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A new f-cyclodextrin (S-CD) derivative, mono[6-deoxy-6-(2-butenedinitrile-2,3-dimercapto sodium salt)]-f-
CD (6-mnt-B-CD), and its inclusion compound with a ferrocenium drug, have been prepared and characterized
by IR, UV, 3C-NMR spectroscopy, and mass spectrometry, elemental analysis, thermogravimetry, and cyclic
voltammetry (CV). The interplay between the side-arm anion of S-CD and the ferrocenium (guest) in the inclu-
sion compound 6-mnt-B-CD~/Fc* has been investigated by *C-NMR, UV, IR, and thermogravimetric methods.
Charge transfer from the anion to the cation in 6-mnt-B-CD~/Fc* was then experimentally identified. The inter-
action between the guest and the host with side-arm in 6-mnt-3-CD~/Fc* resulted in smaller positive potential
shifts compared to that in the inclusion compound [3-CD/Fc¢*|BF; .
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Antitumor activities of the ferrocenium complexes were
detected in 1984 against Enrlich ascites tumor."” These cyto-
statically active agents exhibited broad-spectrum antiviral
properties in vivo and in vitro.” They have also shown
antiproliferative activities against Sarcoma 180, BI16
melanoma, Colon 38, MCH-11, P-815, and Rauscher virus-
induced leukemia,” as well as against human adenocarci-
noma, squamous cell carcinoma, and large-cell carcinoma of
the lung.?

Inclusion complexation of cyclodextrins (CDs) with drugs
can improve certain properties of the drugs such as solubility,
stability, and bioavailability.”’ The enhancement of drug ac-
tivity and selective transfer or the reduction of side effects
can also be achieved by inclusion compound formation.®”
Herein we report for the first time the inclusion compounds
of the ferrocenium drug (ferrocenium tetrafluoroborate,
FcBF,) with 3-CD and a derivative of 3-CD (mono[6-deoxy-
6-(2-butenedinitrile-2,3-dimercapto sodium salt)]-B-CD, 6-
mnt-$-CD). The thermal stability and the interaction be-
tween host and guest in these inclusion compounds were in-
vestigated.

Experimental

General Methods A Bruker IFS66V FT-IR spectrophotometer was
used, and the measurements were made by the KBr disk method. The UV
spectra were recorded on a Shimadzu UV-3100 spectrometer. The mass
spectra were performed on a Finnigan mat APISSQ-710 mass spectrometer.
All C- and "H-NMR spectra were recorded on a Bruker AVANCE-300
spectrometer in dimethyl sulfoxide-d, (DMSO-d;) solution at 15°C. Ele-
mental analysis was determined by a Perkin-Elmer 240C elemental analyzer.
Thermogravimetric (TG) analysis curves were recorded on an American
SDT-2960 thermal analyzer. Cyclic voltammetry (CV) was done with an
EG&G model 273 instrument in N,N-dimethylformamide (DMF) solution.
The three-electrode electrochemical cell used was equipped with a platinum
disc working electrode, a platinum auxiliary electrode, and a Ag/AgCl refer-
ence electrode. Ethanol was of an analytically pure grade. DMF was distilled
under reduced pressure in an N, atmosphere before use. 2-Butenedinitrile-
2,3-dimercapto disodium salt (Na,mnt), mono-(6-O-tolylsulfonyl)--CD (6-
Ots-B-CD) and FcBF, were synthesized according to the methods described
in the literature.* 1%

Synthesis of 6-Mnt-B-CD To a solution of Na,mnt (0.2g, 1.08X
107 mol) in water (30 ml) was added 6-Ots-B-CD (0.5 g, 0.39X107>mol),
and the mixture was stirred at 65°C for 3—4h under an N, atmosphere.
After cooling down to room temperature, the yellow solution was concen-
trated. Then the dark-red residue (about 3—4 ml) was added in drops to
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stirred ethanol (120 ml) to precipitate 0.4 g crude 6-mnt-B-CD. The crude
product was dissolved in 1ml of water, and was then added in drops to
stirred ethanol (10ml) again. After standing overnight, the final product
would precipitate from the ethanol solution as a yellow powder. '*C-NMR
(DMSO-dy) &: 59.94, 72.12, 72.49, 73.15, 80.94, 81.15, 81.62, 102.05,
118.38, 118.79. IR (KBr) cm™': 2189.7. UV 4, (H,0) nm (log¢): 371
(3.94). UV A,,,. (DMF) nm (log €): 385.5 (3.96). MS m/z: 1258.0 [Calcd for
C,HgoN,O5,S, ([M—Na]™): 1258.2]. Anal. Caled for C,H,N,NaO,,S,-
8H,0: C, 38.76; H, 6.01; N, 1.97. Found: C, 38.85; H, 6.21; N, 2.08.

Preparation of the Inclusion Compounds of Ferrocenium Drug The
inclusion compound of 6-mnt-B-CD with FcBF, (6-mnt-8-CD /Fc*) was
prepared by the coprecipitation method.'” 0.53%1073Mol of 6-mnt-3-CD
was dissolved in 50ml of water, and then 1.06X10 >mol of FcBF, was
added to the aqueous solution. After stirring at 60 °C for 2 h, the solution
was cooled down to room temperature and yielded a dark yellow solid pre-
cipitate. It was then collected by filtration and washed twice with water and
ethanol. Finally, drying of the solid in air for 4 h yielded the inclusion com-
pound as a pale brown solid. The inclusion compound of -CD with FcBF,
was prepared in the same way.

Results and Discussion

The New Host 6-Mnt-$-CD  Both the electron spectrum
and the IR spectrum analyses of 6-mnt-$-CD have shown the
presence of the mnt group in the compound (see the Experi-
mental). Moreover, electro-spray MS provided structure evi-
dence of the existence of mnt-modified S-CD (m/z 1258.0,
see the Experimental). In addition, *C-NMR spectrum of the
host molecule (6-mnt-f-CD) showed the resonances due to
one C=C bond at 4 118.38 and 118.79 ppm, and two nitrile
groups at 0 80.94 and 81.15ppm (Table 1). The prominent
upfield shift of the signal of C-6 (—0.08 ppm, Table 1) in
BC-NMR spectrum of 6-mnt-3-CD, compared to that of pure
B-CD, was observed. The upfield shift was considered to re-
sult mainly from the introduction of electron-rich mnt onto
the B-CD rim.'” Figure 1 showed thermogravimetric (TG)
and differential TG (DTG) curves of 6-Ots-f-CD, Na,mnt,
and 6-mnt-B-CD. Two peaks were observed in the DTG
curve of the hydrate 6-Ots-B-CD (curve a'). The first peak
(around 59 °C) corresponded to the dehydration process, and
the other (around 185 °C) was related to the degradation of
the 6-Ots--CD structure. In the case of Na,mnt (curve b’),
peaks of the desolvation and decomposition were clearly
seen (at around 48 °C and 98 °C, respectively). However, in
that of 6-mnt-B-CD (curve ¢’), no obvious signals were
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Table 1. Data of 3C-NMR Spectra of Inclusion Compound 6-Mnt-B-CD ™~ /Fc*
Complex Cl C2 C3 Cc4 C5 C6 C’

B-CD? 102.58 72.67 73.89 81.94 72.89 61.17

B-CD 102.05 72.15 73.16 81.63 72.50 60.02

6-mnt-S-CD 102.05 72.12 73.15 81.62 72.49 59.94 118.38,9 118.79,° 80.94,
81.15%

[B-CD/Fc]*BF, 102.29 72.17 73.09 81.80 72.54 59.96 67.66

6-mnt-B-CD " /Fc* 102.16 72.09 73.01 81.69 72.43 59.88 81.42," 81.63, 67.659

a) Relative to internal DMSO-d (6=39.51 ppm), C1 to C6 refer to carbon atoms of the cyclodextrin structure.
e) Carbon atoms in the cyclopentene ring of ferrocenium.

bond in mnt. d) Carbon atoms of the nitrile group in mnt.
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Fig. 1. TG and DTG Curves of 6-Ots-f3-CD (a, a"), Na,mnt (b, b"), and 6-
Mnt-B-CD (c, ¢')

recorded around 98 °C and 185 °C. In addition to the dehy-
dration occurring at around 53°C, a new peak (around
291 °C) appeared clearly, which should be assigned to the de-
composition of the 6-mnt-f3-CD structure. Some recent stud-
ies have concentrated on the syntheses of new hydrophilic or
ionizable CD derivatives and the search for their potential
use as absorption enhancers or coenhancers for transmucosal
absorption,” in addition to the potential use of natural CDs in
pharmaceutical fields.” Perhaps the new ionizable CD deriv-
ative (6-mnt-$-CD) that we have synthesized here could play
arole in this area.

Inclusion Compounds of the Ferrocenium Drug Elec-
tro-spray MS spectra of inclusion compounds [B-CD/
Fc*]BF,” and 6-mnt-B-CD~/Fc* have shown the presence of
BF, anion (m/z 87.1) and 6-mnt-f-CD anion (m/z 1258.1),
respectively. It was known that in the ferrocenium inclusion
compound [2- a-CD/Fc*]X™, the two «-CD molecules are
arranged head to head to form a dimer by means of intermol-
ecular hydrogen bonding. The ferrocenium is encapsulated
within the cavity of the dimer just as the ferrocene guest has
done in the inclusion compound 2- a-CD/Fc.'"? In the cases
of [B-CD/Fc*]BF,” and 6-mnt-B-CD /Fc¢* we could pre-
sume that the ferrocenium guest penetrates into -CD cavi-
ties (as proposed in Chart 1) just as the ferrocene molecule
has done in that of B-CD/Fc.'”” The stoichiometry (1:1
molar ratio) of the inclusion compounds that were isolated as
solid complexes in our experiments have also been confirmed
by 'H-NMR spectroscopy (Table 2).

The effect of inclusion phenomenon on molecular struc-
tures of both the host and guest has been observed by *C-
NMR (Table 1). For example, the signal of C-1 shifted from
102.05 to 102.29ppm in the inclusion compound [fS-
CD/Fc*]BF;, and from 73.15 to 73.01 ppm for C-3 in the in-

b) From reference 13. ¢) Carbon atoms of the double

Table 2. Data of 'H-NMR Spectra of the Two Inclusion Compounds®

Complex H-1 H-2 H-3 H4 H-5 H6 H” C,°
[B-CD/Fc]*BF, 484 330 3.65 3.34 3.60 3.67 4.17 132
6-mnt-B-CD /Fc*  4.84 331 3.66 3.34 3.58 3.66 4.17 1.40

a) H-1 to H-6 refer to protons of the cyclodextrin structure.
clopentene ring of ferrocenium.
molecule and H-1.

b) Protons in the cy-
¢) Value of the comparison of peak areas of guest
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Chart 1. Proposed Inclusion Modes of Inclusion Compound [f-
CD/Fc*]BF, (a), and Inclusion Compound 6-Mnt--CD " /Fc* (b)

clusion compound 6-mnt-B-CD~/Fc*. The signals of fer-
rocenium in the two inclusion compounds [B-CD/Fc*]BF,
and 6-mnt-3-CD~/Fc* exhibited at § 67.66 and 67.65 ppm,
respectively (Table 1).

Figure 2 showed DTG curves of pure FcBF,, pure 5-CD
hydrate, and the inclusion compound [3-CD/Fc*]BF, . Only
one peak rose in curve a at 288 °C, which was attributed to
the decomposition of pure FcBF,. The two peaks (around 80
and 314 °C, respectively) in curve b corresponded to the de-
hydration and decomposition of pure -CD hydrate. In curve
¢, two peaks were observed, one of which (around 55 °C)
should be assigned to the dehydration, and the other (around
318°C) was related to the decomposition of [B-CD/
Fc']BF,. The decomposition temperature difference be-
tween the free host and the host in inclusion compound [ -
CD/Fc"IBF, (AT, is +4°C, and the decomposition tem-
perature difference between the free guest and the guest in
inclusion compound [B-CD/Fc*]BE, (AT, is +30 °C.!0)
Obviously, thermal stabilities of both the host and the guest
in inclusion compound [B-CD/Fc*]BF, were higher than in
their free forms.

DTG curves of pure FcBF,, pure 6-mnt--CD hydrate, and
the inclusion compound 6-mnt-3-CD /Fc* were shown in
Fig. 3. The inclusion compound, 6-mnt-3-CD~/Fc*, decom-
posed at around 306 °C. The decomposition temperature dif-
ference between free (around 291 °C) and bounded 6-mnt-3-
CD (AT,,,) was +15°C, and the decomposition temperature
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Fig. 2. DTG Curves of Pure FcBF, (a), Pure f-CD Hydrate (b), and Inclu-
sion Compound [3-CD/Fc*]BF, (c)
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Fig. 3. DTG Curves of Pure FcBF, (a), Pure 6-Mnt--CD Hydrate (b),
and Inclusion Compound 6-Mnt-S3-CD~/Fc™ (c)

difference between free and included FcBF, (AT,,.) was
+18°C.

By closer inspection of Figs. 2 and 3, we came to the fol-
lowing conclusions: a) Compared with pure FcBF,, the inclu-
sion complexation of both B-CD and 6-mnt-3-CD with the
guest improved the thermal stability of the guest (AT, was
+30°C and +18°C, respectively). b) Compared with the
free host, the inclusion improved the thermal stability of the
host (AT, was +4°C and +15 °C, respectively). It was in-
teresting that a much higher AT, . was achieved in 6-mnt-f3-
CD™/Fc*, which is probably due to the interaction between
the side-arm anion of the host and the guest ferrocenium.

Interplay between the side-arm anion of the host and the
ferrocenium in the inclusion compound 6-mnt-B-CD~/Fc™
was investigated by *C-NMR, IR, UV, and CV spectra (vide
infra). Compared with the free host 6-mnt-3-CD, the promi-
nent downfield shift (+0.48 ppm) of the nitrile groups of the
side-arm in inclusion compound 6-mnt-B-CD /Fc* sug-
gested some charge transfer from the mnt group to ferroce-
nium, which was also identified by the higher frequency shift
of Veoy (from 2189.7 to 2215.8 cm™ ') in IR spectra of 6-mnt-
B-CD™/Fc™. Further evidence in favor of this interpretation
has been provided by electron spectra. An absorption maxi-
mum of 6-mnt-B-CD was blue-shifted from 385.5 to 348 nm
after the formation of inclusion compound 6-mnt-p-
CD™/Fc*, which revealed an electron-interaction between the
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Fig. 4. Cyclic Voltammogram of 0.1x107*m FcBF, +0.1 m (2-Bu),NCIO,
in DMF in the Absence (------ ) and Presence (: )of 1.0M B-CD
Scan rate: 100 mV/s.
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Fig. 5. Cyclic Voltammogram of 0.1x107*m FcBF, +0.1 m (2-Bu),NCIO,
in DMF in the Absence (------ ) and Presence (——) of 1.0 M 6-Mnt--CD
Scan rate: 100 mV/s.

mnt group and ferrocenium.

Effects of complexation of ferrocenium with B-CD upon
the electrochemical properties were clearly evident in Fig. 4.
The association constants of ferrocenium with -CD and 6-
mnt-B-CD have been estimated by the solubility measure-
ments method,'” and were determined to be approximately
2.3%10* and 3.8X10* (dm> mol')?, respectively. In addition,
a 10*-fold molar excess of host was added to the DMF solu-
tion of ferrocenium in our experiments to ensure that the
guest would work as the corresponding inclusion compound.
Electrochemical behavior of the DMF solution of inclusion
compound [B-CD/Fc*]BF, retained the same reversible
shape as FcBF, itself, but the peak potentials were displaced
toward more positive potentials by approximately +80mV.
Compared with pure FcBF,, a substantial decrease of the
peak currents in the inclusion compound [B-CD/Fc*]BF,
was observed. This decrease was caused by the fact that the
charged species, [3-CD/Fc*|BF,, is more bulky and more
slowly diffusing than FcBF,.'"® The +80mV shifts of poten-
tials in CV 1is probably because the neutral ferrocene pro-
duced by reduction was strongly bound with the hydrophobic
cavity of B-CD moiety in the inclusion compound [pB-
CD/Fc*]BF,". In other words, Fc* is easier to reduce in the
presence of B-CD because its reduced form, Fc, is more
strongly bound with B-CD than Fc* by itself.!”

For the inclusion compound, 6-mnt-3-CD~/Fc¢*, its CV re-
sembled that of pure FcBF, (Fig. 5). But compared with pure
FcBF,, positive shifts (+68 mV) of potentials were observed.
The host, 6-mnt-B-CD, has an anion side-arm which could
interact with cation guest and finally stabilize the metalloce-
nium. So compared with that in [B-CD/Fc*]BF,, the guest
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ferrocenium was more difficult to reduce to ferrocene in the
inclusion compound 6-mnt-3-CD~/Fc*. Consequently, in the
CV of 6-mnt-B-CD /Fc*, positive shifts of potentials were
only +68 mV. And in the CV of [3-CD/Fc*]BF,, bigger po-
tential shifts (+80 mV) of potentials were obtained.

Generally speaking, inclusion complexation made im-
provements in the physical and chemical properties of the
ferrocenium drug. It was known that ferrocenium is stable in
aqueous acid but decomposes in a basic even neutral solution
to give ferrocene and iron hydroxides in the presence of
0,."” After inclusion, the ferrocenium guest used here was
thermally more stable than its pure form. Furthermore, the
inclusion compounds of [B-CD/Fc*|BF, and 6-mnt-§-
CD /Fc* were stable in an aqueous solution even at pH=13
in the air. All of these can improve the pharmaceutical ac-
tions of the ferrocenium drug.
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