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ABSTRACT
The toxicity of viologens can be significantly reduced by including them in tight
[2]rotaxane structures alongside b-cyclodextrin, thus turning them into candidates of
pharmaceutical interest.
Here we report a synthesis pathway for a “benign” viologen, by capping a small βcyclodextrin-caged molecule – the 4,4’-bipyridine – with minimal-length pre-synthesized axlestopper segments of propyl-3-pentamethyldisiloxane type. After 90 minutes from the
administration to laboratory mice, the product concentration in the bloodstream reaches a value
equivalent to 63 % of the initial dose of 400 mg/kg. As compared to the nude viologen having
the same structure, which proved to be lethal in doses of 40 mg/kg, the product induces
reversible morphological changes in liver, kidney, lung and cerebellum, up to a dose of 400
mg/kg, higher dosages giving rise to a chronic slow evolution.

1. Introduction
Through appropriate chemical architecturing, toxic compounds like viologens can be
transformed into pharmacologically active species.1,2 As we will further demonstrate, the toxicity
of viologens (1,1’-di(hydroxycarbyl)-4,4’-bipyridinium salts, according IUPAC nomenclature) is
significantly diminished by host-guest complexation, which turns them into candidates of
pharmaceutical interest.
Viologens became interesting for the scientific world since 1933, when Michaelis
reported his first study on their electrochemical properties.3 Surprisingly for those early studies,
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viologens showed the lowest redox potential as compared with any other organic compound,
together with a significant degree of red-ox reversibility. Shortly after that, they became the
“parents” of a whole herbicides family, mainly because of their redox potential.4 It has been also
demonstrated that electrochemically reduced viologens can further reduce compounds that are
not electroactive by themselves.4,5 Recently, viologens were involved in advanced applications
such as electrochromic display devices,6 molecular wires in molecular electronic devices,7 and
prooxidants in oxidative stress testing8. Viologens also revealed antibacterial efficiency9 towards
Escherichia coli, due to their ability to accomplish DNA strand scission10. Methyl viologen
(Paraquat) has been extensively used as herbicide,11-13 and numerous works were done to
evaluate its action on the human body, because of the severe suspicions about its toxicity against
mammals,14 induced by its low redox potential. Hatcher et al.15 have proved the ability of several
pesticides, including those from the class of viologen herbicides, to increase the incidence of
Parkinson’s disease. Once ingested, 4,4’-bipyridyl viologens (bPy2+) can be enzymatically
reduced to form a radical cation (bPy●+) which, in the presence of O2 and/or H2O2, generates
highly reactive radicals (eq. HO●), causing the oxidation of all the species of biochemical
interest8. In this context, scientists are trying to develop new strategies for the treatment of
viologen poisoning, but also to capitalize its redox potential in pharmacological purposes. Of
current interest is the host-guest complexation with cyclodextrins (CDs), which can be put in
evidence by spectroscopic methods based on the changes of spectra upon complexation.16
Electrochemical techniques of detection and investigation of CDs inclusion complexes are also
applied when the guest molecules are redox-active.17
β-cyclodextrin (β-CD) is a macrocycle composed of seven glucopyranose units attached
by α-1,4-linkages. It is able to include different guest molecules into its hydrophobic cavity,
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generating stable inclusion complexes,18-20 but also pseudo-rotaxane and/or rotaxane
structures21,22.
Due to their unique properties (oxidative stability, low toxicity, physiological inertness,
antiadhesive properties etc.), polymethyldisiloxanes are used in a wide range of biomedical
applications such as the production of artificial skin, contact lenses, drug-delivery systems, and
transdermal therapeutic systems.23,24 It is presumable that, besides their anti-slipping effect
relative to the β-CD macrocycle, short chain siloxane end-units (like those of 1,1,3,3,3pentamethyldisiloxane type, PMDS) will synergically contribute to the pharmacokinetics of the
inclusion complex, by increasing its ability to penetrate lipid membranes / barriers.
The objectives of the present work are to synthesize and characterize a 4,4’-bipyridyum
derivative of viologen-type having significantly reduced toxicity, and to validate it by in vivo
tests on mice. In this respect, the intrinsic toxicity of the compound was inhibited by
complexation with β-cyclodextrin, and the structural stability of the resulted inclusion complex
was ensured by siloxane stopper end-units, such forming a tight [2]rotaxane architecture. To
prove the toxicity reduction, the in vivo tests were performed using both the nude viologen and
the β-CD complexed one, the histopathological echoes of various administered doses on liver,
kidney, lung and cerebellum being compared.

2. Results
Uncomplexed viologens severely injure the majority of internal organs, but if their 4,4’bipyridyum molecular segment is steadily included in the nonpolar cavity of β-CD, the access of
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potential small molecular reactants to the charged aromatic nitrogen atoms is sterically restricted
and kinetically disfavored, which results in toxicity reduction. The caging stability of viologen
reactive segment into β-CD cavity can be provided by designing an adequate architecture of the
inclusion complex of [2]rotaxane type. If the complex must be endowed with pharmacological
action, the main structural peculiarities which must be considered in designing the thread axle of
rotaxane are: (i) a low value of both total length and equivalent diameter, to facilitate the transfer
across biological barriers and the access to the intimate morphology of target substrata, and (ii)
an increased backbone flexibility of the stopper end-units, to firmly disfavor the β-CD slippingout, in the virtue of their multiple thermodynamic possible conformations distinguished by low
energetic thresholds. In this respect, the [2]rotaxane type product we have synthesized and tested
was designed to have a 4,4’-bipyridyum core, and two short siloxane chains. The main constraint
in developing its molecular structure was the ability to synthesize it via the capping method, after
the core precursor (4,4’-bipyridine) was included in the β-CD cavity.
2.1. Synthesis of the β-CD/bPy2+PMDS inclusion complex of [2]rotaxane type
According to the IUPAC nomenclature,25 the viologen-based product we have
synthesized is a [2]{[1][(1,1’-di(propyl-3-pentamethyldisiloxane)-4,4’-bipyridinium]-rotaxa-[βcyclodextrin]}. Figure 1 summarizes the synthesis pathway, consisting in two steps: (i) formation
of the inclusion complex of β-CD and 4,4’-bipyridine (bPy), through co-precipitation, and (ii)
quaternization of nitrogen atoms of caged 4,4’-bipyridine, via the bromide atom of the
presynthesized 1-(3-bromopropyl)-pentamethyldisiloxane.
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Figure 1. The synthesis pathway of the β-CD/bPy2+PMDS complex, of [2]rotaxane-type.

The feasibility of the above mentioned first step of the synthesis was theoretically
investigated by modeling the process of bPy inclusion into the hydrophobic cavity of β-CD.
Figure 2 depicts the geometry of the stable inclusion product, and the variation of the system
energy during the intrusion of the host molecule through the wide rim, and its crossing through
the β-CD cavity. Simulation using the “one set of binding sites”26 method demonstrates that the
two precursors geometrically and energetically accommodate, and that an axial symmetric
assembly results between the 7.05 Å long bPy and the 7,9 Å height β-CD torus, which still
exposes the nitrogen atoms to chemical attack. A more than two-fold level of energy must be
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exceeded to extract the guest, which allows some mild chemical transformation to be further
performed on it, provided a highly specific reactant is used.

(a)

(b)

(c)

Figure 2. The geometry of the stable β-CD/bPy inclusion complex resulted by co-precipitation.

The effective formation of the β-CD/bPy inclusion complex was proven via 1H-NMR
spectroscopy, by analyzing the shifts induced as a result of complexation. Data in Table 1
demonstrate the downfield shifting of all the protons of caged bPy and of some protons of host βCD, as compared with those of the corresponding free species, which confirms the inclusion of
bPy into the β-CD cavity in a molar ratio of 1:1. Because it is essential to prove that the next
synthesis step is performed on the 1:1 complex, the inclusion was supplementary confirmed by
2D [1H,1H] ROESY NMR, which revealed the correlation between H3 (3.94 ppm) and H5 (3.83 3.87 ppm) of host β-CD, and Ha (7.78 ppm) and Hb (8.76 ppm) of guest bPy (see Figure 3, and,
in addition, the corresponding 1H NMR spectrum in Supporting Information Figure 1). A
stronger interaction of bPy protons with the H6 protons (CH2 vicinal to primary hydroxyls of βCD), indicates the strong retention of the guest at the level of the narrow rim of β-CD, and also
confirms the 1:1 inclusion complex composition.
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Figure 3. The ROESY spectrum of the β-CD/bPy inclusion complex.

Table 1. The chemical shifts of bPy and bPy2+PMDS protons, for both the free
and the β-CD hosted molecules, recorded in D2O.
Compound
Proton
β-CD
bPy
β-CD/bPy
bPy2+PMDS
β-CD/bPy2+ PMDS
δ (ppm)
δ (ppm)
δ (ppm)
δ (ppm)
δ (ppm)
1
H
5.05-5.06
5.10-5.11
5.06
H2
3.62-3.65
3.67-3.70
3.65
H3
3.93-3.98
3.94-3.97
3.94
4
H
3.55-3.59
3.60-3.65
3.58
H5, H6
3.93-3.98
3.81-3.91
3.83-3.90
Ha
7.73-7.74
7.78-7.80
8.57
8.54
Hb
8.61-8.63
8.75-8.77
9.15
9.11

The second step of the β-CD/bPy2+PMDS complex synthesis was performed by
quaternization of neutral nitrogen atoms of the caged-bPy, by toichiometric reaction with the
previously synthesized 3-bromopropyl-1-pentamethyldisiloxane (Br-PMDS). This method was
chosen to prevent the reaction between bPy2+ dication and β-CD, which involves radical cation
intermediates27. To point out the achievement of the expected result of the synthesis, the non-
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caged viologen (bPy2+PMDS) was also synthesized, and was used as model compound in
comparing with the final inclusion complex. The 1H NMR spectrum of β-CD/bPy2+PMDS,
presented in Figure 4, confirms the molar ratios of 1:1:2 between the compositional units of the
inclusion complex (see also the NMR spectrum description in Section 4.4, which quantitatively
express the ratios between the protons belonging to the three compositional units). An additional
confirmation of the obtaining of the desired inclusion complex was provided by the 2D [ 1H,1H]
ROESY NMR spectrum presented in Figure 5, which depicts the intermolecular interactions
between the guested viologen and the host β-CD (marked by the two squares). The evident shifts,
as compared with the spectrum of β-CD/bPy inclusion complex, are due to the effect of the
prolonged chain of the stopper compositional units.

Figure 4. The 1H NMR spectrum of the β-CD/bPy2+PMDS inclusion complex.
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Figure 5. The ROESY spectrum of the β-CD/bPy2+PMDS inclusion complex.

2.2. Electrochemical characterization of β-CD/bPy2+PMDS
Viologens toxicity originates in their high ability to abundantly generate reactive oxygen
species (ROS), as a consequence of their continuous redox cycling ability, which mainly
generates O2●– species.28 The evolving superoxid-radicals are aggressive oxidants which
progressively denaturate proteins, break nucleic acids, and peroxidize lipids, thus installing local
conditions incompatible with life at cellular level.
In vivo, the viologen-mediated ROS generation is an enzyme driven process14 which may
be modulated or even inhibited by four mechanisms,8 one of which involves the caging of their
bipyridyl moiety in inclusion complexes. The effect of inclusion on the redox capacity of
viologens can be measured by cyclic voltametry. Furthermore, this method is able to simulate the
cyclic processess of reduction and oxidation, offering valuable information on the stability of the
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inclusion products. In our study, the voltammograms of the nude bPy2+PMDS viologen were
compared with those of the caged one, the β-CD/bPy2+PMDS inclusion complex, in order to
prove the electrochemical activity inhibition as a result of caging.
The general electrochemical reaction in which individual nude viologen molecule can
take part are as follows:
First reduction:

vbPy2+ + e− → vbPy+•

(1)

Second reduction:

vbPy+• + e− → vbPy0 .

(2)

Outside an inclusion complex, both in solution and (especially) at the surface of an
electrochemical electrode, viologen species are involved in several secondary processes of
dimerization and comproportionation29,30:
Dimerization:

2 vbPy+• ↔ (vbPy+)2

Comproportionation: vbPy2+• + vbPy0 → 2 vbPy+• .

(3)
(4)

Figure 6 depicts a representative first voltammetric scan cycle of bPy2+PDMS dissolved
in DMSO containing 0.1 M NaClO4, at a scan rate of 100 mV/s. It displays two cathodic peaks,
at -0.61 V (peak Ic) corresponding to the first reduction process (equation (1)), and at
approximately -0.9 V (peak IIc) which corresponds to the second reduction process (equation
(2)). Both electron uptakes are electrochemically reversible as shown by the anodic peaks
positioned at -0.55 V (Ia) and -0.87 V (IIa). The third redox wave, IIIa, at approximately -0.42 V,
is presumably due to the formation of π-complex dimers, as a consequence of electrode
processes, according to equation (3). This is confirmed by voltammograms in Figure 7, which
comprises ten successive scans at potentials varying between 0.7 V to -1.6 V. The increase of the
IIIa peak current, concomitantly with the amplitude decrease of couple Ia and Ic peaks, is assigned
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to the dimerization process. The dimeric species, (vbPy+)2, generated by electrode oxidation,
appears to be stably adsorbed on the electrode surface, thus explaining the change of the couple
peaks IIc and IIa, as a characteristic of vbPy+• / vbPy0 transition (equation (2)). The inset of
Figure 7 comparatively shows the first and the tenth scans, emphasizing the efect of cation
radical dimerization (equation (3)), which results in adsorption/deposition of the dimers on the
electrode surface. This finding is in agreement with the reported statement that vbPy+• type
species are prone to dimerization in aqueous media31.

Figure 6. Cyclic voltammogram for oxido-reduction processes of bPy2+PMDS in DMSO
and 0.1 M NaClO4.
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Figure 7. Electrochemical stability of bPy2+PDMS in DMSO with 0.1 M NaClO4.
Inset: comparison of redox peaks for the first and the tenth cycles.

(b)

(a)

Figure 8. Comparative electrochemical behavior of bPy2+PDMS (dotted lines)
and of β-CD/bPy2+PMDS (continuous lines), during the first voltametric cycle (a),
and after ten successive cycles (b).

The net effect the of inclusion complex generation, as reflected by its electrochemical
reactivity, is depicted in Figure 8. The stable inclusion of bipyridyl moiety of bPy2+PMDS into
13

the β-CD cavity induces a prominent decrease of the peaks Ia and Ic current, and the absence of
the redox couple IIa and IIc. The monocation radical viologen (of vbPy+• type) is therefore
strongly bounded within the hydrophobic cavity of β-CD, and no further redox processes can
take place. Moreover, Figure 8.a proves that the dimerization of vbPy+• species, mediated by
electrode oxidation processes (according to equation (3)) does not occur when the bipyridil
moiety is included in the cavity of β-CD (the peak IIIa is absent). After ten voltametric cycles
(Figure 8.b), the stability of the redox peaks becomes obvious. The reduced amplitude of the
peaks associated to the inclusion complex, regardless the cycle number, is due to the hindered
electronic transfer between the vbPy2+ segment and the potentiostat electrode, caused by
cyclodextrin presence. The results are in good agreement with those reported by Yasuda et al.,32
showing that aqueous solution of an inclusion complex based on small molecular viologen and
β-ciclodextrin is capable of inhibiting the dimerization of viologen derivatives.

2.3. Evaluation of toxicological potential of β-CD/bPy2+PMDS inclusion complex
The penetration of the β-CD/bPy2+PMDS inclusion complex in the bloodstream of treated
mice was proved by chromatographic analyses of the blood plasma. Blood samples were
collected in triplicate at two distinct time intervals, 30 and 90 minutes, after the administration of
product doses of 400 mg/kg. Using the corresponding HPLC peak areas, the values of the
inclusion complex concentration in mice blood were calculated based on the calibration line
equation, and were found to be 2.71 ± 0.73 mg/mL at 30 minutes and 6.34 ± 0.56 mg/mL at 90
minutes. Even if the first value is above the detection limit of the method (LOD = 5.74 mg/mL),
it is placed below the limit of quantitation established for the calibration line (LOQ =
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0.98mg/mL). Therefore, it may be accepted as an extrapolated value, but will not be considered
significant at a p-level of 0.01 (as the calibration points are). The blood concentration after 90
minutes is however statistically well estimated based on the calibration line at a level of
confidence of 99 %, confirming the presence of β-CD/bPy2+PMDS in the blood in an amount of
about 63 % of the administered dose.
To comparatively investigate the effect of viologen caging on its toxicity, an in vivo
experiment was conducted on mice exposed to different dose levels of bPy2+PMDS and βCD/bPy2+PMDS respectively, in unique administration, parallel with a control group.
The mice in the bPy2+PMDS group, to which doses of 20 or 40 mg/kg were administered,
did not exhibit behavioral changes or other clinical signs of toxicity in comparison to the control
group, excepting a slight anxiety and inertia in movements. When the necropsy and
histopathological exams were performed, no injury that could confirm the toxic status was
noticed.
Exposing the mice to higher doses of bPy2+PMDS (100 and 200 mg/kg, respectively) has
led to significant behavioral changes: the animals were absent, passive, and all the movements
inside the cage were difficult. Their interest in feed and water decreased progressively and the
animals became severely dehydrated.
The phenomena were more obvious at a dosage level of 400 mg/kg, when significant
changes in body weight were noticed (from 25±0.48 grams on day zero, to 21±0.2 grams on day
14). These changes were correlated to clinical signs of neurotoxicity (tremor and paraplegia), and
were accompanied by a depressive behavior (weakness, lethargy and sedation), bradypnea,
cyanosis, hypothermia, piloerection and eyelids ptosis. The general condition was of emaciation,
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the animals being unable to feed themselves and to drink water. In the condition of severe
dehydration at this dosage level, it was decided to euthanize the animals in the interval of 48 – 96
hours from the beginning of the experiment, all being practically moribund. The high mortality
rate (100 %) at this dosage level and the short death interval, together with high dehydration,
emphasizes the high toxicity of bPy2+PMDS.
The necropsy of mice from the 400 mg/kg bPy2+PMDS group pointed out changes of the
liver consistency, friability and yellowish colour, which are highly suggestive for liver steatosis.
From histological point of view, the liver presented microvesicular steatosis with centrolobular
localization (Supporting Information Figure 2.a). Within the cytoplasm of hepatocytes, lipids
were present as numerous small droplets, without fusion tendency (Supporting Information
Figure 2.b). Nuclei remain centred, in some cases with necrobiotic changes that induce cell death
(peripheral chromatin condensations, sharp angle aspect) (Supporting Information Figure 2.c).
Steatosis appeared also at renal level and was represented by small triglyceride vacuoles within
the cytoplasm of the nephrocytes (Supporting Information Figure 2.d). These lesions indicated an
acute irreversible toxic phenomenon.
Taking into consideration these facts, the maximum tolerated dose (MTD) for
bPy2+PMDS was established to be 40 mg/kg, as calculated after a 14 days survey.
In the case of β-CD/bPy2+PMDS mice group, at an equivalent dosage level of 40 mg/kg,
no clinical signs occurred in any of the tested mice. The general status was unmodified and the
animals exhibited a constant interest for water and feed. The same unaltered general status was
noticed at dosage levels of 100 and 200 mg/kg, fact confirmed by the absence of the clinical
signs and of the macro- and micro-scopic lesions. At the dosage level of 400 mg/kg β-
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CD/bPy2+PMDS, after 14 days of surveillance, small changes of the general status could be
noticed, consisting in inconstant passivity and lethargy. The mice, though, kept their interest in
water and feed, and showed no dehydration signs. The necropsy exam did not underline
important changes of the monitored organ.
The survival rate of the mice treated with β-CD/bPy2+PMDS was significantly higher
than those recorded in the bPy2+PMDS group, for both 200 and 400 mg/kg doses (Figure 9),
underlining the lack of toxicity of the inclusion complex.
At 800 mg/kg, the deterioration of health status was noticed, which is more obvious at
1600 mg/kg. After 48–96 hours from the beginning of the experiment, the animals exhibited the
same signs as the bPy2+PMDS group mice at a dosage level of 400 mg/kg. Clinically, the toxicity
of the β-CD/bPy2+PMDS product was manifested by a depressive behavior (weakness, sedation),
change in daily routine of the mice (passivity, inertia), tremor, paraplegia, cyanosis,
hypothermia, piloerection, severe dehydration, emaciation. The average body weight of the mice
decreased from 25±0.19 grams to 22±0.14 grams. The moribund animals were euthanized and
necropsy examination pointed out liver lesions suggestive for steatosis.

(a)

(b)
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Figure 9. Survival rates for 200 mg/kg (a) and 400 mg/kg (b)
bPy2+PMDS and β-CD/bPy2+PMDS groups.
The histopathological examination of mice treated with 1600 mg/kg β-CD/bPy2+PMDS
showed toxicity signs with chronically evolution, but with reversible morphological changes,
expressed in liver by rare hepatocytes with large intra-cytoplasmic lipid vacuoles, which pushed
the nucleus towards the cell periphery (Supporting Information Figure 3.a). Minor changes in the
nuclei of the dystrophic hepatocytes were also present, which was a proof for reversible
macrovesicular hepatic steatosis. The majority of hepatocytes had inhomogeneous cytoplasm,
were mildly hyperhydrated, without degenerative nuclear changes. At renal level, a cortex mild
oedema was noticed, indicating a toxic status with chronically evolution (Supporting Information
Figure 3.b). In lungs, a perivascular and peribronchiolar interstitial mild fibrosis was identified
(Supporting Information Figures 3.c and 3.d), while in cerebellum, necrobiosis of Purkinje
neurons was seen: dark cytoplasm, angled in shape, the nuclei either were missing (cariolysis) or
were intensively haematoxilinic with abnormal disposition (Supporting Information Figures 3.e
and 3f).
Based on clinical and histopathological exams of mice treated with β-CD/bPy2+PMDS,
MTD was established to 400 mg/kg.
As compared with the nude viologen, which induced acute, irreversible toxic lesions with
lethality in all mice after a dose of 400 mg/kg, the inclusion complex administered in the same
dose did not modified in a visible manner the health status of the mice, no lethality being
registered after 14 days. Higher doses of β-CD/bPy2+PMDS (800 and 1600 mg/kg) determined
low lethality when compared with a 400 mg/kg bPy2+PMDS dose, permitting a quite chronic
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evolution of the toxic phenomena (tremor and paraplegia, Purkinje neurons degeneration, lung
fibrosis).
3. Discussion and Conclusions
In this paper, we present a method to synthesize an inclusion complex of a viologen
species (the N,N’-bis(1-propyl-3-pentamethyldisiloxane)-4,4’-bipyridinium dibromide) with βcyclodextrin, and aim to prove the significant decrease of the product toxicity as compared with
the nude, uncomplexed viologen. From the chemical point of view, the complex is a [2]rotaxane
compound, having highly flexible propyl-pentamethyldisiloxane segments as stopper end-units
on the thread axle. Both the design principles (low volume but conformational versatile stoppers,
supplementary endowed with membrane-penetrating activity) and the synthesis pathway
(capping a small caged molecule, the 4,4’-bipyridine, by using minimal-length pre-synthesized
axle-stopper segments) were developed having in view the potential use of the product as a
pharmacological vector. Such a vector could valorize the ability of inclusion complexation
process to modulate the redox activity of the bipyridil moiety, rendering controllable the
compound involvement in the in vivo enzyme driven oxidation cycles.
The simplicity of the inclusion complex synthesis (one step, via quaternization of
nitrogen atoms) is due to the careful pre-synthesis of the precursors: the β-cyclodextrin caged
4,4’-bipyridine, and the 1-bromopropyl-3-pentamethyldisiloxane. The success of the synthesis
relies on providing the caging stability of the first cited precursor, during the capping process. To
prove the 4,4’-bipyridine caging into β-cyclodextrin cavity, and the stoichiometry of the
construct, 1H and [1H, 1H] ROESY NMR investigations were done.
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The structure of the inclusion complex was certified by 1D and 2D NMR techniques, and
its electrochemical properties were investigated by cyclic voltammetry, in comparison with the
nude viologen as reference molecule. The interaction of the dicationic bipyridil moiety of guest
viologen with the β-cyclodextrin host causes pronounced changes in the cyclic redox behavior,
which were evident starting with the first voltammetric cycle, and were increased up to the tenth
cycle, such confirming both the formation and the stability of the inclusion complex. The
propensity of nude viologen to dimerize and to get adsorbed at the electrode surface was
completely inhibited by bipyridil moiety caging, thus indicating the ability to significantly limit
the possible involvement of the inclusion complex in toxicologic mechanisms.
The ability of the inclusion complex to reach the bloodstream was confirmed. Ninety
minutes after the administration of a dose of 400 mg/kg, about 63 % of the product was founded
in the blood plasma of the laboratory mice.
To confirm the toxicity lowering by firmly caging the bipyridil moiety of the viologen, in
vivo tests were performed, involving three mice batches: (i) those treated with the nude viologen,
(ii) those treated with inclusion complex, and (iii) a control group. As compared with the first
batch for which a dose of 40 mg/kg was lethal, the survival of the second one was noted up to a
dose of 400 mk/kg, but a chronic evolution was noticed up to 1600 mg/kg. Histopathologic exam
revealed reversible morphological changes at liver, kidney, lung and cerebellum level, up to
1600 mg/kg doses of the inclusion complex.
As a general conclusion, the [2]rotaxane viologen-containing product that we have
synthetized is chemically stable and toxicologically “benign”. It is presumable that its redox
potential could be capitalized for pharmaceutical uses. Globally, our paper proves that the
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molecular architecturing approach consisting in caging of the bipyridil moiety of viologens into
the β-cyclodextrin cavity represents a feasible way to produce non- or mildly toxic
pharmaceutical candidate species.

4. Experimental Section
4.1. Materials
4,4’-bipyridine (bPy) (Mw=156.18 Da), allyl bromide (1-bromoprop-2-ene, Mw=120.98
Da), β-cyclodextrin (β-CD) (Mw= 1134.98 Da), pentamethyldisiloxane (PMDS) (Mw=148.35
Da), tetramethyldisiloxane (TMS), propyl bromide, and all the general purpose chemicals were
purchased from Sigma-Aldrich. Aqueous solutions were prepared using double distiled water
(ddH2O).
4.2. Preparation of β-CD/4,4’-bipyridine inclusion complex (β-CD/bPy)
The inclusion complex was prepared by the co-precipitation method (Scheme 1), as
described in previous works.18,33 Briefly, 2.27 g (2 mMol) of β-CD were dissolved in 120 mL
ddH2O, by shaking at 30 ºC for 30 minutes, to obtain a saturated solution. Then, 0.31 g of bPy (2
mMol) were added under continuous stirring for 25 hours, at room temperature, until a white
precipitate appeared. The white crude product was filtered and then washed for three times with
small amounts of ddH2O, to remove unreacted products. The final precipitate was dried at 50 ºC,
in a vacuum oven, for 24 hours (yield 73%).
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1

H-NMR (400 MHz, DMSO, TMS) δ ppm: 3.29–3.38 (m, 14H, H2 and H4 of β-CD), 3.56-3.70

(m, 21H, H3, H5, H6 of β-CD), 4.44-4.47 (m, 7H, OH6 of β–CD), 4.83 (s, 7H, H1 of β-CD), 5.685.74 (d, 14H, OH2+3), 8.77-8.78 (d, 4H from bPy), 9.37-9.39 (d, 4H from bPy).
Elemental analysis (% w/w): calculated for C52H78O35N2: C 44.07, N 1.98 %; found: C 43.73, N
2.37 %.
4.3. Preparation of 1-bromopropyl-3-pentamethyldisiloxane (Br-PMDS)
Br-PMDS was prepared as previously reported.34 In a typical procedure, 6.7 g (50 mMol)
PMDS were dissolved in 40 mL degassed dry toluene. The resulting solution was stirred and
heated at 60-70 0C, under nitrogen atmosphere, then 0.1 mL of 2% H2PtCl6 solution in anhydrous
isopropanol was added. After 30 minutes of continuous stirring, when the color of the solution
turned to pale brown, the temperature was increased at 80-90 ºC, and then a solution of 6.05 g
(50 mMol) allyl bromide in 10 ml dry toluene was dropwise added, under nitrogen atmosphere.
The mixture was further stirred for 20 h, in the same conditions. The reaction progress was
monitored by FTIR, via the disappearance of the peak at 2140 cm-1. Finally, the solvents and
unreacted allyl bromide were removed by vacuum distillation. The reaction product was a
mixture of α- and β-addition isomers (β/α molar ratio of about 8/1, as calculated from the 1HNMR spectrum). Br-PMDS was obtained as a brown viscous product, in approximately 81%
yield (10.33 g).
1

H-NMR (400 MHz, CDCl3) δ ppm: 0.09-0.24 (m, Si-CH3), 0.52-0.62 (m, Si-CH2), 1.42-1.67

(m, Si-CH2-CH2-CH2-Br), 3.39-3.41 (m, Si-CH2-CH2-CH2-Br).
4.4.

Preparation

of

[2]rotaxane

structure

consisting

in

β-CD

caged

propyl-

pentamethyldisiloxane modified viologen (β-CD/bPy2+PMDS)
The β-CD/bPy2+PMDS complex was prepared by the quaternization of the nitrogen
atoms33,35 of bPy with the monofunctional disiloxane bromide (Br-PMDS), in a Br/bPy molar
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ratio of 2/1, by the following procedure: 1.29 g (1 mMol) β-CD/bPy inclusion complex was
dissolved in 5 mL anhydrous DMF under magnetic stirring, and then 0.53 g (2 mMol) Br-PMDS
were dropwise added. The reaction mixture was heated at 100 ºC, for 20 h, under continuous
stirring. The final solution was cooled, and the reaction product was precipitated in 50 mL
anhydrous acetone. The precipitate was then filtered, dried, and twice recrystallized from
anhydrous DMF in anhydrous acetone. Finally, the precipitate was dried at 50 oC, in a vacuum
oven, for 24 h (yield 71 %).
1

H-NMR (400 MHz, DMSO) δ ppm: 0.05-0.09 (m, 30H, Si-CH3), 0.53-0.54 (m, 4H Si-CH2),

1.82-1.98 (m, 4H, Si-CH2-CH2-CH2-Br), 3.29-3.38 (m, 14 H, H2 and H4 of β-CD), 3.56-3.68 (m,
21H, H3, H5, H6 of β-CD), 4.40-4.18 (m, OH6 of β–CD), 4.84 (s, 7H, H1 of β-CD), 5.02-5.07 (m,
4H, CH2-N+), 5.66-5.94 (d, OH2+3 of β-CD), 8.65-8.67 (m, 4H, CH of bPy+), 9.27-9.30 (m, 4H,
CH of bPy+).
Elemental analysis (% w/w): calculated for C66H116O37N2Si4 Br2·7H2O: C 41.12, N 1.45, Si 5.81,
Br 8.30 %; found: C 41.88, N 1.57, Si 5.97, Br 8.13 %.
4.5.

Preparation

of

N,N’-bis(1-propyl-3-pentamethyldisiloxane)-4,4’-bipyridinium

dibromide (bPy2+PMDS)
bPy2+PMDS was prepared in the same way as β-CD/bPy2+PMDS, but the β-CD/bPy
inclusion complex was replaced by bPy (yield 75 %).
1

H-NMR (400 MHz, DMSO) δ ppm: 0.01-0.20 (m, 30H, Si-CH3), 0.65-0.77 (m, 4H, Si-CH2),

1.95-2.04 (m, 4H, Si-CH2-CH2-CH2-Br), 5.01-5.04 (m, 4H, CH2N+), 8.85 (d, 4H, CH from
bPy+), 9.46 (d, 4H, CH from bPy+).
4.6. Nuclear magnetic resonance (NMR)
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The NMR spectra have been recorded on a Bruker Avance DRX 400 spectrometer,
operated at 400.1 MHz for 1H. The proton chemical shifts were reported both in Hz and ppm,
relative to the solvent residual peak as internal standard (DMSO, 1H, 2.51 ppm / 1005.13 Hz).
4.7. Electrochemical investigation
Cyclic voltammetric experiments (CV) were performed on an AutoLab PGSTAT 302N
electrochemical system (Eco Chemie Utrecht, The Netherlands). A glassy carbon working
electrode (0.07 cm2), a Pt wire counter electrode, and an Ag/AgCl reference electrode were used
in a single-compartment cell. The working electrode was polished with 0.05 and 0.3 µm alumina,
and abundantly rinsed with water prior to electrochemical measurements. The experiments were
conducted in 0.1 mol/L NaClO4 as supporting electrolyte (pH = 4), prepared with distilled water.
All solutions were deoxygenated by nitrogen purging, and maintained under an inert atmosphere
during the electrochemical experiments. Each CV study was performed by at least ten repetitive
cycles, scanning the potential between 0.7 V to -1.6 V vs. Ag/AgCl, in the above mentioned
supporting electrolyte.
4.8. In vivo tests
The maximum tolerated doses (MTD)36 for bPy2+PMDS and β-CD/bPy2+PMDS were
determined on gnotobiotic 18-week-old nulliparous female mice (Cantacuzino Institute,
Bucharest, Romania). The study was conducted according to the 63/2010/EU Directive, being
performed with the permission of the Ethical Committee of the institution.
The pre-experiment acclimatisation of the mice was conducted in identical
temperature (22 ±0.7 ºC) and humidity (60 ±10 %) conditions, and circadian cycle
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(light/darkness) was established to 12 hours each. The animals were kept for 7 days in the
laboratory conditions, and were daily monitored for possible disease conditions or abnormal
behavior. Each experimental group (5 mice/dose level) was placed in polycarbonate cages, where
a surface of approximately 300 cm2/mouse was provided. All animals had permanent access to
potable water and standard feed with the following composition: 23% proteins, 10% lipids, 50%
carbohydrates, 8% raw fibres, and 9% vitamins-minerals premix (Cantacuzino Institute,
Bucharest, Romania).
The in vivo experiment was conducted on a total number of 60 mice, divided in three
groups: the bPy2+PMDS group (n=25, average weight 25 ± 0,48 g), the β-CD/bPy2+PMDS group
(n=30, average weight 25 ± 0,19 g), and the control group (n=5, average weight 25 ± 0,54 g).
Toxicity tests were performed in identical conditions, using equivalent doses of reference
compound (bPy2+PMDS). For the determination of MTD of β-CD/bPy2+PMDS, the first dosage
level was considered the one established as MTD for bPy2+PMDS, in order to minimise the
number of tested mice. For bPy2+PMDS, five dose levels were assessed (20, 40, 100, 200 and
400 mg/kg body weight), while for β-CD/bPy2+PMDS six dose levels were tested (corresponding
to 40, 100, 200, 400, 800 and 1600 mg/kg body weight). Distilled water (pH 6.5, conductivity 25
μS) was used as vehicle for both products. Each solution was administered orally by gavage,
within a volume of 0.6 mL/mouse. When the calculated volume of the solution was higher than
0.6 mL, it was fractioned twice or three times and was administered at three hours interval. All
mice received a single dose of the tested compound at day zero.
For each dosage level, the tested mice were individually monitored for 14 days, as
previously described by Gad and Chengelis,37 by taking into consideration the following six
variables: the behavioural changes, the body weight dynamics, the potential toxicity signs, the
25

rate of mortality, the gross necropsy and the histopathological exams. Body weight was
determined right before the animals were euthanized, after an interval of seven days for the ones
that survived, including the control group. The mortality rate was expressed as percentage of
surviving mice at 7 and 14 days, respectively. The dying mice were considered deceased, being
euthanized and examined from the morphological and histopathological point of view.
The 5 mice control group only received distilled water (0.6 mL/mouse). At the end of the
monitoring period, the mice of the control group were euthanized for collecting the necessary
samples for comparative histopathological exams.
The necropsy and histopathological exam. In order to perform the necropsy and to collect
samples for histopathology exams, the mice were euthanized with isoflurane gas. The gross
macroscopic examination of the tissues and organs was done in comparison with the mice of the
control group, and the following parameters were assessed: colour, volume, texture and
appearance of the samples surface. After necropsy, the liver, kidney, lung and brain were
retained from each mouse, for histopathological examination. All organs were subsequently
processed according to Ruehl-Fehlert et al. recommendation.38 Briefly, all samples were placed
in 10% buffered formalin and embedded in paraffin using a Leica TP1020 tissue processor
(Leica Microsystems GmbH, Germany). Sections of 5μm thickness were obtained with a SLEE
CUT 6062 Microtome (SLEE Medical GmbH, Germany), deparaffinized and stained by Masson
trichromic technique. The qualitative histology was performed from stained sections using a
Leica DM 750 microscope (Leica Microsystems GmbH, Germany), with an attached Leica
ICC50 HD digital camera (Leica Microsystems GmbH, Germany). The images were processed
with Leica Application Suit Software (LAS) version 4.2. The histopathological examination was
performed on the same organs and under same conditions, for all mice.
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4.9. Proving the presence of β-CD/bPy2+PMDS in mice blood
To demonstrate the presence of β-CD/bPy2+PMDS in the bloodstream, the product was
quantitated by HPLC, in triplicate, as described below. One half, and one and a half hours after
the product ingestion, under deep anesthesia, from the body of mice treated with 400 mg
product/kg, about 1 mL of blood was collected by cardiac puncture, just before euthanasia. The
blood samples were immediately mixed with EDTA as an anticoagulant, in 2mL Eppendorf
tubes, and then were centrifuged to separate blood plasma (4000 g, 10 minutes). Precisely 0.3
mL of the resulted supernatant were introduced in 10 mL centrifuge tubes and mixed with 2 mL
of a mixture of 1:4 methyl tert-butyl ether : ethyl acetate, to extract lipids which cause poor peak
shape and retention shifts. After vortexing, the resulted emulsion was broken by centrifugation
(6000 g, 15 minutes), and then the aqueous layer of the supernatant was entirely collected and
slowly dried at 40 ºC. The dried matter was further dissolved in precisely 0.3 mL methanol, to
prepare the analytical samples. The chromatographic analyses were carried out using a Perkin
Elmer HPLC system with a Flexar Quaternary LC Pump, a Flexar LC Autosampler and a Flexar
Refractive Index LC Detector. An EC 250/4.6 Nucleosil 50-5 C18 column was used, with
methanol as mobile phase, and a flow of 0.7 mL/min. Calibration was performed starting from
solutions containing 5 to 25 mg/mL β-CD/bPy2+PMDS in methanol, on three parallel sample
series. The areas of the HPLC peaks were used as ordinates. The slope of the calibration line
resulted to be 0.0529 (calculated for zero intercept; adjusted R2 = 0.997), and the limits of
detection (LOD) and of quantitation (LOQ) were 0.9818 and 5.7457 mg/mL, respectively.
4.10. Chemical modeling of the inclusion process of bPy into the β-CD cavity
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The starting molecular conformation of β-CD and bPy were built using the graphical tool
of HyperChem 8.0 software application39. The molecular geometries where fully optimized using
PM3 quantum mechanics semi-empirical method, under the HyperChem software application.
The molecular coordinates were defined by placing the intersection of the XYZ Cartesian
coordinate axis in the center of β-CD cavity, so that the glycoside oxygen atoms are considered
to be in XY plane, and Z axis become the cavity axis. The longer dimension of the bPy molecule
was placed along the Z axis and the intermolecular distances were monitored between the center
cavity and the dummy (“*”) atom placed in the middle of the covalent bond that links the two
heterocycles. Therefore, the plane of the bPy molecule coincides with the YZ plane.40 In a first
stage, the favorable angular orientation was seeked by placing the guest in the cavity center and
by rotating around the Z axis, successively optimizing the structure with PM3 calculation
method, at 10o intervals. In a second stage, bPy was moved along the Z axis by keeping the
favorable angular orientation constant and optimizing the molecular geometry at 1 Å intervals.
The binding energy (in kJ/mol) was registered as a function of the distance inside the cavity.
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