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Inclusion complexes that comprise B-cyclodextrin (f-CD) and
trimethyl(ferrocenylmethyl)ammonium iodide (1) have been
prepared by codissolution of the host and guest in ethanol/
water, accompanied by either conventional heating at 40 °C
for 26 h (to give 2) or microwave-assisted heating for 30 min
(to give 3). Solids were isolated and characterized by elemen-
tal and thermogravimetric analyses, powder X-ray diffraction
(XRD), and IR, Raman, and '3C{'H} CP/MAS NMR spec-
troscopy. Powder XRD indicated the presence of microcrys-
talline inclusion compounds with supramolecular structures
that comprise B-CD head-to-head dimers arranged into infi-
nite channels. A small crop of single crystals of the inclusion
compound 2 were obtained and analyzed by XRD. Despite
diffraction being very poor above a resolution of around 1 A,

the data could be indexed to the space group P1 (in agree-
ment with powder XRD) and a reasonable structural model
could be achieved when the asymmetric unit was composed
of two directly located B-CD hosts, 1.4 iron atoms, and a small
fraction of iodide anions. By using these data as a starting
point, DFT calculations were carried out and led to a model
of the crystal structure that comprised 2:1 (host/guest) and
2:2 adducts. The cytotoxic and antiproliferative activities of
1 and 2 were tested against the breast adenocarcinoma
MDA-MB-231 and osteosarcoma MG-63 cell lines. Results
indicate that both 1 and 2 are cytotoxic against the MDA-
MB-231 line but exhibit negligible activity on the MG-63
line.

Introduction

Ferrocene derivatives have attracted attention as poten-
tial antitumor drugs ever since the discovery of the antipro-
liferative action of ferrocenium complexes against Ehrlich
ascites tumor (EAT).IY The cytotoxic behavior of ferrocen-
ium derivatives is assumed to be based on their ability to
generate active oxygen species that damage DNA .2l An ap-
propriate choice of the substituents on the cyclopentadienyl
(Cp’) ring ensures biointeraction through in situ oxidation
to ferrocenium, with excellent cancerostatic properties.!
Biomimicry is another successful design tool. Ferrocifen,
conceived in the image of the natural drug tamoxifen, ex-
panded the range of action to include not only estrogen-
dependent but also estrogen-independent tumors.*) A ferro-
cene-bearing analogue of nilutamide also showed excellent
growth inhibition action on prostate cancer and an unex-
pected modified mechanism of action, independent of the
androgen receptor binding pathway.l!
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We have recently studied a series of disubstituted ferro-
cene complexes, with 2-(N,N-dimethylaminomethyl)ferro-
cene carboxamide and N,N,N-trimethyl-N-(2-carbamoyl-
ferrocenylmethyl)ammonium iodide being the most active,
that have 1Cs, values in the range of 70-76 pum.[% Inclusion
of the neutral complex into chemically modified B-cyclo-
dextrins (CDs) such as the permethylated one (TRIMEB)
and (2-hydroxy)propyl-B-cyclodextrin afforded higher ac-
tivity with ICsy values of 25 and 20 pm, respectively. The
parent compounds (native CDs) of chemically modified
CDs are natural cyclic oligosaccharides formed from the
bacterial degradation of starch, and typically comprise six
(0-CD), seven (B-CD), or eight (y-CD) glucose residues.
Their good aqueous solubility combined with the hydro-
phobic cavities make them excellent solubilizers and molec-
ular carriers for a wide range of organic and metallo-
organic guests.”! For over two decades, CDs have been known
to incorporate ferrocenel®! and a vast number of its deriva-
tives (Fed). Apart from the encapsulation of the aforemen-
tioned monometallic Fcd antitumor agents, we have de-
signed and prepared Fed@CD inclusion compounds that
contain heterobimetallic®® and oligo(ferrocenyldimethyl-
silane) guests,'% with potentially interesting electrochemi-
cal and catalytic properties.

In the present work, the cytotoxic potential of trialkyl-
(ferrocenylalkyl)ammonium salts has been further explored
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by using trimethyl(ferrocenylmethyl)ammonium iodide (1)
as a model guest and native B-cyclodextrin (B-CD) as a host
(Figure 1); we have assessed the effect of molecular encap-
sulation on antiproliferative activity. The inclusion complex
was prepared by codissolution of the two components, and
the effect of using microwave-assisted heating (MAH) dur-
ing this process was studied. The use of alternative, faster,
cheaper and greener methods in the preparation of new
compounds with potential activity strongly contributes to
their marketing viability. Indeed, MAH has growing accept-
ance in the preparation of organic compounds by lowering
reaction times, using cleaner solvents, and reducing the
amount of byproducts.[''l To date, the preparation of supra-
molecular cyclodextrin adducts by MAH remains largely
unexplored.
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Figure 1. The trimethyl(ferrocenylmethyl)ammonium cation (left)
and B-CD (right).

Results and Discussion

Synthesis and Characterization of the §-CD Inclusion
Compounds

Inclusion complexation was carried out by combining a
solution of trimethyl(ferrocenylmethyl)ammonium iodide
(1) in a 25% ethanol/water mixture (6 mL) with a solution
of B-CD in water at 40 °C (host/guest molar ratio of 1:1).
The resulting solution was then stirred at either 40 °C for
26 h (to give 2) or subjected to MAH for 30 min (to give
3). Yellow microcrystalline solids were obtained by concen-
trating the solutions and cooling them to 5 °C.

The compositions of 2 and 3 were determined by per-
forming microanalyses for C, H, and N; ICP-OES for Fe;
and thermogravimetric analysis (TGA) for water content.
Results indicate bulk host/guest molar ratios of 1.7:1 for 2
and 1.5:1 for 3 (please see the Exp. Section for details).
TGA of 2 and 3 showed a weight loss of 11.2% from room
temperature up to 125 °C (Figure 2), which is in agreement
with the calculated values (10.5 and 11.4%, respectively)
based on approximately 9-10 water molecules per CD mo-
lecule in 2 and 3. The onset of B-CD decomposition occurs
at 230 °C for both samples, a temperature lower than that
of pure B-CD hydrate, which starts to decompose around
275-280 °C. Host decomposition at lower temperature is a
common phenomenon in inclusion compounds with
metallo-organic guests and has been associated with a
strong, synergistic host—guest interaction.[®'?) Another
interesting feature in the TGA of 2 and 3 is the endothermal
event that occurs around 240-250 °C, which is strong
4956
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enough to cause an inflexion in the thermal decomposition
trace, due to the local absorption of heat that leads to a
slight decrease of the temperature near the sensor, which is,
in the equipment used for the data collection, placed a few
millimeters from the sample crucible. The result is a dataset
in which the temperature axis presents, after 245 °C, some
points with decreasing temperature values (back to 243 °C
before it starts to increase again, as normal). This phenome-
non may be related to the decomposition of the guest,
which, under the same synergistic effect mentioned for the
host decomposition, undergoes a faster and almost linearly
abrupt mass loss, thereby culminating in the endothermal
event around 245 °C.
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Figure 2. TGA curves of 2 (—) and 3 (- — -).

The IR and Raman spectra of 2 and 3 are dominated by
the vibrational bands of the host. Nevertheless, a few bands
due to the trimethyl(ferrocenylmethyl)ammonium ion can
be discerned, and some of these are weakly shifted in rela-
tion to the corresponding bands for pure 1, which may be
a consequence of the molecular encapsulation (at the same
time being consistent with a relatively weak host-guest in-
teraction, as expected). For example, in the IR spectra of 2
and 3, the Fe-ring stretch appears at 477 cm™!, which repre-
sents a redshift of about 10 cm™! relative to that for pure
1.131 In the Raman spectra of the inclusion compounds, a
band assigned to a cyclopentadienyl ring stretching mode
is present at 1448 cm™! for 2 [cf. approximately 1426 cm ™!
(shoulder) in the IR] and 1445cm™!' for 3, relative to
1444 cm™! for pure 1. Other guest bands for 2 and 3 are
observed at 1247 cm™! (blueshifted; at 1238 cm™! for 1), and
at 764, 738 and 326 cm! (redshifted; at 768, 750, and
334 cm™! for 1).

The BC{'H} CP/MAS NMR spectra of 2 and 3 were
collected and compared with those of the starting materials,
compound 1 and B-CD, as depicted in Figure 3. The spec-
trum of B-CD hydrate exhibits multiple sharp resonances
for each chemically distinct carbon atom (C'-°), which has
previously been attributed to small variations in the torsion
angle that describes the conformations about the glycosidic
linkages and the angle that describes the conformations of

Eur. J. Inorg. Chem. 2011, 4955-4963



Trimethyl(ferrocenylmethyl)ammonium lodide

Eur/IC

the C° hydroxy groups.'¥l After inclusion complexation to
give 2 and 3, each of the four main groups of host reso-
nances (C!, C*, C>33 and C°) span over a narrower chemi-
cal-shift range than pure B-CD. In fact, the signals for C!
and C>33 appear as single broad peaks (with shoulders).
These spectral features are closely related with the forma-
tion of B-CD dimers by hydrogen bonding that involves the
C? and C? hydroxy groups located on the wider rim of the
host. This packing geometry, described for 2 in the crystal-
lographic section below, is associated with an overall sym-
metrization of the host macrocycle, evidenced by resonance
reduction in the solid-state '3C{'H} NMR spectra. The
spectra of 2 and 3 contain additional guest resonances at
0 = 69.3 (CH,N), 52.5 [N(CHs)3], and around 71.5 ppm
(shoulder, CsHs and CsH4R), which are essentially un-
shifted relative to the corresponding signals exhibited by 1
in the solid-state NMR spectrum.
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Figure 3. 3C{'H} CP/MAS NMR spectra of (a) the guest complex
1, (b) B-CD hydrate, and the inclusion compounds (c) 2, and (d)
3. Figure 1 shows the carbon atom numbering for the B-CD host
molecule.

The bulk powders that precipitated after cooling the
mixed solutions of B-CD and 1 were studied by powder
XRD to investigate sample purity, homogeneity, and the
formation of new phases that correspond to inclusion com-
pounds. As depicted in Figure 4, both 2 and 3 are crystal-
line phases with no reflections associated with either pure
1 or B-CD, thus confirming the absence of contamination
from the starting materials. Hence, the bulk host/guest mo-
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lar ratios determined for 2 and 3 (1.7:1 and 1.5:1, respec-
tively) are not due to the presence of either a 2:1 inclusion
compound contaminated with pure 1 or a 1:1 inclusion
compound contaminated with pure B-CD hydrate. Indeed,
the diffraction traces for 2 and 3 are strongly correlated to
a reference trace calculated (from single-crystal XRD coor-
dinates) for inclusion compounds that belong to the chan-
nel Pl series, one of the two isostructural series charac-
terized by channel-type packing of 3-CD head-to-head di-
mers;[1] these series differ only in the space groups, which
can be C2 or P1. Besides numerous inclusion compounds
with organic guests, B-CD adducts with organometallics
can also belong to these series, in particular diferrocenyldi-
methylsilane,'% a few half-sandwich molybdenum car-
bonyl complexes,!'® and a family of mixed sandwich com-
plexes.!”)

channel

A | UM f\w 4 |

w/u\\JU M V ! v I ww’wf“www%

B-CD

5 10 15 20 25 30
20 [7]

Figure 4. Powder XRD patterns of (from bottom to top) plain B-
CD hydrate, the guest complex 1, the inclusion compounds 2 and
3, and a calculated model pattern for the isostructural series of -
CD inclusion compounds that belong to the space group P1, which
comprise infinite channels of head-to-head host dimers.['!

Dimeric B-CD inclusion compounds crystallize, as estab-
lished by Caira,!'” in either the triclinic P1 or the mono-
clinic C2 space groups, with nearly indistinguishable dif-
fractograms. To unequivocally assess the crystal symmetry
of 2, attempts were made to isolate single crystals. As de-
scribed in the Exp. Section, slow evaporation of the mixed
solution of B-CD and 1 (mother liquor) at low temperature
gave a small crop of single crystals, which were indexed by
using preliminary XRD analyses. All tested crystals were
identified as belonging to the triclinic P1 isostructural
series.'>) It is thus fair to infer that individual crystals are
indeed representative of the whole microcrystalline sample.
The crystallographically independent B-CD molecules in
the asymmetric unit are almost superimposable if one as-
sumes the existence of an artificial C, axis running through
the exact position where it would be for space group C2
4957
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(Figure 5). However, crystal refinement was unstable and
led to poor crystalline models, thus ruling out this latter
space group.

Figure 5. Superimposition of the two nonequivalent pairs of host—
guest units from 2, performed by rotation about an artificial C,
axis. Despite being nonequivalent, the structures overlay reasonably
well.

In spite of the large number of single crystals isolated
and tested from several distinct reaction batches, diffraction
was systematically very poor above a resolution of around
1 A, even for very long frame-exposure times. A reasonable
structural model, supported by a stable overall refinement,
could be achieved when the asymmetric unit was composed
of two directly located (from difference Fourier maps) B-
CD hosts, 1.4 iron atoms per unit cell, and a small fraction
of iodide anions (0.65 per unit cell; 0.40 inside the B-CD
cavity). Considerable structural disorder (both positional
and thermal) attributed to the remaining chemical species
(guests, counterions, and solvent molecules) led to a
smeared-out electron density that prevented both their loca-
tion or modeling (even when employing heavily constrained
models). Nevertheless, the location of the host species and,
therefore, the description of the crystal-packing motif
clearly shows the typical channel packing of head-to-head
dimers of B-CD molecules as described by Caira (head and
tail rims separated by around 2.6 and 4.5 A, respectively).

DFT Calculations for Inclusion Compound 2

Studies of the geometry of the inclusion compound 2
were performed using in silico methods. To significantly
simplify the theoretical calculations, we used the aforemen-
tioned artificial C, rotation axis, in spite of it being absent
in the crystalline structure. This choice circumvents the
double simulation that would be necessary had we assumed
the nonequivalence of the two cyclodextrin molecules in the
unit cell.

The crystallographic studies reveal the presence of 1.4 Fe
and 0.4 T included in each B-CD dimer. This way, the over-
all crystal may be treated as a mixture of 1:1 adducts and
hosts that only contain water molecules, excluding the io-
dide from the calculations due to its low occupation value.
The initial step involved the simulation of such 1:1 com-
pounds, which can have two possible geometries: Al, with
the trimethylammonium moiety directed towards the head
of its host, and Bi, with this “tail” facing outwards through
the narrower rim of B-CD. Partial optimization (keeping
4958
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the B-CD hosts and iron atoms fixed and allowing the li-
gands to optimize freely) of these initial predefined struc-
tures afforded structures A and B, shown in Figure 6.

Figure 6. Schematic representation of two hypothetical arrange-
ments of 1:1 B-CD inclusion compounds with guest 1. Structures
A and B were derived from the partial optimization of 1 inside the
B-CD cavity. Calculations were performed at the B3LYP/6-31G
level, with fixed geometry of the hosts.

These arrangements were translated to the crystalline
structure to certify their reliability. Although the fitting of
structure A in the crystal packing produced a viable struc-
ture, in model B some of the contacts between the guest
trimethylammonium moiety and the neighboring f-CD mo-
lecules were too short. This superposition compelled us to
carry out a more complete simulation in which parts of the
neighboring cyclodextrins were also present. The newly
simulated structure, B*, has subtle differences that allow the
accommodation of the trimethylammonium moiety in the
interstices between the two neighboring cyclodextrins. The
energies, calculated for the models in the presence of a -
CD neighbor, are 15 kJmol™! lower for A than for B*; thus,
a distinction between them cannot be based on such a small
energy difference. The reliability of the presented structures
depends, among other factors, on the existence or otherwise
of short contacts, namely, H:-*H contacts. The departing
structures A and B* exhibit some short distance contacts.
Structure B* has four short H-+H contacts in the range
1.764-1.977 A between the N(CH;); moiety and the neigh-
boring B-CD molecules (two to its own host, and two to
the other B-CD molecule). The shortest contact distance in
structure A is at 1.999 A, which is considerably larger than
those of B*.

The combination of geometries A and B* with empty
cyclodextrins gives the structure of the two possible 2:1 ad-
ducts C (A + B-CD) and D (B* + B-CD) present in 2 (Fig-
ure 7).

Figure 7. Schematic representation of the structures C and D for
2:1 adducts determined from a combination of XRD data (all -
CD molecules and the iodide anion) and theoretical modeling (fer-
rocene molecules).
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The formation of 2:2 adducts by the geometric combina-
tion of pairs of structures A and B* produced three dif-
ferent types of adducts, namely, A,, AB, and B,. This com-
bination required no change in the short contact distances
between guests and hosts, except for A5, which had very
short contacts between the two guests and thus required a
further optimization step to afford H-+H contacts of at
least 1.925 and 1.997 A (the shortest found). However, the
two parts of structure B,, which are related by imposed
symmetry, do not interact evenly with the crystalline scaf-
fold and a very short contact distance of 1.178 A is found.
This is most likely the result of the purely geometric con-
struction of this dimer assuming an artificial C, axis, and
thus the short distance should not be considered an im-
peding factor. Indeed, a distance between hydrogen atoms
smaller than the sum of van der Waals radii is usual in
geometry optimizations, and even distances shorter than
2 A (like the present ones) are not completely artificial.['8]
The final structures presented here (Figure 8) are not fully
optimized, with many of the short distances arising from
the rigidity of the B-CD molecule. A full optimization could
enlarge such distances, but being very time-consuming and
computer-expensive, it falls beyond the scope of the present
study.

Figure 8. Schematic representation of the structures A5, AB, and
B, for 2:2 adducts determined from a combination of XRD data
(B-CD molecules) and theoretical modeling (guest molecules).

With regards to the I anion, and in spite of its low occu-
pation factor established from crystallography, important
atomic superimpositions are observed when it is placed in
models C, A5, B,, and AB. In model D, the distance be-
tween the I and Cp (4.982 A) is the optimum value for
such distance, thus implying that the anion may interact
with the Cp ligand. Therefore, only structure D is compati-
ble with the presence of the iodide, and this structure is
present approximately in a 0.4 fraction. The possible struc-
tures for the 2:2 adducts are independent of the mass bal-
ance, and therefore only the energy difference can be a fac-
tor of differentiation between them. Thus, the lowest energy
corresponds to model A5, which is 61 kJmol! lower than
AB and 125 kJmol ! lower than B,.

A mass balance to the approximate iron content and the
total content shows that the fractions of empty B-CD di-
mers or structure C are considerably reduced or even null.
In short, in so far as the calculations are correct, we can
infer that the crystal structure of 2 comprises structures D
and A (in a molar ratio close to 3:2 to give the bulk host/
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guest ratio of 1.43:1), with small amounts of the other pos-
sible structures.

The overall host/guest molar ratio of 1.43 in the model
of the crystal structure of 2 is slightly lower than the values
determined experimentally for the bulk microcrystalline sol-
ids 2 and 3 (1.7 and 1.5, respectively). Nevertheless, we may
conclude that a similar model holds for these bulk inclusion
compounds, except that they contain a slightly higher pro-
portion of 2:1 head-to-head dimers (structure D).

Cytotoxic and Antiproliferative Studies of 2

The antiproliferative effects of complex 1, its B-CD ad-
duct 2, and native f-CD were evaluated towards the MG-
63 osteosarcoma and MDA-MB-231 breast adenocarci-
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Figure 9. Time- and dose-dependent antiproliferative profiles for
compounds 1, 2, and native B-CD against (a) MDA-MB-231 and
(b) MG-63 cell lines. Cells were plated at a density of
6.0 X 10* cellsmL~! (MDA-MB-231) and 1.4 X 10° cellsmL' (MG-
63) on 24-well plates, and incubated with the drugs for 24, 48, and
72 h. After 72 h, cell density was evaluated using the sulforhoda-
mine B (SRB) colorimetric assay. Results are expressed as a percen-
tage of the control (100%) and represent the average = standard
deviation from the experiments carried out in triplicate. * p <0.05
by Tukey’s post hoc test, after one-way analysis of variance
(ANOVA).

4959

WWW.eurjic.org



FULL PAPER

S. S. Braga, 1. S. Gongalves et al.

noma (hormone-independent) human cell lines. The inhibi-
tion at a 72 h incubation period clearly evidences that com-
pounds 1 and 2 are more active against the MDA-MB-231
cell line than towards the MG-63 cells (Figure 9).

Regarding the breast carcinoma line, the two compounds
already display antiproliferative properties after 24 h of in-
cubation. For 48 and 72 h the growth-inhibiting activity of
both compounds is consistent with the increase in drug con-
centration; it is more significant after an incubation period
of 48 h and for the inclusion compound 2. A slight revers-
ible effect is observed at 72 h for both compounds. The B-
CD host alone was also tested on this cell line, with results
showing, as expected, a lack of significant cytotoxic activity.
On the other hand, inclusion of 1 into B-CD results in an
enhancement of its growth-inhibitory profile, in particular
for the concentration of 50 um, which affords a growth inhi-
bition very close to that observed for the highest concentra-
tion (100 um). This increase in antitumor activity is consis-
tent with the advantages of using cyclodextrins as hosts,
which act as protective carriers and solubilizing agents and
allow the drug dosage to be reduced by roughly one half.
Such action is highly beneficial and improves the antineo-
plastic potential.

With reference to the MG-63 cell line, a significant anti-
proliferative effect was not observed for compounds 1 and
2, even at a dosage of 100 um, the highest concentration
tested, and an incubation time of 72 h. This cell line was
chosen due to current research interests of our group, which
aim for the development of new metal complexes with anti-
cancer properties towards osteosarcoma, a highly resistant
cancer for which there is a limited range of effective chemo-
therapeutic agents available. However, the present results
clearly indicate that both 1 and 2 are unable to overcome
this resistance problem associated with osteosarcoma. Plain
B-CD was tested against this cell line in our previous work
and has displayed no intrinsic antiproliferative effect.[!4¢]

Conclusion

Inclusion complexes that comprise B-CD and trimeth-
yl(ferrocenylmethyl)ammonium iodide (1) were prepared by
codissolution of the host and guest in ethanol/water, ac-
companied by either conventional heating at 40 °C for 26 h
(to give 2) or microwave-assisted heating for 30 min (to give
3). Solid-state characterization of 2 and 3 provided details
on their structure and geometry. A combination of crystal-
lography and theoretical calculations applied to compound
2 showed that B-CD molecules form dimers stacked into
infinite channels, which accommodate the guest cations in-
side, the iodide counterion being disordered over intra-di-
meric and inter-dimeric positions. For compound 3, no suit-
able single crystals were obtained, and diffraction studies
were limited to the bulk powders. Nonetheless, the results
are compatible with the formation of a channel-packed in-
clusion compound.

The pure guest 1 and the inclusion compound 2 were
tested for their cytotoxic and antiproliferative activity on
4960
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two human cancer cell lines, breast cancer MDA-MB-231
and osteosarcoma MG-63. The tested drugs showed cytoto-
xicity against the MDA-MB-231 line, more accentuated af-
ter 48 h of incubation and with a slight decrease (cell recov-
ery) after 72 h of incubation. However, growth inhibition of
the MG-63 cells was not achieved with these compounds at
the concentrations tested (up to 100 um), thus ruling them
out as candidates for osteosarcoma treatment.

Experimental Section

General: 3-CD hydrate was kindly donated by Roquette (France)
and trimethyl(ferrocenylmethyl)ammonium iodide (1) was pur-
chased from Alfa Aesar. Microanalyses for CHN were performed
at the Department of Chemistry, University of Aveiro (by M. Mar-
ques), and Fe was determined by ICP-OES at the Central Labora-
tory for Analysis, University of Aveiro (by L. Carvalho). Powder
X-ray diffraction (XRD) data of the bulk compounds were col-
lected at ambient temperature with an X'Pert MPD Philips dif-
fractometer (Cu-K,;, X-radiation, 1; = 1.540598 A and 4, =
1.544426 A), equipped with an X'Celerator detector and a flat-
plate sample holder in a Bragg-Brentano parafocusing optics con-
figuration (40 kV, 50 mA). Intensity data were collected by the step-
counting method (step 0.02°), in continuous mode, in the approxi-
mately 4.0=20=50.0° range. Thermogravimetric analysis (TGA)
was carried out with a Shimadzu TGA-50 system at a heating rate
of 5 °Cmin ! under air. FTIR spectra were recorded with a Unican
Mattson Mod 7000 FTIR spectrophotometer. FT Raman spectra
were recorded at room temperature in the 70-4000 cm ™! range with
an RFS-100 Bruker FT spectrometer with 2 cm™! resolution, using
a Nd:YAG laser (Coherent Compass-1064/500) with an excitation
wavelength of 1064 nm. '*C{'H} CP/MAS NMR spectra were re-
corded at room temperature and 125.72 MHz with a Bruker Av-
ance 500 spectrometer and an optimized n/2 pulse for 'H of 4.5 ps,
2 ms contact time, a spinning rate of 9 kHz, and 12 s recycle delays.
Chemical shifts are quoted in parts per million from tetramethylsil-
ane.

MAH was carried out with a Discover S-class (CEM corporation,
USA) microwave oven, at 2.45 GHz and 20 psi air, while stirring
and simultaneous cooling with compressed air to prevent bulk
overheating. A dynamic control operation mode was used with an
MW power input of 250 W, temperature control set point of 60 °C,
hold time of 30 min, high stirring speed without prestirring, and
power max (cooling during microwave application for higher en-
ergy) off. The solution obtained was then allowed to slowly cool to
room temperature.

Preparation of the Inclusion Compounds: A solution of 1 (0.099 g,
0.259 mmol) in a 25% ethanol/water mixture (6 mL) was added to
a solution of B-CD (0.340 g, 0.259 mmol) in water (10 mL) at
40 °C. The resulting mixture was then stirred at either 40 °C for
26 h (to give 2) or subjected to MAH for 30 min (to give 3). In both
cases, yellow solutions were obtained, which were concentrated and
cooled to 5 °C, thereby resulting in the formation of yellow solid
products. The mother liquors were removed by decantation and the
solids were washed with a cold aqueous solution that contained
25% ethanol, and finally air-dried (isolated yields = 0.16 g for 2
and 0.26 g for 3). For 2, the mother liquor was slowly evaporated
at 4 °C over a period of several weeks, thereby resulting in a small
crop of single crystals, which were subjected to XRD analyses (see
below).

Inclusion Complexation Performed with Conventional Heating at
40 °C (2): l.7(C42H70035)'(C14H20NFeI)'15H20 (25846) caled. C
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39.68, H 6.59, N 0.54, Fe 2.16%; found C 39.99, H 6.41, N 0.48,
Fe 2.22%. TGA up to 125 °C revealed a sample weight loss of
11.2% (calcd. for the loss of 15H,0, 10.5%). FTIR (KBr): ¥ =
3352 (vs), 2924 (m), 2903 (sh), 1632 (m), 1426 (sh), 1413 (m), 1383
(w), 1368 (w), 1334 (m), 1302 (m), 1246 (m), 1204 (m), 1158 (s),
1101 (s), 1079 (s), 1054 (vs), 1027 (vs), 1002 (s), 944 (m), 938 (m),
863 (m), 758 (m), 702 (m), 607 (sh), 587 (sh), 576 (m), 529 (m), 477
(W), 445 (w), 414 (w), 360 (m) cm '. FT Raman: v = 3391 (w), 3275
(w), 3109 (s), 3076 (m), 2946 (vs), 2900 (vs), 1460 (s), 1448 (sh),
1411 (s), 1382 (s), 1328 (s), 1264 (m), 1247 (s), 1140 (m), 1106 (vs),
1088 (m), 1043 (s), 999 (w), 974 (w), 948 (m), 926 (m), 869 (s), 764
(w), 738 (m), 708 (w), 648 (w), 619 (w), 599 (m), 576 (m), 536 (w),
501 (m), 481 (vs), 450 (m), 413 (m), 396 (m), 357 (m), 325 (s), 312
(m), 221 (m) cm™!. BC{'H} CP/MAS NMR: § = 103.4, 102.6 (B-
CD, C'; see Figure 1 for carbon atom numbering), 83.3, 82.2, 81.0,
80.4 (B-CD, C%, 72.6 (B-CD, C?>3%), 71.5 (sh, guest, Cp + Cp’),
69.3 (guest, CH,N), 62.1, 59.7, (B-CD, C°), 52.6 [guest, N(CH3)3]
ppm.

Inclusion Complexation Performed with MAH (3): 1.5(C4,H7o055)-
(C14H,oNFel)-15H,0 (2357.8): caled. C 39.22, H 6.63, N 0.59, Fe
2.37%; found C 38.95, H 6.75, N 0.60, Fe 2.40%. TGA up to
125 °C revealed a sample weight loss of 11.2% (calcd. for the loss
of 15H,0, 11.4%). FTIR (KBr): ¥ = 3356 (vs), 2923 (m), 2905
(sh), 1636 (m), 1435 (sh), 1416 (m), 1383 (w), 1369 (w), 1333 (m),
1302 (w), 1247 (m), 1204 (m), 1158 (s), 1101 (s), 1079 (s), 1053 (vs),
1027 (vs), 1002 (s), 944 (m), 937 (m), 859 (m), 757 (m), 702 (m),
602 (sh), 587 (sh), 577 (m), 528 (m), 475 (w), 443 (w), 413 (w), 357
(m) cm™'. FT Raman: ¥ = 3372 (m), 3269 (m), 3107 (s), 3081 (m),
2946 (vs), 2902 (vs), 1459 (s), 1445 (sh), 1413 (s), 1380 (s), 1332 (s),
1264 (sh), 1248 (s), 1139 (m), 1106 (vs), 1087 (s), 1043 (s), 1002
(W), 975 (W), 948 (s), 923 (s), 870 (s), 847 (sh), 764 (m), 738 (s), 706
(m), 649 (w), 617 (w), 596 (m), 575 (w), 533 (w), 500 (m), 480 (vs),
448 (m), 415 (m), 397 (m), 354 (m), 326 (s), 313 (s), 222 (s) cm .
13C{'H} CP/MAS NMR: ¢ = 103.5, 102.8 (B-CD, C!), 83.0, 82.0,
81.1, 80.4 (B-CD, C*%), 72.6 (B-CD, C*3%), 71.5 (sh, guest, Cp +
Cp’), 69.2 (guest, CH,N), 61.8, 60.3, 59.6 (B-CD, C°), 52.5 [guest,
N(CHs)s] ppm.

Single-Crystal X-ray Diffraction: A manually selected single crystal
of 2 was mounted on a Hampton Research CryoLoop!'”! with the
help of highly viscous FOMBLIN Y perfluoropolyether vacuum
oil (LVAC 140/13; purchased from Sigma-Aldrich) and a Stemi
2000 stereomicroscope equipped with Carl Zeiss lenses. Data were
collected at 120(2) K with a Bruker X8 Kappa APEX II CCD area-
detector diffractometer (Mo-K,, graphite-monochromated radia-
tion, 4 = 0.7107300 A with relative uncertainty of 0.0000089 A)
controlled by the APEX2 software package,”® and equipped with
an Oxford Cryosystems Series 700 cryostream monitored remotely
using Cryopad.?!l Images were processed using SAINT+,?? and
data were corrected for absorption by the multiscan semiempirical
method implemented in SADABS.!?3 The structure was solved
using the direct methods algorithm implemented in SHELXS-
97,242,240 which allowed the immediate location of the majority of
the atoms that composed the B-cyclodextrin moieties. All remain-
ing non-hydrogen atoms from the host moieties, and those of the
located guest species, were located from difference Fourier maps
calculated from successive full-matrix least-squares refinement cy-
cles on F? using SHELXL-97.[24a.24¢]

The selected single crystal (the best tested from several distinct
batches) was a very small brown prism (maximum dimension of
around 0.06 mm; see below), which diffracted very weakly at high
angle, even for very long frame exposures, hence the low data com-
pleteness (of about 91.7%) up to a resolution of approximately
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0.83 A. In addition, the average values of I/ for a resolution above
around 1.00 A are smaller than 1.0, clearly showing the weak dif-
fraction of the material and fully explaining the high Rl and wR2
values calculated for 2. Nevertheless, as mentioned above, all non-
hydrogen atoms that belong to the two crystallographically inde-
pendent B-CD molecules could be directly located from difference
Fourier maps and refined without the use of distance restraints.
The general location of two crystallographically independent tri-
methyl(ferrocenylmethyl)ammonium cations could also be derived
from the integrated data set. These moieties were, however, severely
affected by thermal disorder and had to be refined with fixed par-
tial occupancies of 80 and 60%, while also using a battery of dis-
tance restraints to ensure chemically reasonable geometries for the
cyclopentadienyl rings bound to the central iron atoms. Because of
the smeared-out electron density that surrounds these included
guest species, a sensible location and refinement of the substituent
pendant groups of the cyclopentadienyl moieties could not be
achieved. In a similar fashion, the crystallographic location of two
charge-balancing iodide anions could be derived from difference
Fourier maps, but these moieties were ultimately included in the
final structural model with fixed rates of occupancy of only 40 and
25%. The remaining negative charge required to fully compensate
the cationic excess of the modeled trimethyl(ferrocenylmethyl)am-
monium complexes could not be attributed to other chemical moie-
ties due to the aforementioned smeared-out electron density. Never-
theless, due to the chemical analysis results, this charge should also
be attributed to (highly disordered) iodide anions.

Poor data quality prevented a sensible overall refinement, which
could only be achieved by assuming isotropic displacement behav-
ior for all non-hydrogen atoms. Carbon and oxygen atoms associ-
ated with the B-CD molecules were included in the final structural
model by assuming a common (and refineable) isotropic displace-
ment parameter (one for each type of atom). The same strategy
was employed for those carbon atoms that belong to the ferrocene
derivatives.

Hydrogen atoms bound to carbon and oxygen from the two crystal-
lographically independent B-CD hosts were placed at their idealized
positions using appropriate HFIX instructions in SHELXL (13 for
the tertiary carbon atoms, 23 for the —-CH,— moieties, and 147 for
the terminal ~-OH moieties) and included in subsequent refinement
cycles in riding-motion approximation with isotropic thermal dis-
placement parameters (Ui,) fixed at 1.2 (for the two former fami-
lies of hydrogen atoms) or 1.5 (only for the —OH moieties) times
Ueq of the attached atom. No hydrogen atoms have been included
in the two modeled crystallographically independent trimeth-
yl(ferrocenylmethyl)ammonium cations.

The structural model described in the previous paragraphs still con-
tains a large number of inner voids: total volume of about 812 A3
as estimated by PLATON,*! and distributed among three major
cavities within the unit cell. These voids most likely contain highly
disordered solvent molecules. A number of attempts to locate and
model these solvent molecules proved to be unproductive because
of the smeared-out electron density. The original data set was then
treated using the SQUEEZE subroutines>” implemented in PLA-
TON to remove the contribution of these highly disordered mole-
cules. It was ultimately estimated that the aforementioned cavities
would contain a total of around 345 electrons. The calculated sol-
vent-free reflection list was used for further structural refinements,
ultimately converging to the solvent-free structure reported in this
manuscript and with the reliability factors summarized below.

Structural drawings have been created using Diamond.?”? CCDC-
817404 (2) contains the supplementary crystallographic data for
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this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Crystal (SQUEEZE) Data for 2: CogHs0Fe; 401065070, M, =
2598.78, triclinic, space group Pl, T = 1202)K, Z =1, a =
15.388(3) A, b = 15.489(3) A, ¢ = 17.810(4) A, a = 113.374(6)°,
= 99.149(6)°, y = 102.662(5)°, V = 3655.6(13) A3, u(Mo-K,) =
0.367mm !, D.yeq = 1.180 gcm 3, brown blocks with crystal size
of 0.06 X 0.03 X 0.02 mm?>. Of a total of 28303 reflections collected,
19945 were independent (R;,; = 0.0720). Final Rl = 0.1322
[/>20(1)] and wR2 = 0.3187 (all data). Data completeness to 6 =
25.35°, 91.7%.

Determination of Guest-Inclusion Geometry in the Crystals: Ab ini-
tio calculations were performed using the G03w package!?®! on the
multiprocessor cluster “Flamingo” that belongs to CICECO, Uni-
versity of Aveiro. The B3LYP method at the 6-31G level was used.
The molecular geometry of the B-CD host was that of the crystal
structure determined from single-crystal XRD (see the previous
subsection for additional experimental details).

The models for 2 were simulated by iterative geometry fitting of
the guest included in the fixed geometry (as determined from sin-
gle-crystal XRD) of the host. The location of the iron atom was
reasonably determined in the crystal, so its position was fixed in
the calculations. By contrast, the Cp’ (n°>-CsHs, n°-CsH4R) carbon
atoms from the crystal structure were only used for assembling the
first premise of the calculations, but were not fixed. Two different
1:1 adducts (model A and B) were calculated concerning different
locations for the ammonium moiety of the guest. The validation of
the calculated models was performed by transposing them to crys-
tal packing, in which some superimposition in model B was found.
A new structure, B¥*, derived from B was calculated with the pres-
ence of part of the neighboring molecules in the model. The final
structures of the 2:1 and 2:2 adducts were constructed by geometric
manipulation of the structures A, B*, and empty B-cyclodextrins.
The 2:2 adduct A, had some short distances between the guests,
which led to the calculation of a new structure A5 derived from A,.

Cytotoxic and Antiproliferative Studies. Preparation of Solutions for
Biological Assays: All compounds studied were water soluble. Solu-
tions were prepared at concentrations that ranged from 5.0 X 107
to 1.0X10“*M in phosphate buffered saline (PBS) solution
(140.0x103M NaCl, 2.7x103m KCI, 1.5X103 M KH,PO,,
8.1 X103 M Na,HPO, in Milli-Q water, pH 7.4) and sterilized by
filtration. Sulforhodamine B (SRB) was used as a 0.5% (w/v) solu-
tion in 1% (v/v) acetic acid.

Cell Culture: Stock cultures of MG-63 and MDA-MB-231 cells
were maintained at 37 °C in a humidified atmosphere under 5%
CO,. MG-63 cells (grown in monolayers) were kept in Eagle’s mini-
mum essential medium (MEM), supplemented with 10% heat-inac-
tivated fetal bovine serum, 1 mm sodium pyruvate, and nonessential
amino acids and antibiotics (100 units of penicillin and 100 mg of
streptomycin). MDA-MB-231 cells (grown in monolayers) were
kept in RPMI-1640 culture medium, supplemented with sodium
hydrogencarbonate (2 gL 1), 10% fetal bovine serum, 1 mm sodium
pyruvate, and nonessential amino acids and antibiotics (100 units
of penicillin and 100 mg of streptomycin). The two cell lines were
subcultured twice a week and harvested upon addition of trypsin/
EDTA (0.05% trypsin/EDTA solution).

Toxicity and Cell Growth Inhibition Evaluation: Cytotoxicity and
cell density evaluation following drug exposure (drug concentra-
tions of 50 and 100 pum; 24, 48, and 72 h of incubation time) were
assessed using the SRB colorimetric assay. This assay determines
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the cell density and the drug-induced cytotoxicity based on the
measurement of the cellular protein content. The protein dye SRB
binds to basic amino acid residues of trichloroacetic acid-fixed
cells; it was quantitatively extracted from cells and solubilized by a
weak base solution for optical density measurement at 540 nm.[>°]

MG-63 cells were plated at a density of 1.4 X 10° cellsmL~!' and
MDA-MB-231 cells at 6.0 X 10* cellsmL ! on 24-well plates. Drug
solutions were added to the medium 24 h after seeding, and the
cultures were incubated at 37 °C. After 72 h, cells were fixed with
ice-cold 1% acetic acid in methanol for 2 h. SRB was then added
to each well and allowed to stain for 1h at 37°C. The excess
amount of SRB solution was removed by washing the plates with
1% acetic acid the plates were then air-dried. The bound SRB was
solubilized in a 10 mM Tris base solution (pH = 10). Measurements
were carried out in a microplate reader at a working wavelength of
540 nm.

Statistical Analysis of Growth Inhibition Results: All experiments
were performed in triplicate. Results are expressed as a percentage
of the control (100%) and represent the mean values * standard
deviation (the corresponding error bars are displayed in the graphi-
cal plots). Statistical analysis was performed by analysis of variance
(ANOVA). Tukey’s post hoc test was used for statistical compari-
son between the experimental data. Values of p less than 0.05 were
considered significant.

Supporting Information (see footnote on the first page of this arti-
cle): Crystallographic information file (excluding structure factors)
for 2.
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