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The complexation behavior of cyclodextrins (CDs) with a dumbbell molecule possessing ferrocene (Fc) moieties at
both the ends (FcC10Fc) was investigated by 'H NMR, two-dimensional rotating frame Overhauser spectroscopy, circular
dichroism spectroscopy, and cyclic voltammetry. &-CD includes the cyclopentadienyl rings of the Fc moiety shallowly
from the wider side but not the decamethylene (C10) moiety, whereas 8-CD and y-CD include not only the Fc moiety but
also the C10 moiety. These observations indicate that the Fc moiety can pass through 8-CD and y-CD cavities but not the

o-CD cavity.

Biological systems maintain their living activities using
supramolecular assemblies responsive to external stimuli,
which are responsible for various functions.! These biological
stimuli-responsive supramolecular assemblies have inspired a
number of research groups to devote their efforts to con-
struction of artificial supramolecular assemblies responsive to
external stimuli, e.g., temperature, pH, chemicals, and light.“‘22
Compared to thermo-, pH-, chemical-, and photo-responsive
supramolecular assemblies, redox-responsive ones have been
an underexamined subject of investigation, although redox
stimulus is promising because it can be provided not only
chemically by adding oxidants or reductants but also electro-
chemically by applying a potential, 232

Cyclodextrins (CDs) are cyclic oligomers of D-(+)-gluco-
pyranose units linked through an «-1,4-glycoside bond
(Scheme 1). CDs of 6, 7, and 8 glucopyranose units are called
a-CD, B-CD, and y-CD, respectively. CDs are toroidal with
narrower primary hydroxy and wider secondary hydroxy sides.
The most important features of CDs are their hydrophilic
exterior and hydrophobic cavity, and thus CDs recognize
hydrophobic compounds of size and shape matching their
cavity to form inclusion complexes in aqueous media. Since
CDs are soluble in water and nontoxic, they are investigated
widely as a building block for supramolecular assemblies.?*=>*
A number of examples of CD-based supramolecular assemblies
responsive to external stimuli have been also reported.?’31-3334

It is known that CDs and ferrocene are a molecular
recognition pair responsive to redox stimulus: CDs interact
with the reduced form, ferrocene, to form inclusion complexes,
but not with the oxidized form, ferrocenium.>>->* Using pairs of
CDs and ferrocene moieties, redox-responsive hydrogel,>
controlled release,’® and vesicle® have been realized. In order

FcC10Fc

Scheme 1. Molecular structures of CD and the dumbbell
molecule, FcC10Fc.

to construct more sophisticated redox-responsive supramolec-
ular assemblies, e.g., Janus [2]rotaxanes and molecular shuttles,
it is necessary to obtain fundamental data including not only
how strong they interact (i.e., association constants) but also
whether or not a ferrocene moiety can pass through the cavity
of CDs. To the best of our knowledge however, there has been
no research clarifying the latter point. To obtain experimental
evidence for whether or not a certain moiety can pass through
the cavity of CDs, the behavior of complex formation of CDs
with a dumbbell molecule possessing the moieties at both ends
should be investigated.’’ Thus, this study deals with the
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complex formation of CDs with a dumbbell molecule bearing
ferrocene moieties at both ends, FcC10Fc (Scheme 1).

Experimental

'"HNMR spectra were recorded on a JEOL ECAS500
spectrometer at 30 °C. Chemical shifts were referenced to the
solvent value (4.7ppm for D,0). Two-dimensional rotating
frame Overhauser spectroscopy (2D ROESY) NMR data were
obtained on a VARIAN VNMR600 spectrometer at 30 °C. In
the 2D ROESY NMR, the mixing time before the acquisition of
free induction decay was fixed at 200 ms for all the samples.
UV-vis absorption spectra were recorded on a JASCO V-650
spectrometer at 30 °C with 1 cm quartz cells. Circular dichro-
ism spectra were recorded on a JASCO J-820 polarimeter in
water at 30°C with a 0.1 cm quartz cell. All electrochemical
measurements were performed with a workstation equipped
ALS/[H] CH Instruments Electrochemical Analyzer Model
611A. A platinum working electrode (0.018 cm?), a platinum
counter electrode, and a silver chloride reference electrode in
saturated potassium chloride were fitted to a 20mL electro-
chemical cell. The platinum electrodes were polished with a
0.05um alumina/water slurry on an abradant pad before
measurements. Cyclic voltammograms were obtained in 0.1 M
NaBr at 25°C in the potential range from 0.0 to 0.7V wvs.
Ag/AgCl. Scan rate was fixed at 100mV s~

Diethyl ether and tetrahydrofuran (THF) were obtained
from Kanto Chemical Co., Inc. (N,N-Dimethylaminomethyl)-
ferrocene and 1,10-dibromodecane were obtained from Tokyo
Chemical Industry Co., Ltd. a-Cyclodextrin (a-CD), B-cyclo-
dextrin (B-CD), and y-cyclodextrin (y-CD) were purchased
from Junsei Chemical Co., Ltd., and purified by recrystalliza-
tion from water. D,O used as solvents for NMR was obtained
from Merck Ltd. Other reagents were used without further
purification.

The dumbbell molecule, FcC10Fc, was prepared by
quarternization of (N,N-dimethylaminomethyl)ferrocene with
1,10-dibromodecane as follows. (N,N-Dimethylaminomethyl)-
ferrocene (500 mg, 2.53 mmol) was dissolved in THF (2mL),
and cooled to 0°C. 1,10-Dibromodecane (183 mg, 0.61 mmol)
was dissolved in diethyl ether (1 mL), and added dropwise to
the solution of (N,N-dimethylaminomethyl)ferrocene at 0 °C.
After the mixture was stirred for 30min, the mixture was
allowed to warm to room temperature and stirred for 3 days.
The precipitate was filtered and washed with diethyl ether to
give FcC10Fc as a brown solid. Yield 653 mg, 83%. 'HNMR
(D,0, 500 MHz, 30°C): § 4.51 (t, J = 1.83 Hz, 4H, 2-position
of cyclopentadienyl), 4.45 (t, /= 1.79Hz, 4H, 3-position of
cyclopentadienyl), 4.39 (s, 4H, methylene in the vicinity
of cyclopentadienyl), 4.30 (s, 10H, cyclopentadienyl), 3.11
(m, 4H, a-methylene in the vicinity of quaternary amine),
2.90 (s, 12H, methyl of quaternary amine), 1.75 (m, 4H,
B-methylene in decamethylene in the vicinity of quaternary
amine), 1.32-1.30 (m, 12H, methylene in decamethylene).
BCNMR (D,0, 125.77 MHz, 30°C): § 77.9, 76.5, 75.6, 71.9,
70.6, 59.7, 53.3, 42.7, 42.5, 40.5, 37.5. Found: C, 51.05; H,
7.03; N, 3.36%. Calcd for C34Hs54N,Fe,Br,+-3.5H,0: C, 50.91;
H, 7.24; N, 3.30%.

In a similar manner, FcC10Fc possessing iodide (I7) as
counter anion {FcC10Fc(I7)} was prepared from (N,N-dimeth-
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Figure 1. 'HNMR spectra for 1.0mM FcC10Fc in the
absence (a) and presence of 10mM «-CD (b), B-CD (c),
and y-CD (d).

ylaminomethyl)ferrocene (486 mg, 2.0 mmol) and 1,10-diiodo-
decane (200mg, 0.51 mmol). FcC10Fc(I”) was obtained as
brown solid. Yield 248mg, 83%. FcCl0Fc(I”) (20mg,
23 umol) and NH4PF¢ (770 mg, 4.7 mmol) were dissolved in
acetone (1.6 mL). After filtration of the solution, water (4 mL)
was added to the filtrate to form precipitate. The precipitate was
dissolved in a solution of NH4PF4 in acetone (4.72M, 1 mL).
The solution was poured into excess water to obtain crude
FcC10Fc possessing hexafluorophosphate (PF¢~) as counter
anion {FcC10Fc(PFs7)}. FcCl0Fc(PFs~) was purified by
recrystallization from acetone. Yield 20 mg, 95%.

FcC10Fc was oxidized electrochemically and chemically. A
solution of FcC10Fc in 0.1 M NaBr (1 mM) was purged with
argon for 10 min. FcC10Fc was oxidized using the electro-
chemical analyzer at 0.7V for 7h. An aqueous solution of
sodium hypochlorite (ca. 2mM, 300uL) was added to an
aqueous solution of FcCI10Fc (1 mM, 300 uL). The solution
immediately turned from yellow to green. After ca. 10s,
however, the reaction mixture became yellow brown, and then
brown precipitate was formed.

Results and Discussion

The complexation behavior was first examined by 'HNMR.
Figure 1 demonstrates a typical example of 'THNMR spectra
for 1.0mM FcC10Fc in the absence and presence of 10 mM
a-CD, B-CD, and y-CD. The spectrum in the presence of
10 mM «-CD exhibits downfield shifts of the signals ascribable
to a, b, and ¢ protons in the Fc moieties but no shifts of the
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Figure 2. 2D ROESY NMR spectra for mixtures of 1.0 mM
FcC10Fc with 10 mM «-CD (a), 8-CD (b), and y-CD (c).
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signals ascribable to the decamethylene (C10) moiety. These
observations indicate that a-CD includes the Fc moieties but
not the C10 moiety. The spectra in the presence of 8-CD and
y-CD indicate downfield shifted signals ascribable to a, b, and
¢ protons in the Fc moieties and to g and h—j protons in the C10
moiety, indicating that 8-CD and -CD include not only the Fc
moieties but also the C10 moiety. It should be noted here that
the spectrum in the presence of B-CD exhibits separated signals
assignable to ¢ protons in the Fc moiety, suggestive of strong
interaction of 8-CD with FcC10Fc.

The structures of the complexes of CDs with FcC10Fc were
investigated by 2D ROESY and circular dichroism spectrosco-
py. Figure 2 demonstrates 2D ROESY data for mixtures of
10mM CDs with 1.0mM FcCI10Fc. The spectrum for the
a-CD/FcC10Fc¢ mixture exhibits ROE correlation signals (red
signals) between signals ascribable to the C3 protons in a-CD
and a, b, and ¢ protons in the Fc moiety but not any significant
correlation signals between signals due to @-CD and the C10
moiety (Figure 2a). This spectrum indicates that two a-CD
molecules include shallowly the cyclopentadienyl (Cp) rings of
the Fc moiety from the wider side’®—7 and confirms that az-CD
does not include the C10 moiety. The spectrum for the 5-CD/
FcC10Fc mixture contains ROE correlation signals between
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Figure 3. Circular dichroism spectra for 12.5 mM FcC10Fc
in the absence (black) and presence of 150mM «-CD
(red), 25mM B-CD (green), and 200mM »-CD (blue).
These spectra were measured for solutions of concentrated
FcC10Fc because of weak icd signals.

signals due to B-CD and the Fc moiety (a—c¢ protons) and
between signals due to B-CD and the C10 moiety (h-j protons),
indicating that B-CD includes both the Fc and C10 moieties
(Figure 2b). It should be noted here that signals of the ¢ proton
in the Fc moiety show ROE correlation signals only with the
C3 protons in B-CD, indicating that S-CD includes the Fc
moiety rather deeply from the wider side. The spectrum for the
y-CD/FcC10Fc¢ mixture also indicates ROE correlation signals
not only between signals due to -CD and the Fc moiety (a—c
protons) but also between signals due to -CD and the C10
moiety (h—j protons), indicating that y-CD also includes both
the Fc and C10 moieties. The b and ¢ protons in the Fc moiety
indicate ROE correlation signals only with the C5 and C6
protons in y-CD, indicative of the Fc moiety deeply included
by y-CD from the narrower side. As can be seen in Figure 3,
the circular dichroism spectra for the «-CD/FcC10Fc and
y-CD/FcC10Fc mixtures indicate a strong negative induced
circular dichroism (icd) band ascribable to the d—d transition
moment of the Fc moiety, indicative of the complexation of
CDs with the Fc moiety. Since o¢-CD includes shallowly the Cp
rings of the Fc moiety, the negative icd band indicates that the
rotational axis and the d—d transition moment of the Fc moiety,
which is parallel to the Cp rings,’¥ are close to perpendic-
ular.®'~%% On the other hand, since ¥-CD includes deeply the Fc
moiety, the negative icd band indicates that the rotational axis
of y-CD and the transition moment are close to parallel.** The
spectrum for the B-CD/FcC10Fc mixture shows only a weak
negative icd band. This spectrum indicates that the rotational
axis of B-CD and the transition moment of the Fc moiety make
an angle close to 54.7° in the B-CD/FcCl10Fc inclusion
complex.®®> Figure 4 demonstrates proposed structures for the
complexes of CDs with FcC10Fc based on the characterization
data described above.

To understand details of equilibria of the complexation
of CDs with FcC10Fc, '"HNMR spectra were recorded at a
constant FcC10Fc concentration (1.0 mM) at varying concen-
trations of CD ([CD],). Using the spectra, the peak shifts for the
Fc (a proton) and C10 (h—j protons) moieties (ASg. and Adco,
respectively) were calculated and plotted in Figure 5 as a
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Figure 4. Proposed structures of the complexes of FcC10Fc

with &-CD (a), B-CD (b), and y-CD (c).
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function of [CD];. On the basis of the structures of complexes
(Figure 4), we propose simplified schemes for equilibria of the
complexations of CDs with FcC10Fc (Scheme 2). As described
in Appendix, Adg. and Adciy can be calculated as eqs Al6,
A32, and A33. Fitting data using these equations (see Figure 5
and Appendix), we roughly estimated the first and second
association constants (K; and K, respectively) for the a-CD/
FcC10Fc systems and the association constant for the CD/Fc
complexation (Kg.) and the equilibrium constant between
complexed Fc and C10 moieties (Kp._c19) for the B-CD/
FcC10Fc and y-CD/FcC10Fc systems, as listed in Table 1.6667
The K, and K, values (3 x 102 and 5 x 10> M~!, respectively)
for the o-CD/FcCl10Fc systems are indicative of weak
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Figure 5. Peak shifts (Adr. and Adcyg) for the signals due
to the ferrocene (circle) and decamethylene (square)
moieities in FcCl10Fc as a function of the total CD
concentration ([CD],): @-CD (red), B-CD (green), and
y-CD (blue). The best fitted curves using eqs Al16, A32,
and A33 are also drawn (see Supporting Information).
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Scheme 2. Schemes for equilibria for the complexations of ®-CD (a) and 8- or y-CD (b) with FcC10Fc.
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cooperativity for the complexation of a-CD with the Fc moiety.
The K¢, value for B-CD (2.5 x 10> M™") is larger than that for
y-CD (3.5 x 10°M™), indicating that 8-CD includes the Fc
moiety more strongly than does y-CD. The Kp. ¢1o values (0.8
and 2.5 for B-CD and y-CD, respectively) demonstrate that
B-CD includes the Fc moiety more strongly than the C10 moiety
whereas y-CD prefers the C10 moiety to the Fc moiety.

The redox behavior of FcC10Fc was investigated by cyclic
voltammetry (CV) in the absence and presence of 10 mM «-CD,
B-CD, or y-CD, as can be seen in Figure 6. From these
voltammograms, the potentials of oxidation and reduction peaks
(Epq and Ej, respectively) and the peak currents at oxidation and
reduction (ip, and i, respectively) were determined as listed
in Table 2. In the absence of CD, the cyclic voltammogram
for FcC10Fc shows a single redox wave in the potential
range of 0-0.7V vs. Ag/AgCl. Separate CV experiments for
FcC10Fc(PF¢™) in acetonitrile also exhibited a single redox
wave in the potential range of 0-1.0V vs. Ag/AgCl (data not
shown).®® These observations indicate that the Fc moieties in
FcC10Fc undergo the redox reaction independently presumably
because of the relative longer decamethylene linker. In the
presence of a-CD, B-CD, and y-CD, the cyclic voltammograms
also indicate a single redox wave in the potential range of
0-0.7V vs. Ag/AgCl (Figures 6b, 6¢, and 6d). The values of

Table 1. Equilibrium Constants for the Comlexation of CDs
with FcC10Fc

CD  K/M!' KM Ke/MT' Keecio/M
a-CD  3x10®> 5x10?
B-CD 2.5 x 10° 0.8
y-CD 3.5 x 107 2.5

Complexation of CDs with a Ferrocene Dumbbell

Ey, and E,,¢ in the presence of «-CD, B-CD, and y-CD are larger
than those in their absence, indicating that the oxidation of
FcC10Fc requires a higher potential in the presence of CDs. The
values of ip, and iy in the presence of a-CD, B-CD, and y-CD
are smaller than those in their absence, indicating that CDs
retard redox reaction on the electrode surface. In addition, the
differences between £, and E;, are larger than 0.057 V, which is
the theoretical value in the case where redox reactions are
determined by diffusion, for all the voltammograms. These
observations indicate that the redox reaction of FcC10Fc is not
diffusion-controlled under the present conditions. It is note-
worthy that B-CD causes larger differences in the cyclic
voltammogram for FcC10Fc than do «-CD and y-CD, indicat-
ing that B-CD interacts most strongly with FcCI10Fc.

Since CDs do not interact significantly with ferrocene
derivatives in their oxidized state,3®*!* ¢-CD may not interact
with FcC10Fc of its oxidized form, and B-CD or y-CD may
form a pseudo-rotaxane, in which B-CD or y-CD includes the
C10 moiety. To investigate the interaction of CDs with
FcC10Fc in its oxidized state, we attempted to prepare oxidized
FcC10Fc by electrochemical and chemical methods. FcC10Fc

Table 2. Results of CV Measurements for 1 mM FcC10Fc in
the Absence and Presence of 10mM «-CD, B-CD, or
y-CD?

CD Ep/VY Epe/VY ipa/MA fpe/MA
— 0.477 0.409 6.34 —5.38
a-CD 0.516 0.412 3.86 —2.50
B-CD 0.584 0.461 2.07 -1.13
y-CD 0.496 0.431 5.29 —4.33

a) Measured in 0.1 M NaBr at 298 K. b) vs. Ag/AgCl.

Coon o bow vy by e 0oy by by o sl ey

Current / nA
&

(©

Covo oo e v Dy oy by oy v Byg o b e ol oy

6 01 02 03 04 05 06 070

01 02 0383 04 05 06 07

Potential (vs. Ag/AgCI) / V
Figure 6. Cyclic voltammograms for 1.0 mM FcC10Fc in the absence (a) and presence of 10 mM «-CD (b), B-CD (c), and y-CD (d)

in 0.1 M NaBr at 298 K. Scan rate was fixed at 100mV s~
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was oxidized at a constant potential of 0.7V vs. Ag/AgCl
using the electrochemical analyzer. Absorption spectra indi-
cated that the intensity of the absorption band around 630 nm
ascribable to the ferrocenium moiety increased with time and
leveled off after 3 h, indicative of oxidation of the Fc moieties
in FcC10Fc. At 7h, however, the absorption band ascribable to
the Fc in the reduced state around 440 nm still remained. These
observations indicate that the complete oxidation of FcC10Fc is
difficult under these conditions. FcC10Fc was also oxidized
using sodium hypochlorite as an oxidant. When ca. 2
equivalents of sodium hypochlorite was added to a solution
of FcC10Fc, the color of the solution immediately turned from
yellow to green. After ca. 10s, however, the reaction mixture
became yellow-brown, and then brown precipitate was formed.
This observation implies that FcC10Fc is not stable in its
oxidized state. We observed that decomposition of FcC10Fc of
the reduced form at the ammonium moiety upon heating at
60 °C. It is likely that the ammonium moiety is less stable in the
oxidized state presumably because of electrostatic repulsion.

Conclusion

The complexation behavior of CDs with FcC10Fc was
investigated by "THNMR, 2D ROESY, circular dichroism spec-
troscopy, and CV. @-CD includes the Cp rings of the Fc moiety
shallowly from the wider side but not the C10 moiety because
of the smaller cavity. On the other hand, B-CD and y-CD
include not only the Fc moiety but also the C10 moiety. 8-CD
prefers the Fc moiety to the C10 moiety whereas -CD prefers
the C10 moiety to the Fc moiety. On the basis of these results,
the construction of redox-responsive supramolecular assem-
blies is in progress.

Appendix

Bull. Chem. Soc. Jpn. Vol. 84, No. 9 (2011) 923

x, _ EeClOFel [FeCIOFe] _  [FeCl0Ec]
? 7 [FeC10Fc][CD] ~ [FeC10Fc][CD] ~ [FeC10Fc][CD]
(A2)

The concentrations of all the species complexed are represented
as

[FeC10Fc] = K[CD][FcC10Fc]
_ [FeC10Fe]  [FeCl0Fc]

(A3)
K,[CD] K>[CD]
[FeC10Fc]
[FeC10Fc] = K,[CD][FcC10Fc] — KD (A4)
[FeC10Fc]
[FeC10Fc] = K,[CD][FeC10Fc] — “X.CDI (A5)
[FeC10Fc] = K{[CD][FcC10Fc]
[FcC10Fc]
+ K> [FcC10F¢] — “K[CD] (A6)
[FcC10Fc] = K,[CD][FcC10Fc] (A7)

where [CD] denotes the concentration of free &-CD. From the
conservation of mass,
[FcC10Fc]; = [FcC10Fc] + [FcC10Fc] 4 [FcC10Fc]

+ [EcC10Fc] + [FcC10F¢] + [FcC10Fc] (A8)
[CD]; = [CD] + [FeC10Fc] + 2[FeC10Fc]

+ 2[FcC10Fc] + 3[FeC10Fc] + 4[FcC10Fc]  (A9)

Here [FcC10Fc] is the concentration of free FcC10Fc, and
[FcC10Fc]; and [CD]; denote the total concentrations of
FcC10Fc and «-CD, respectively. Solving eqs A3—A7 as a
set of simultaneous equations,

1
Equilibria of the Complexations of CDs with FcC10Fc [EcC10Fc] = 3 K, [CD][FcC10Fc] (A10)

o-CD/FcC10Fc System. A simplified scheme for the 1
equilibrium of the complexation of &-CD with FcC10Fc is [FeC10Fc¢] = ZKlz[CD]Z[FCCN)FC] (A1)

proposed in Scheme 2a, where Fe¢ and Fe denote Fc moieties 1
complexed with an ®-CD molecule and with two «-CD [FcCl10Fc] = I K\ K>[CDJ*[FcC10Fc] (A12)

molecules, respectively. When the first and second association 1
constants for a-CD with Fc moiety are defined as K} and K5, [FcC10F¢] = 1 K12K>[CDJ*[FcC10Fc] (A13)

respectively. K; and K, are written as 1

) 4
[FeC10Fc] [FeC10Fc] [ECIOE] [ECIOE] = 4K1 K>“[CD]*[FcC10Fc] (A14)
1 = = =
[FeCI0FC)ICD] [FeCIOFC][CD] - [EcCI0FclCD] Substituting eqs A10-A14 into eq A8, it can be solved for
(A1) [FcCl0Fc] as
FcC10F

[FeC10Fc] = [FeC10Fcl; (A15)

2

1 1 1 1
1+ —K,[CD] + ZKlz[CD]Z + Z1<1 K>[CD)? + Z1(,21<2[CD]3 + Z1<121(22[CD]4

When K, K;, [CD], and [FcC10Fc]; are given, the concentrations of all the species can be calculated by substituting eq A15 into

eqs A10-A14.
The peak shift, Adg., can be also calculated as

ABret max{ [FeC10Fc] + 2[FeC10Fe] + [FeC10Fel} + Abpey max{[FeC10Fc] + [FeC10Fe] + 2[FeC10Fe])

A8FQ =

(A16)

2[FcC10Fc];

where A1 max and ASpcmax are the peak shifts for the Fe
moieties complexed with an a-CD molecule and two «-CD

molecules, respectively. The free CD concentration ([CD]) is
necessary for these calculations, but only [CD]; is known in
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experiments. Thus, upon the fitting procedure, [CD]; values
calculated numerically with eq A9 were used.

B-CD/FcC10Fc and »-CD/FeC10Fc Systems. A
simplified scheme for the equilibrium of the complexation of
B-CD or y-CD with FcC10Fc is proposed in Scheme 2b, where
Fc and C10 in bold and underlined type denote Fc and C10
moieties included in the CD cavity, respectively. When the
association constant for CD with Fc moiety and the equilibrium
constant between Fc and C10 are defined as Kp. and Kpc cio,
respectively. Kg. and Kg. cjo are written as

_ [FeCl0Fc]  [FeCl0Fc]
e = FcCI10Fc][CD] ~ [FeCl10Fc][CD]
_ [FeC10Fc]  [FeCl10Fc¢] Al7
" [FcC10Fc][CD] ~ [FcC10Fc][CD] (AL7)
_ [FcC10Fc]  [FeC10Fc]
Kre-c10 = [FeC10Fc] _ [FeClO0Fc] (A1®)

The concentrations of all the species complexed are represented
as
[FcC10Fc] = Kgc[CD][FcC10Fc]
[FcC10Fc]  [FcC10Fc]

Al19

K:[CD] Krecio (A19)
[FcC10Fc]

[FCCIOFC] = KFC—C]O[ECIOFC] — m (A20)
FcC10F

[FeC10Fe] = Ky [CD][FeC10Fc] — el o)
Kgccro

[FcC10Fc];

Complexation of CDs with a Ferrocene Dumbbell

[FcC10Fc] = Kp.[CD][FcC10Fc]

[FcC10Fc]
+ Krec1o[FeC10Fc] — “KnlCD] (A22)
[FcC10Fc] = Kf.[CD][FcC10Fc] (A23)
From the conservation of mass,
[FcC10Fc]; = [FcC10Fc] + [FcC10Fc] + [FcC10Fc]
+ [FeC10F¢] + [FcC10Fc]
+ [FeC10Fc] (A24)
[CD]; = [CD] + [FcC10Fc] + [FcC10Fc]
+ 2[FcC10Fc] 4 2[FcC10Fc] + 3[FcC10Fc¢] (A25)

Solving eqs A19-A23 as a set of simultaneous equations,

[FeC10Fc] = % K [CD][FcC10Fc] (A26)
[FcC10Fc] = j—‘ KpeKre_c10[CD][FcC10Fc] (A27)
[FeC10Fc] = % Ky 2 [CD)*[FcC10Fc] (A28)
[FcC10Fc] = % K2 Kpec1o[CD?[FcCI10Fc]  (A29)
[FcC10Fc] = % Kg Kpe_c1o[CDP[FcCI0Fc]  (A30)

Substituting eqs A26—-A30 into eq A24, it can be solved for
[FcC10Fc] as

[FcC10Fc] =
Krecio

1
1 + Kr[CD]| =
+ FC[C ](2 + 4
When Kg., Kgccio, [CD], and [FcCl0Fc]; are given, the
concentrations of all the species can be calculated by
substituting eq A31 into eqs A26—A30.
The peak shifts, Adg. and Adcyo, can be also calculated as

) + KFCZ[CDPG +

Abpe =
ASFc.max {[FeC10Fc] + 2[FeC10Fc] + [FeC10Fc] + 2[FeC10Fc]}
2[FcC10Fc],
(A32)
Abery = ASc10max{[FcC10Fc] 4 [FeC10Fc] + [FcC10Fc]}
[FcC10Fc];
(A33)

where ASpcmax and ASciomax are the peak shifts for the
complexed Fc and C10 moieties. The free CD concentration
([CD)) is necessary for these calculations, but only [CD]; is
known in experiments. Thus, upon the fitting procedure, [CD];
values calculated numerically with eq A25 were used.
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(A31)

KFc—ClO) Kre* Krec1o[CDP?
. 4
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