4. The other two ferrocenes
studied differ in the nature of the substituent adjacent to
the CONH, group. The methyl acetate derivative 6 gave
an ICs, value of 91.6 uM.

The poor solubility of compounds 1-6 in water will
obviously limit their use in biological systems. One
approach to improve the water solubility of metallocene
anticancer drugs is to prepare the corresponding ionic salts
with the charge linked to the cyclopentadienyl ligands.
McGowan and co-workers have, for example, prepared
several amino-functionalized ferrocene salts [63,64]. We
therefore synthesized an ammonium iodide salt 7 by reac-
tion of 5 with CH3I. Compound 7 is water soluble and a
cytotoxicity test was carried out using an aqueous solution.
However, the observed activity was not significantly differ-
ent from that observed when a 1.5% DMSO aqueous solu-
tion was used. It is noteworthy that compound 7 eventually
decomposes when dissolved in water.

The ICsq value for the B-CD inclusion compound 8 was
identical to that obtained for the nonincluded compound 5
(Table 1). Much better results were obtained for the two
inclusion compounds containing the chemically modified
CDs. The ICsg values for 9and 10 were 25 and 20 uM, respec-
tively. The use of permethylated B-CD for the encapsulation
of drug molecules could result in artificially lower ICs, values
due to the moderate toxicity of this CD. In fact, TRIMEBisa
strong solubilising agent known to induce cell lysis in tests
with erythrocytes [49]. HPBCD, on the other hand, has a very
safe toxicological profile [49,65], and has been demonstrated
to be able to lower the hemolytic activity of the parent CD
[49]. Thus, taking into account the similarity of the two
1Cs, values for 9 and 10, it is reasonable to conclude that
the solubilising effect of the CD carriers is the main factor
responsible for increasing the cytotoxic activity of com-
pound 5, rather than any potential intrinsic cytotoxicity of
the CD hosts.

2.4. Cyclic voltammetry

It is generally agreed that the ferrocene/ferrocenium
couple is central to the antitumor activity of ferrocene-
based drug molecules. In most cases, ferrocenium salts
are reported to be more potent anticancer agents than
the neutral molecules. However, as mentioned in the intro-
duction, it may be irrelevant whether a ferrocene-based
anticancer drug is administered in the original (ferrocene)
or in the oxidized (ferrocenium) state, as long as the com-
pound possesses sufficient water solubility to enter the vas-
cular system rapidly [32]. The ferrocene/ferrocenium
equilibrium distribution should be dictated by the com-
pound’s reduction potential and by environmental condi-
tions such as pH. In support of this, electrochemical
studies by Jaouen and co-workers have shown that the

Table 2
Electrochemical data in CH,Cl, at room temperature®
Compound Eg.‘. Epe E‘f/z
Fc 0.55 0.37 0.46
1 0.71 0.60 0.66
2 0.48 0.33 0.40
3 1.06 0.99 1.03
4° 0.78

1.09 0.90 0.99
5¢ 0.31

0.62

0.82 0.73 0.77
6 0.77 0.64 0.70
7° 0.45

0.88 0.74 0.81
8 0.67

1.10

0.20

9 0.69 0.61

0.94 0.83
10 0.70

0.93 0.77 0.85

2 Potentials in ¥ vs. F¢/Fc¢™; scan rate 250 mV s~ .

o E,,, anodic sweep (peak potentials, V).

¢ Ejp., cathodic sweep (peak potentials, V).

4 E\ /5, average of the anodic and cathodic peak potentials.
© Scan rate 100 mV s~ .

cytotoxic effect of a series of ferrocenyl diphenol complexes
on prostate and breast cancer cell lines correlates with the
ease of oxidation of the ferrocene group [66]. We therefore
decided to characterize the redox properties of the ferro-
cene derivatives, and look for any relationship between
these results and the biochemical data.

Redox potentials obtained from the cyclic voltammetric
data of the ferrocene compounds are listed in Table 2. In
CH,Cl,, at the scan rate range used, the derivatives 1-3
and 6 presented one reversible Fe'"! oxidation, and the
Ey;, values are strongly dependent on the nature of the
cyclopentadienyl substituents. The 1,2-disubstituted deriv-
atives 4, 5 and 7, with amino groups, present considerable
changes in the voltammograms, indicating a more complex
electro-oxidation reaction scheme. The CVs of compounds
4 and 7 show a reversible oxidation wave at Ey;; =0.99 V
and 0.81 V, respectively. In addition, irreversible oxidation
peaks are observed at about 0.78 V for 4 and 0.45V for 7,
which are probably due to the oxidation of the amino
group. Complex 5, besides the expected reversible oxida-
tion at Ep,, =0.82'V, exhibits two irreversible oxidation
peaks (Ep, =0.31V and E,, =0.62V). It is possible that
the first irreversible oxidation is due to the direct oxidation
of the nitrogen atom on the pendant arm, and the decom-
position of the oxidized product may give rise to the second
irreversible peak.

The CVs of the inclusion compounds 8-10 showed some
significant differences compared with the CV of the nonin-
cluded ferrocene 5. While the amine peak observed at 0.62
V for 5 was still present at about the same potential for
8-10, the ferrocene peak at 0.82 V was apparently broad-
ened and shifted to more positive potentials. This is a
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common observation for cyclodextrin—ferrocene complexes
and is usually attributed to a significant host—-guest interac-
tion, i.e. noncovalent encapsulation of the ferrocene mole-
cule within the hydrophobic cavity of the CD moiety [67—
69]. Ferrocene is more difficult to oxidize in the presence
of the CD host because it is more strongly bound than
the oxidized form, ferrocenium (Fc").

3. Conclusions

A series of ferrocene derivatives were successfully pre-
pared and characterized. Some of the compounds exhibited
significant cytotoxic activity against the EAT line. How-
ever, there is no obvious relationship between the antitu-
mor activity and redox behavior. The presence of two
distinctive groups seems to be more important, and the
results indicate that opportune choice of the ring substitu-
ents may allow the preparation of active and selective anti-
tumor agents. A wider range of substituents will have to be
investigated before a meaningful structure-performance
relationship can be established. For the most active com-
plex, 2-(N,N-dimethylaminomethyl)ferrocenecarboxamide
(5), which is practically insoluble in water, increasing its
solubility by salt formation or by inclusion in unmodified
B-cyclodextrin did not lead to better results. However, sig-
nificantly higher antitumor activities were obtained by
using the chemically modified CDs TRIMEB and HPBCD.
Since the 1,2-disubstituted ferrocenes used in this study are
racemic, further studies may be oriented towards elucida-
tion of the activity of optically pure enantiomers. This
seems to be particularly interesting for pharmacological
investigation.

4. Experimental
4.1. General methods and procedures

All air sensitive reactions were performed using stan-
dard Schlenk techniques under nitrogen. Solvents were
dried by standard procedures (diethyl ether over Na/benzo-
phenone ketyl; acetonitrile over CaH,). Oxalyl chloride
was freshly distilled prior to use. Ferrocene, #-butyl lithium,
trifluoroacetic acid, methyl iodide, concentrated ammonia,
acetic anhydride and deuterated solvents were purchased
from commercial suppliers and used as received. Literature
procedures were used to prepare N,N-dimethylaminometh-
ylferrocene (1) [50], 1,2-bis(hydroxymethyl)ferrocene (2)
[51], 1,2-diformylferrocene (3) [51], and 2-(N,N-dimethyl-
aminomethyl)ferrocenecarboxaldehyde (4) [52]. B-CD was
kindly donated by Laboratoires La Roquette, France.
TRIMEB was obtained from Fluka and HPBCD, with an
average degree of substitution of 3, was obtained from
Cyclolab, Hungary.

Microanalyses were performed at the ITQB (by
Concei¢ao Almeida). Infrared spectra were recorded on a
Unican Mattson Mod 7000 FTIR spectrophotometer in
solution or as KBr pellets. Powder XRD data were

collected on a Philips X’pert diffractometer using Cu Ko
radiation filtered by Ni (4= 1.5418 A). TGA studies were
performed using a Shimadzu TGA 50 system at a heating
rate of 5 K min~" under a static atmosphere of air. Liquid
"H NMR and >C NMR spectra were measured at room
temperature (RT) on a Bruker AMX 300 spectrometer.
3C CP MAS NMR spectra were recorded at 125.72
MHz on a (11.7 T) Bruker Avance 500 spectrometer, with
a 4.5 us 'H 90° pulse, 2 ms contact time, a spinning rate of
7 kHz and 12 s recycle delays. Chemical shifts are quoted in
parts per million from tetramethylsilane. Mass spectra were
acquired on a Bruker esquire 3000" (by Ana V. Coelho).

Cyclic voltammetry was performed with a BAS CV/50
voltammetric analyzer, in a closed standard three-electrode
electrochemical cell that kept the solution protected from
air, using CH,Cl, solutions containing 0.1 mol dm > tetra-
butylammonium hexafluorophosphate. The solutions were
purged with argon and kept under an inert atmosphere
throughout the measurements. Dichloromethane was dis-
tilled from CaH, and tetrabutylammonium hexafluoro-
phosphate was dried under dynamic vacuum at 140 °C
for 12 h prior to use. A BAS MF-2012 glassy-carbon elec-
trode was used as the working electrode and a BAS MW-
4130 electrode as the counter electrode. The measured
potentials were not corrected for liquid junction potentials
and are reported relative to that of the SCE reference elec-
trode and to the Ej/, value of the ferrocenium/ferrocene
couple.

4.2. 2-( N,N-dimethylaminomethyl)ferrocenecarboxamide
(5)

A 1.6 M pentane solution of -BuLi (840 pL, 1.35 mmol)
was added dropwise to a solution of dimethylaminomethyl-
ferrocene (218 mg, 0.90 mmol) in dry diethyl ether (15 mL)
at RT. The reaction mixture was stirred for 15 min at RT
and then cooled to —78 °C with an acetone/dry-ice bath.
After 5 min, crushed dry ice (790 mg, 17.9 mmol) was
added. The reaction mixture was removed from the cold
bath and left to reach RT over approximately 30 min. Tri-
fluoroacetic acid (140 pL, 1.79 mmol) was added dropwise
and the mixture left to stir for 1 h to form an orange-red
precipitate. This product was dissolved by the addition of
acetonitrile (5mL). Oxalyl chloride (235 pL, 2.69 mmol)
was then added and the mixture stirred for 2 h at RT.
The solution was filtered off and the solid residue washed
several times with diethyl ether and acetonitrile. After
evaporating the solvents from the combined extracts, the
residue was redissolved in small amounts of acetonitrile
and diethyl ether, and the solvents removed again under
reduced pressure. This process was repeated in order to
remove the excess of oxalyl chloride. The rubber-like dark
yellow product was then dissolved in acetonitrile (5 mL)
and concentrated ammonia was added (5 mL). The solu-
tion was left to stir overnight at RT. The solvent was evap-
orated and the pellet was dried in vacuo, and purified by
flash chromatography (eluent: CH;OH:Et,O:Et;N =
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5:90:5) to provide 160 mg (63%) of pure amide as an
orange crystalline solid. Elemental analysis calculated (%)
for Ci4HgN,OFe (286.16): C, 58.76; H, 6.34; N, 9.79.
Found: C, 58.30; H, 5.90; N, 9.65%. IR (KBr): v = 3400s,
3197s, 2989m, 2980m, 2970m, 2939s, 2859s, 2823s, 2777s,
1643vs (CONH,), 1459vs, 1409w, 1373s, 1350m, 1278m,
1254m, 1233m, 1195m, 1178m, 1157m, 1105m, 1095m,
1048w, 1040w, 1008s, 1004s, 954m, 841m, 813s, 752m,
707m, 617m, 603m, 563m, 519s, 491s, 456m, 432m cm L
'"H NMR (CD;OD, 300 MHz): 4.73 (m, 1H, CsH;RR’),
4.29-4.25 (m, 2H, CsH3RR’), 4.11 (s, 5H), 4.06 (d, 1H,
J=12.6 Hz, CH,;N), 2.98 (d, 1H, J=12.6 Hz, CH,;N),
2.11 [s, 6H, N(CH;),]. *C NMR (CD;OD, 75.4 MHz):
176.33, 83.24, 77.96, 75.30, 73.21, 71.61, 69.69, 59.29,
44.13. DEPT (CD3OD, 75.4 MHz): 75.28 (+), 73.24 (+),
71.61 (+), 69.69 (+), 59.28 (—), 44.15 (+). MS (ESI):
287.0 [M+17", (100%); 241.9 [M—45]", (28%). M.p. 164—
166 °C.

4.3. 2-Carbamoylferrocenylmethyl acetate (6)

2-(N,N-dimethylaminomethyl)ferrocenecarboxamide (5)
(154 mg, 0.54 mmol) was dissolved in acetic anhydride (30
mL) and the solution stirred at RT for 3 h. The reaction
mixture was then carefully poured into an aqueous solution
of sodium bicarbonate and the aqueous layer was extracted
several times with diethyl ether. The combined organic lay-
ers were washed with brine, dried over anhydrous sodium
sulphate, filtered and evaporated. The residue was purified
by flash chromatography (eluent: CH3;0H:Et,O = 95:5) to
provide 110 mg (68%) of pure acetate as a red oil. IR
(neat): v = 3449, 3348, 3194, 3099, 1731s, 1658s, 1605s,
1474m, 1443m, 1380m, 1249s, 1106m, 1023m, 948m,
826m cm™!. "H NMR (CD,Cl,, 300 MHz): 5.16 (AB quar-
tet, Ja.p = 12 Hz, 2H), 4.53 (m, 1H, CsH3RR’), 4.41 (m,
1H, CsHsRR'), 4.27 (m, 1H, CsH;RR’), 4.14 (s, SH, Cp),
1.96 (s, 3H, CH;). *C NMR (CD;OD, 75.4 MHz):
176.0, 172.7, 84.7, 74.0, 71.6, 71.5, 70.7, 70.6, 63.1, 20.8.
MS (ESI): 241.9 [M—597", (100%).

4.4. N,N,N-trimethyl-N-(2-
carbamoylferrocenylmethyl) ammonium iodide (7)

2-(N,N-dimethylaminomethyl)ferrocenecarboxamide (5)
(150 mg, 0.52 mmol) was dissolved in a small quantity of
acetonitrile (3 mL) and diethyl ether (5 mL). Methyl iodide
(100 pL, 1.57 mmol) was added dropwise and after 30 min
stirring at RT, a large amount of yellow precipitate had
formed. Diethyl ether (10 mL) was added slowly to the
mixture. After another 30 min stirring, the precipitate
was filtered, washed several times with diethyl ether and
dried in vacuo to provide 194 mg (87%) of the pure ammo-
nium salt as a yellow powder. Elemental analysis calculated
(%) for CysH,N,OFel - H,O (446.11): C, 40.39; H, 5.20;
N, 6.28. Found: C, 40.42; H, 5.32; N, 6.14%. IR (KBr):
v =3436vs, 1641s, 1604m, 1473m, 1384m, 1307w, 1249w,

877m cm~'. '"H NMR (D,O, 300 MHz): 6.46 (s, 2H),
5.12-4.26 (m, 8H), 2.91 [s, 9H, N(CHj3);], 2.79 (s, 2H).
13C NMR (d-DMSO, 75.4 MHz): 171.0, 75.0, 74.8, 74.7,
70.3, 63.3, 51.3. M.p. 117 °C (decomposition).

4.5. p-CD - Fe(5) (8)

A solution of 5 (126 mg, 0.44 mmol) in ethanol (4 mL)
was added to a solution of B-CD (0.50 g, 0.44 mmol) in
water (5mL) at 65°C. The mixture was stirred for 1h
and left to settle and cool slowly. After 24 h, a microcrys-
talline orange precipitate had formed. The yield increased
upon further evaporation in air (0.55 g, 88%). Elemental
analysis calculated (%) for (C4H70035) - (C14HgN,O-
Fe) - 9H,O (1583.3): C, 41.65; H, 6.73; N, 1.80. Found:
C, 41.87; H, 6.72; N, 1.94. IR (KBr): v = 3404vs, 2930s,
1658s, 1600s, 1471s, 1419s, 1379s, 1300m, 1248m, 1156s,
1108s, 1088vs, 1034vs, 1004s, 936m, 834m, 758m, 704m,
606m, 579m cm~'. 3C CP MAS NMR: § = 173.0 (guest
CO), 103.5 (B-CD, C-1), 80.9 (B-CD, C-4), 72.8 (B-CD,
C-2,3,5), 59.8 (B-CD, C-6), 43.6 [guest N(CHj3),].

4.6. TRIMEB - Fe(5) (9)

Compound 5 (0.06 g, 0.21 mmol) was added stepwise to
a solution of TRIMEB (0.30 g, 0.21 mmol) in water
(1 mL), allowing each fraction to dissolve before adding
the next. When guest dissolution was no longer possible,
ethanol (0.5 mL) was added to obtain a clear orange solu-
tion. After stirring for 1 h, the vessel was immersed in
liquid nitrogen for instant freezing and the frozen solvent
was removed by lyophilization to obtain a bright orange
solid product. IR (KBr): v =2980s, 2930s, 2891sh, 2829s,
1670m, 1629m, 1460s, 1405w, 1369m, 1324w, 1304w,
1194s, 1163vs, 1142vs, 1108vs, 1073vs, 1034vs, 970s,
952m, 915sh, 861m, 822w, 755m, 707m, 601w, 558m,
518m cm ™ '.'3C CP MAS NMR: 6 =175.0 (guest CO),
99.9 (TRIMEB, C-1), 82.2, (TRIMEB, C-2,34), 71.0
(TRIMEB, C-5,6), 60.6, 59.9, 57.9 (TRIMEB, O-CHs),
43.5 [guest N(CH3),].

4.7. HPBCD - Fe(5) (10)

Compound 5 (0.065 g, 0.23 mmol) was added stepwise
to a solution of HPBCD (0.30 g, 0.23 mmol) in water
(1 mL), allowing each fraction to dissolve before adding
the next. When guest dissolution was no longer possible,
ethanol (0.2 mL) was added to obtain a clear orange solu-
tion. After stirring for 1h, the vessel was immersed in
liquid nitrogen for instant freezing and the frozen solvent
was removed by lyophilization to obtain a bright orange
solid product. IR (KBr): v=3394vs, 2969sh, 2930s,
2827w, 1657s, 1605m, 1468m, 1414m, 1379m, 1335m,
1300w, 1256w, 1157s, 1083vs, 1039vs, 947m, 851m, 762w,
708w, 580m, 521w cm™'. '*C CP MAS NMR: § = 175.0
(guest CO), 102.7 (HPBCD, C-1), 81.9 (HPBCD, C-4),
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72.6 (HPBCD, C-2,3,5), 70.9 (guest Cp), 66.8 (host HP
group, -OCH,CH(OH)CH3;), 59.8 (HPBCD, C-6), 43.2
[guest N(CHs),], 19.3 (host HP group, -OCH,-
CH(OH)CH,).

4.8. Cell culture

The Ehrlich ascites mouse tumor cell line was purchased
from ECACC (The European Collection of Cell cultures)
and propagated in NCTC-135 medium (Sigma, ref.
N3262), 2 mM in L-glutamine, supplemented with 10%
heat-inactivated fetal bovine serum (FBS) and 1% penicil-
lin/streptomycin. The cells were routinely propagated in
75 cm? tissue culture flasks (SARSTEDT, Leicester, UK),
in a humidified atmosphere of 5% CO, in air at 37 °C,
and were trypsinized and harvested into new medium every
2-4 days, just before confluence. The cells were cultured for
a minimum of two passages after thawing prior to
experimentation.

4.9. MTT assay

This assay is based on the capacity of mitochondrial
dehydrogenase enzymes in living cells to convert the yellow
water soluble substrate (MTT) into a dark blue product
which is quantified by spectrophotometric means. Briefly,
exponentially growing cells were trypsinized, dispensed
into 96-well tissue culture plates and allowed to attach
overnight. The next day the cells were treated with the
proper ferrocene with concentrations ranging from 1 to
1000 pM. By addition of an adequate volume of a freshly
prepared DMSO-ferrocene solution to the medium (1.5%
DMSO in aqueous medium), the desired test concentra-
tions were obtained. After an incubation period of 3 h
the cells were washed twice with phosphate buffer saline
(PBS) and 100 pL. of medium were added. The cells were
incubated for 24 h and 10 pL of a MTT solution (5 mg/
mL) were added to each well. The tetrazolium/formazan
reaction was allowed to proceed for 3 h and the medium
was carefully removed. The dark blue formazan crystals
were dissolved by adding 150 pLL of DMSO and agitating
for 15 min in a plate shaker. The optical density was mea-
sured at 540 nm using a 96-well multiscanner autoreader.
The percentage of survival was calculated using the
formula: %survival =live cell number [test]/live cell
number [control] x 100. The ICso values were calculated
by nonlinear regression analysis using the graphed Prism
software (GraphPad Software Inc., San Diego, CA).
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