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These acids were converted to O-acetyl derivatives (acetyl chloride) and
then treated with thionyl chloride. The resulting acid chlorides were
subjected to aminolysis with appropriate amine. Hydrolysis (sodium
hydroxide-methanol) of the products gave the N-substituted 3-hydrox-
ycarboxamides.

B-Amino alcohols prepared by reduction of the corresponding amino
acid ethyl ester,'* hydroxynitrile,!’ or hydroxy ketoxime!® were acylated
with benzoyl chloride. Hydrolysis (sodium hydroxide-methanol) of the
O,N-dibenzoyl products gave N-benzoyl-8-amino alcohols.

Benzoin was purchased from Tokyo Kasei. 2-Hydroxy-1-phenyl-1-
propanone were prepared by the procedure given in the literature.!’
a-Hydroxy ketone was treated with hydroxylamine to give a diastereo-
meric mixture of a-hydroxy ketoximes, which were separated into two
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(15) Poos, G.; Carson, J.; Rosenau, J.; Roszkowski, A.; Kelley, N.;
McGowin, J. J. Med. Chem. 1963, 6, 266.

(16) Weijlard, J.; Pfister, K., 11I; Swanezy, E. F.; Robinson, C. A.; Tishler,
M. J. Am. Chem. Soc. 1951, 73, 1216.

(17) Auwers, K. v. Chem. Ber. 1917, 50, 1177,

isomers by preparative silica gel column.
a-Amino acid derivatives,'® 8-hydroxy ketones,!® and 1.2-diols?® were
prepared according to literature procedures.
All derivatives were identified by their 'TH NMR, IR, and MS spectra.
Bi-B-naphthol was kindly supplied by Dr. Takaya and Prof. Nohira.
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Abstract: The oxidation of ferrocenecarboxylic acid in the presence of 3-cyclodextrin (8-CD) has been investigated by cyclic
voltammetry in pH 9.2 aqueous solution in which the ferrocene is present as the anion, FCA~. Binding of FCA™ by 3-CD
is indicated by changes in the UV-vis absorption spectrum and the appearance of induced circular dichroism. The latter data
also show that FCA"~ is complexed by 8-CD in a configuration with the Cp—Fe~Cp axis parallel to the axis of the 3-CD cavity.
In slow scan rate cyclic voltammetry, 8-CD causes a decrease in the peak current and a positive shift in the peak potential
for FCA™ oxidation. Each of these effects was quantitatively evaluated, giving a formation constant for FCA—3-CD of 2200
M1 at 20 °C and AH = -2.8 kcal/mol, AS = 5 cal/(K-mol). No binding of the oxidized form of FCA~ by 5-CD could be
detected. Fast scan rate studies revealed that the inclusion complex is oxidized via a CE scheme in which the complex first
dissociates to FCA™ and 3-CD followed by oxidation of the free FCA~. Quantitative evaluation of the data gave 2.1 X 10*
s™! for the dissociation rate constant, and variable temperature studies yielded an activation enthalpy for dissociation of 15
kcal/mol. Significantly, no direct oxidation of FCA™—3-CD at the electrode could be detected. Possible explanations are discussed,
and the significance of the present results to earlier electrochemical synthetic studies with cyclodextrins is highlighted.

The cyclodextrins (CDs) are among the most important and
widely studied examples of host molecules which are capable of
forming inclusion complexes with a variety of guests by incor-
porating them within the relatively nonpolar cavity of these cyclic
oligosaccharides.? The CDs have very interesting catalytic
properties, and they have been used as models of hydrolytic en-
zymes. Previous studies have not emphasized the effect of CDs
on the oxidation—reduction reactions of guest molecules, but there
has been an increasing interest in their use as modifiers of organic
electrode reactions.* It has been found that CDs, either added
to solution or bound to the electrode surface, can cause substantial
beneficial changes in the selectivity of electroorganic synthesis.

(1) (a) University of Wisconsin. (b) Tohoku university.
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Springer-Verlag; New York, 1977. (b) Saenger, W. Angew. Chem., Int. Ed.
Engl. 1980, 19, 344-362.
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500-501. (b) Matsue, T.; Fujihira, M.; Osa, T. Ibid. 1981, 128, 2565-2569.
(¢) Matsue, T.; Fujihira, M.; Osa, T. Bull. Chem. Soc. Jpn. 1979, 52,
3692-3696. (d) Matsue, T.; Fujihira, M.; Osa, T, J. Electrochem. Soc. 1982,
129, 1681-1685. (e) Matsue, T.; Tasaki, C.; Fujihira, M.; Osa, T. Bull. Chem.
Soc. Jpn. 1983, 56, 1305-1307. (f) Smith, C. Z.; Utley, J. H. P. J. Chem.
Soc., Chem. Commun. 1981, 492-494. (g) Smith, C. Z.; Utley, J. H. P. Ib/d.
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A commonly proposed mechanism for this improved selectivity
involves electron transfer to/from the electrode from/to the guest
molecule in the inclusion complex forming a reactive intermediate
(e.g., an anion radical) which is held within the CD cavity. The
reactivity of this intermediate will differ from that of the un-
complexed intermediate leading to the change in selectivity which
is observed in the presence of the CD.

Almost nothing is known about the details of electron-transfer
reactions of guest molecules in the presence of hosts such as CDs
so we set out to investigate a suitable model system, ferrocene-
carboxylic acid (FCAH) and 8-cyclodextrin (3-CD), the CD
containing seven glucose units in its cyclic structure. Ferrocenes
exhibit simple electrochemical behavior which is favorable to this
study. Oxidation to the ferricinium ion is reversible and uncom-
plicated by associated chemical reactions. Addition of the car-
boxylic acid function gives excellent solubility in water, and other
ferrocenes are known to be good guest compounds for CDs.* The
formation constant of the ferrocene-3-CD complex has been
determined by polarography.®* In the present study, the
FCAH/B-CD system in pH 9.2 aqueous buffer has been inves-

(4) (a) Breslow, R.; Czarniecki, M. F.; Emert, J.; Hamaguchi, H. J. Am.
Chem. Soc. 1980, 102, 762-770. (b) Sigel, B.; Breslow, R. Ibid. 1975, 97,
6869-6870.
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tigated thoroughly by cyclic voltammetry and the following sig-
nificant results were obtained: the formation constant for the
guest—host complex was evaluated by two methods, one based on
the diminution of the peak current and the other on the shift in
peak potential; the oxidation of ferrocenecarboxylic acid proceeds
by prior dissociation of the complex followed by electron transfer
from the free ferrocene; fast cyclic voltammetry has permitted
evaluation of the rate constant for dissociation of the complex;
within the accessible range of potentials, no direct electron transfer
from the complexed ferrocene could be detected.

Experimental Section

FCAH (Aldrich) was recrystallized from ethanol/water, and §-CD
(Kodak) was used as received. The solvent was triply distilled water
containing 0.20 M Na,HPO, (pH 9.2). The cell design and means of
temperature control were the same as used previously.> The working
electrode was a 0.60 cm diameter glassy carbon disk (Fluorocarbon,
Anaheim, CA) mounted in a Teflon sheath and polished to a mirror
finish with alumina (Buehler). The final polishing was done with 0.05
um alumina and was following by a thorough rinse with water in an
ultrasonic cleaning bath (Branson Model B12). All potentials are re-
ported vs. a saturated calomel reference electrode (SCE) which was at
room temperature, ca. 20 °C.

The electrochemical instrumentation, data acquisition, resistance
compensation, and background correction have been described.® With
the electrode used in this work, the amount of solution resistance which
was compensated was 16.2, 14.6, 14.4, and 11.1 Q for 10, 20, 27, and 34
°C, respectively. These numbers may be compared to 17.5, 13.8, 11.9,
and 10.5 Q calculated for the solution resistance between a 0.60 cm
diameter disk working electrode and a distant reference electrode® with
resistivities of 0.20 M Na,HPO, found by interpolation and extrapolation
of literature values.” Thus, the error in compensation of resistance
should not have exceeded about 2 € which, for example, would lead to
an error of =4 mV at the anodic peak in Figure 5, and still less at other
points on the voltammogram.

The normal explicit finite difference digital simulation technique® was
used for high scan rates (50~200 V/s) where the currents were governed
in part by the dissociation rate of the complex. For the simulation of slow
scan rates where the complexation reaction is assumed to remain at
equilibrium, the normal program requires long computation times. We
have used a modified program in which the concentrations at the elec-
trode surface as well as those in all volume elements are maintained at
equilibrium. If electron transfer is reversible, it is possible to write the
following set of flux equations for the reaction shown in Scheme I.
(Each species is numbered as in the scheme. FCAH is ionized under the
experimental conditions and is present as FCA™) 8 = Cy0/C, 4 = exp-
((F/RTUE - E®); fio + fro = ~(Fro + e fso = ~fap t fap); Cio =
K1C10Cs.0, Cap = KrCyoCs3 fro = 2D1(Cyy = Cro);s foo = 2Dy(Cyy - Ca0)s
Sao = 2Dy(Cyy = Cp); fao = 2Dy(Cyy - Cao)s fso = 2Ds(Csy — Cs ) where
Jfio is the surface flux of species i, D; is its diffusion coefficient, and C;¢
and C;; are the concentrations at the electrode surface and in the first
volume element, respectively. If it is assumed that D; = D, and D, =
D, = Ds, the above ten equations can be combined to give the following
equation of which f| 4 is taken as the physically meaningful root. Once

(1 + 0)(K; + Ko)fy 57 - 2D1Ky(1 + 0)(8Cy - Cay) +
2D(1 + (K Cyy + KrChy) + 2Di(K, + K0)(0C, - Cyy) +
2D,Cs 1(K; + Ky8) + 2Di(1 + 1o + 2Dy(0C,; - Cyy) X
2D1K5(6C 0 = Gop) + 2Di(K Cry + KyCy) + 2D4Cs i Ky + 2Dy} = 0

f10 has been calculated, the fluxes of the other four species may be
obtained by substitution into the earlier equations. Throughout this work
it has been assumed that the diffusion coefficients of 3-CD, FCA™—3-CD
and FCA-B3-CD are equal as are those of FCA~ and FCA. The common
value of the former is designated D, and that of the latter Dy.

The circular dichroism spectrum was obtained with a JASCO CD-
400X instrument with 0.20 M Na,HPO, aqueous solutions at about 20
°C.

Results
Induced Circular Dichroism and UV-vis Absorption Spectra.
Evidence for complexation of ferrocenecarboxylic acid by 3-CD

(5) O’Connell, K. M.; Evans, D. H. J. Am. Chem. Soc. 1983, 105,
1473-1481.

(6) Newman, J. J. Electrochem. Soc. 1966, 113, 501-502.

(7) Washburn, E. W., Ed. “International Critical Tables”, McGraw-Hill:
New York, 1929; Vol. VI, p 248.

(8) Feldberg, S. W. In “Electroanalytical Chemistry”; Bard, A, J., Ed,;
Marcel Dekker: New York, 1969; Vol. 3, pp 199-296.
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Figure 1. Induced circular dichroism (ICD) spectrum (top) and optical
absorption spectrum (bottom) of FCA~ in the absence () and presence
(—) of 8-CD (2.9 mM FCA~, 10.0 mM -CD).

Scheme I
FCA~ + B-CD =—= FCA -8-CD Ky
1 5 3

Ef-e||te

FCA + B-CD =——= FCA-8-CD K,
2 5 4

was found in the UV-vis absorption and induced circular dichroism
(ICD) spectra (Figure 1). Small but significant changes in the
absorption spectrum were observed upon addition of 3-CD to a
solution of FCA~. Because 3-CD is a chiral host molecule, circular
dichroism will be induced in the spectral region where complexed
guest molecules absorb. The observation of ICD proves that
complexation occurs and can also indicate the orientation of FCA~
within the cavity of 3-CD. FCA- is roughly spherical with a
protruding carboxylic acid function, and a variety of orientations
are possible. Both theory® and the accumulation of data'® support
the conclusion that electronic transitions of a complexed aromatic
molecule which are polarized parallel to the axis of the CD cavity
produce a circular dichroism of positive sign and those polarized
along an axis normal to the above give a negative sign. Since the
d-d transitions (400-550 nm) of ferrocene are known!! to be
polarized along the axis parallel to the cyclopentadienyl rings, the
ICD spectrum supports an orientation of FCA~ in 8-CD in which
the Cp~Fe~Cp axis is parallel to the central axis of the cavity.
In addition to ICD,!° 'H NMR spectroscopy has also been ef-
fectively employed to characterize CD inclusion complexes.f

Determination of Formation Constant and Diffusion Coefficients.
As do other ferrocene derivatives, FCAH undergoes a reversible
oxidation to the ferrocinium ion.!? The pK, of FCAH is'® 4.20

(9) Tinoco, 1., Jr. Adv. Chem. Phys. 1962, 4, 113-160.

(10) (a) Shimizu, H.; Kaito, A.; Hatano, M. Bull. Chem. Soc. Jpn. 1979,
52, 2678-2684. (b) Shimizu, H.; Kaito, A.; Hatano, M. Ibid. 1981, 54,
513-519. (¢) Shimizu, H.; Kaito, A.; Hatano, M. J. Am. Chem. Soc. 1982,
104, 7059-7065. (d) Harata, K. Bull. Chem. Soc. Jpn. 1978, 51, 2737-2738.

(11) (a) Scott, D. R.; Becker, R. S. J. Chem. Phys. 1961, 35, 516-531. (b)
Sohn, Y. S.; Hendrickson, D. N.; Gray, H. B. J. Am. Chem. Soc. 1971, 93,
3603-3612. (c) Nielson, D.; Boone, D.; Eyring, H. J. Phys. Chem. 1972, 76,
511-515.

(12) (a) Pendin, A. A ; Leont’evskaya, P. K.; L'vova, T. 1.; Nikol’skii, B.
P. Dokl. Akad. Nauk SSSR 1969, 189, 115-118, (b) Rinehart, K. L.; Motz,
K. L.; Moon, S. J. Am. Chem. Soc. 1957, 79, 2749-2754. (c) Kuwana, T ;
Bublitz, D. E.; Hoh, G. J. Am. Chem. Soc. 1960, 82, 5811-5817. (d) Ti-
rouflet, J.; Laviron, E.; Dabard, R.; Komenda, J. Bull. Soc. Chim. Fr. 1963,
857-862.
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Figure 2. Cyclic voltammograms of FCA™ in the absence (—) and
presence (---) of 3-CD (10.08 mM) (2.12 mM FCA™, 0.100 V/s, 20 °C).

so it exists as the carboxylate anion, FCA™, in our experiments
which were conducted at pH 9.2. Therefore, the electrochemical
oxidation proceeds from the anion to the (overall) neutral fer-
ricinium product, FCA (Figure 2A). The ferricinium will not
be protonated at the carboxylate as its pK, is'?* 1.35.

The effects of complexation of FCA™ by 8-CD are clearly
evident in Figure 2B where 10.08 mM §-CD has been added to
the solution used in Figure 2A. The peaks retain their reversible
shape but have been shifted to a more positive potential. FCA~
is more difficult to oxidize in the presence of 3-CD because it is
more strongly bound than is the oxidized form, FCA.

A substantial reduction of the peak currents is also observed
upon addition of 38-CD (Figure 2B). This decrease is caused by
the fact that much of the FCA™~ exists as the more slowly diffusing
inclusion complex.!® The current could also be diminished if the
B-CD caused an increase in the solution viscosity with a corre-
sponding decrease in the diffusion coefficients. However, no
change in solution viscosity could be detected over the range of
0-10 mM B-CD.

The shift in the peak potential and the decrease in peak current
as the concentration of 3-CD is increased can be used to evaluate
the formation constant if the electrode reaction is reversible and
if the formation and dissociation of the inclusion complex are fast
enough to maintain equilibrium on the time scale of the experi-
ment. The first requirement is met by the FCA~/3-CD system
as shown by the approximately 60 mV peak separation observed
both with and without 3-CD at 0.100 V /s (Figure 2). Concerning
the second requirement, the formation and dissociation reactions
are quite fast (see below) and application of theoretical criteria'4
shows that the system remains close to equilibrium at a scan rate
of 0.100 V/s. As we will see, the dissociation of the complex
becomes rate limiting at rapid scan rates which affords an excellent
means for evaluating the rate constants.

Determination of the formation constant for the FCA™3-CD
inclusion complex will be illustrated by data obtained with 3.37
mM FCA~. Voltammograms were recorded at 0.100 V /s for a
series of solutions containing 0.5 to 13 mM §-CD, and the anodic
peak currents, i, and apparent half-wave potential, (E, )y, Were
measured. The latter was taken as the mean of the anodpic and
cathodic peak potentials in both experiments and simulations.

The ratio of the anodic peak current to its value in the absence
of 8-CD, i, is plotted in Figure 3. A detectable decrease in
peak current occurs even at the lowest 3-CD concentration, and
it continues to decrease with increasing 3-CD concentration, slowly
approaching a limiting value around 0.6. As stated earlier, the
decrease is caused by incorporation of more and more of the FCA~
into the slowly diffusing inclusion complex. At concentrations
of 8-CD near 0.01 M, most of the FCA™ has been bound and the

(13) Osa, T.; Matsue, T.; Fujihira, M. Heterocycles 1977, 6, 1833-1839.
(14) (a) Savéant, J. M.; Vianello, E. Electrochim. Acta 1963, 8, 905-923.
(b) Savéant, J. M,; Vianello, E. Ibid. 1967, 12, 629-646.
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Figure 3. Ratio of anodic peak current for FCA~ oxidation in the pres-
ence of 8-CD (f;) to anodic peak current in the absence of 3-CD (ip0)
as a function of the total concentration of 3-CD. Data: 3.37 mM 3-CD,
0.100 V/s, 20 °C. Curve: theoretical based on K; = 2200 M7, K, =
0, D,/D; = 0.41.
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Figure 4. Half-wave potential of FCA~ in the presence of 8-CD
((E1/2)app) With respect to half-wave potential in the absence of 8-CD
(Ey)2) as a function of the total concentration of 3-CD. Data: O, 3.37
mM FCA=; A, 1.21 mM FCA=; 0.100 V/s; 20 °C. Theoretical: (—) K,
= 2200 M, K, = 10 M1; (---) K| = 2200 M-, K, as indicated; (-)
eq | with K; = 2200 M, D,/D; = 0.41.

Scheme II
K
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peak current approaches a level governed by diffusion of the
complex.

At intermediate values of the concentration of 3-CD, the peak
current is sensitive to the magnitude of the formation constant,
K (see Scheme II), as well as the ratio of diffusion coefficients
of FCA- and FCA—B-CD, D; and D,, respectively. The smooth
curve in Figure 3 is based on digital simulations using K; = 2200
M- and D./D; = 0.41. It has been assumed that FCA is not
complexed (K, = 0), a point which will be addressed later.

Dy was determined from the anodic peak currents for FCA-
obtained in the absence of 3-CD and at slow scan rates where the
reaction is essentially reversible. The results were 3.7, 5.4, 6.4,
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and 8.3 X 10 cm?/s at 10, 20, 27, and 34 °C, respectively. The
value at 20 °C, D; = 5.4 X 10" cm?/s, and D,/D; = 0.41 found
in Figure 3 give D, = 2.2 X 107 cm?/s, in reasonable agreement
with values for other CD inclusion complexes found by polarog-
raphy.!? D./D; = 0.4]1 was used throughout this work.

The relationship between (E ,),p, and the total concentration
of 8-CD is given in Figure 4, where it is apparent that, up to the
limit of the solubility of 8-CD, (E,,)s,, continues to shift to more
positive potentials as the 3-CD concentration is increased. The
half-wave potential obtained in the absence of 3-CD is designated
as El 2.

In {he case where the concentration of 3-CD is always much
larger than the total concentration of FCA", a rather simple
relationship between (Ej;),y, and [CD] pertains'® in the range
where the inclusion complex is prevalent (eq 1). Due to the

(F/RT)((El/z)app - Ej;) =In (1 +K,[CD]) +In (D./Dy)'/?
(1)

limited solubility of 3-CD and the difficulty of making quantitative
measurements by cyclic voltammetry at submillimolar concen-
trations of FCA", it was not possible to conduct the experiments
with a large excess of 3-CD. Thus the digital simulation technique
was essential to take into account properly the fact that a sig-
nificant fraction of the 3-CD was in the form of the inclusion
complex and, furthermore, that this fraction is different in different
parts of the diffusion layer.

In Figure 4 the smooth curve connecting the data for 3.37 mM
FCA™ (octagons) was obtained by using K; = 2200 M1, exactly
the same as that found from the peak current measurements. For
comparison, the dotted curve represents eq | with K; = 2200 M1,
The data and simulations show smaller shifts in (£, ,),p, compared
to eq I, due largely to the fact that the actual concentration of
free 3-CD is smaller than the total concentration because some
has complexed FCA™~. Of course, if a lower concentration of FCA~
is used, we more closely approach the case where 3-CD is always
present in great excess. This expectation was confirmed for 1.21
mM FCA- (triangles) where the simulation line, also based on
K; = 2200 M1, falls closer to the curve given by eq 1.

Analyses of both the peak currents and values of (E, ;;),p, have
given the same value of K. So far, we have assumed that the
oxidized form, FCA, is not bound by 8-CD, i.e., K, = 0 (see
Scheme II). If K, is not zero, one expects the (£, )zp, ~ E1/2 V.
log [CD] plot to rise less steeply at high concentrations of 3-CD
where a significant fraction of oxidized form, FCA, would be
bound. At very high concentrations, a limiting value would be
approached (eq 2) where the overall electrode process can be

(E1/2)app = Erjp = (RT/F) In (K1/K3) (2)

described as FCA™—3-CD = FCA-3-CD + e. Of course, the
present data are far from this limiting behavior, and it is difficult
to determine whether K, is significantly greater than zero. The
fact that the points for the three highest 8-CD concentrations fall
below the K, = 0 curve (Figure 4) could indicate some inclusion
of FCA by $8-CD, but the effect is too small to provide a reliable
determination of K,. The most that can be said is that K, < 20
M1,

Returning to the inclusion complex of FCA™, it should be noted
that some species are known to form a ternary complex containing
two cyclodextrins and one guest molecule.¥ Were this to occur
with FCA”, the plot of (E}/2)app — E1/2 V8. log [CD] would become
steeper at 3-CD concentrations where significant ternary complex
exists, approaching a slope twice that shown in Figure 4. The
data indicate that a ternary complex does not form in the available
range of 3-CD concentrations.

A unit containing two §-CD and two ethyl cinnamate molecules
occurs in the solid state.”® However, the formation of significant
amounts of (FCA™—8-CD), in solution is not consistent with the
data in Figure 4. If (FCA~-3-CD), were the predominant form

(15) Galus, Z. “Fundamentals of Electrochemical Analysis™; Ellis Hor-
wood: Chichester, 1976; pp 360-369.
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Table I, Formation Constant of the FCA™—3-CD Inclusion Complex
and Standard Potential of the FCA/FCA~ Couple

temp, °C K, M1 EP,V vs. SCE
10 2500 % 100 0.300
20 2200 = 100 0.288
27 1900 = 100 0.283
34 1700 £ 100 0.276
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Figure 5. Cyclic voltammogram of 0.97 mM FCA-at 100 V/s, 20 °C.
Curve, experimental; points; digital simulation with E° = 0.288 V;
k,/Di? = 150 57172,

of the inclusion complex, the (£} ;) — Eyj2 V8. log [CD] data
at any given FCA~ concentration could be fit by ignoring
(FCA™—3-CD), but the data at another FCA~ concentration would
require a change in K] to obtain agreement. The fact that the
data from two FCA" concentrations were adequately described
by using the same K| rules out (FCA™-3-CD), as the predominant
form of the inclusion complex.

An interesting feature of the voltammograms obtained in the
midrange of 8-CD concentrations (1-3 mM) is that the difference
between anodic and cathodic peak potentials slightly exceeded
the 57-mV value expected'® for a simple reversible reaction. This
was not an indication of sluggish electron-transfer kinetics. The
observed peak potential separations were reproduced faithfully
by the simulations which assumed reversible electron transfer. The
origin must reside in the complex pattern of diffusion which exists
when the solution contains significant mole fractions of rapidly
diffusing FCA~ and slowly diffusing FCA-3-CD, fractions which
depend both on position in the diffusion layer and potential (i.e.,
time).

Data were obtained at other temperatures, and the (Ey ;).
data were analyzed as above. Values of K| are summarized with
other data in Table I. The temperature dependence of K gives
AH = -2.8 keal/mol (-12 kJ/mol) and AS = 5 cal/(K-mol) (20
J/(K-mol)) for the binding reaction which fall in the range of
reported values for other 3-CD inclusion complexes.!”

Characterization of the Reversibility of the FCA~/FCA Couple.
Because the measurement of the dissociation rate of the
FCA™-3-CD complex will require fast scan rates where elec-
tron-transfer kinetics can influence the data, we studied the ox-
idation of FCA"~ in the absence of 3-CD to determine the extent
of reversibility of the reaction.

A voltammogram at 100 V/s is shown in Figure 5 along with
the best fit digital simulation based on k; = 0.55 cm/s. Care was
taken to be certain that solution resistance was properly com-
pensated (see Experimental Section), but the observed peak
separation (ca. 70 mV) is so close to that expected for the reversible
limit (57 mV!6) that one cannot say that the difference is not due
entirely to residual uncompensated resistance. Thus, 0.5 cm/s

(16) Nicholson, R. S.; Shain, 1. Anal. Chem. 1964, 36, 706-723.
(17) Lewis, E. A.; Hansen, L. D. J. Chem. Soc., Perkin Trans. 2 1973,
2081-208S.
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Figure 6. Fast scan rate cyclic voltammograms of 0.97 mM FCA™ in the
presence of 10.00 mM B-CD showing the effect of the preceding disso-
ciation reaction. Curves, experimental; points, digital simulation based
on k, = 09, 2.1, 4.1, and 8.3 X 10* s! for 10, 20, 27, and 34 °C,
respectively. Other parameters from Table I and text (k;/Dg/?).

should be regarded only as a lower limit for k,. The reaction
exhibits a high degree of reversibility which facilitates the in-
terpretation of the kinetic results (see below).

As is often observed with solid electrodes, the apparent elec-
tron-transfer rate constant depends upon the treatment of the
electrode surface.'® For glassy carbon electrodes, a common
method involves polishing with alumina followed by ultrasonic
rinsing.!® This procedure gave reproducible results as long as
only a few cyclic voltammograms were recorded between successive
polishings. Continued cycling resulted in less reversible behavior.
The same phenomenon has been observed with the ferri/ferro-
cyanide system® where it is thought that slightly soluble species
formed under the influence of the electric field cover the electrode
surface. FCA has been reported!? to undergo decomposition in
aqueous solution so a similar phenomenon may be occurring in
the present work. In any case, a high degree of reversibility was
maintained by restricting data acquisition to the first few cycles
after polishing the electrode. The reaction was very reversible
at all temperatures used. The minimum values of k,/D!/? for
10, 20, 27, and 34 °C were 90, 150, 180, and 240 s71/2, respectively.

Determination of the Dissociation Rate Constant of the
FCA™-3-CD Complex. The slow scan rate experiments described
earlier provided information of a thermodynamic nature con-
cerning the initial and final states of the overall electrode reaction.
It was determined that FCA~ was bound to 3-CD with formation
constant K, and that the oxidized form, FCA, was not bound in
the available range of 3-CD concentrations. These experiments
gave no information concerning the mechanism of the reaction.
At least three possibilities need to be considered: (1) electron
transfer from the FCA™—3-CD complex to the electrode followed
by dissociation to FCA and $-CD, (2) dissociation of the
FCA™—{3-CD complex followed by oxidation of FCA™ to FCA and,
perhaps least likely, (3) concurrent electron transfer from and
dissociation of FCA™-8-CD, giving FCA and 8-CD directly.?!

(18) (a) Corrigan, D. A.; Evans, D. H. J. Electroanal. Chem. 1980, 106,
287-304. (b) Amatore, C.; Savéant, J. M.; Tessier, D. J. Electroanal. Chem.
1983, /46, 37-45. (c) Goldstein, E. L.; Van De Mark, M. R. Electrochim.
Acta 1982, 27, 1079-1085.

(19) (a) Zak, J.; Kuwana, T. J. Am. Chem. Soc. 1982, 104, 5514-5515.
(b) Zak, J.; Kuwana, T. J. Electroanal. Chem. 1983, 150, 645-664,

3(20) Kawiak, J.; Jedral, T.; Galus, Z. J. Electroanal. Chem. 1983, 145,
163-171.

(21) Of course, dissociation and electron transfer cannot be simultaneous
because electron motion is much faster than nuclear motion. What is meant
here is that electron transfer could occur from the complex in a configuration
where FCA™ was partially removed from the 3-CD.
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Mechanism 2 differs from | and 3 in a way which permits a
simple experimental discrimination. In 1 and 3 the first (or only)
step is an electron-transfer reaction so the observed current must
approach the mass transport limited value at sufficiently positive
polarizations. In mechanism 2, however, a chemical reaction
precedes the electron transfer, and in sufficiently fast experiments
the current can be limited partially or totally by the rate of the
preceding chemical reaction.

Results obtained at fast scan rates for the oxidation of FCA~
in the presence of 3-CD are shown in Figure 6. The qualitative
shape of the voltammograms does not differ much from that seen
for the oxidation of FCA™ in the absence of 3-CD (Figure 5), but
one feature points directly to mechanism 2 (a CE scheme?®?), viz.,
the noticeable flattening of the anodic peak seen at fast scan rates
(Figure 6A) or low temperatures (Figure 6B). Ina CE scheme
under pure kinetic control, the current on the forward scan exhibits
a plateau rather than a peak.!” Quantitative examination of the
data also suggests that the current is controlled in part by a
preceding chemical reaction. The anodic peak currents in Figure
6A are only 47, 42, and 36% of the values obtained in the absence
of 8-CD for 50, 100, and 200 V/s, respectively. Of course, even
if the preceding chemical reaction were not partially rate limiting,
the current would be only 64% as large as in the absence of 3-CD
due to the smaller diffusion coefficient of the complex (cf. Figure
3). However, the observed peak currents are still lower because
the chemical reaction is partially rate limiting.

A quantitative test of the validity of mechanism 2 was carried
out by generating the entire voltammogram and comparing the
result with experiment and, as can be seen in Figure 6, the
agreement was excellent. It is fortunate that almost all of the
parameters needed in the simulation had been measured in other
experiments (Ey,, K, Dy, D, ks/D*/?) leaving only one parameter,
k_,, which could be adjusted. Significantly, the same value of
k. (2.1 X 10*s71) produced excellent fits at all three scan rates
in Figure 6A. Equally good fits were found at other temperatures
by using only k_, as an adjustable parameter (Figure 6B).

The model used to account for the results does not include
oxidation of the FCA™3-CD complex. The sequence of processes
in the model is as follows: the inclusion complex (95% of the FCA~
is complexed under the conditions of Figure 6A) diffuses to the
vicinity of the electrode where it dissociates with rate constant
k_; forming FCA~ which diffuses to the electrode surface and is
oxidized, giving the current which is observed. In the range of
potentials used, no current due to direct oxidation of FCA~3-CD
was detected.

There can be two reasons for this observation: either the
standard potential for the FCA~3-CD/FCA™3-CD couple is 5o
positive or the heterogeneous electron transfer rate constant for
the reaction is so small that no significant oxidation of the complex
occurs in the range of potentials studied.

At 200 V/s in Figure 6A there appears to be a small excess
of current between 0.45 and 0.55 V. At this scan rate the current
is much less than the diffusion-controlled level so a significant
amount of complex remains near the electrode and is available
for oxidation. The potential range of the fast scan voltammogram
was extended to +1.0 V, but no peak for direct oxidation of the
complex could be detected. Accurate correction for the back-
ground current is difficult at more positive potentials because the
backgrounds obtained in separate experiments using only the
supporting electroiyte are not very reproducible. This factor may
account for the excess current apparently present between 0.45
and 0.55 V.,

The determination of the formation constant described earlier
permits a calculation of a lower limit for the standard potential
for the complex, E.’. Because K; = 2200 M~! and K, cannot
exceed 20 M1, E.° must be at least 0.12 V positive of E;° (cf.
eq 2), i.e., assuming E;° = E;;,, = 0.288 V at 20 °C, E.° must
be more positive than +0.41 \; Unfortunately, we cannot now

(22) In this system of classification, the sequence of steps in a reaction
scheme is indicated by a sequence of letters. C indicates a chemical reaction
and E a heterogeneous electron-transfer reaction.
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Table [1. Experimental i,/i,o Values and Corresponding Values of k.;°

Matsue et al.

concn, mM 10 °C 20 °C 27 °C 34 °C
FCA~ B8-CD v, V/s iv/ip0 ko iv/ipo ko iv/ipo k_y iv/ip0 ko
0.97 10.00 50 0.42 1.0 £0.2 0.47 2.1 £0.6 0.50 2704
100 0.35 0.9 +0.2 0.42 2.1 %03 0.48 4.0 % 0.7 0.53 87 1.9
200 0.29 09 0.2 0.36 1.8 £0.2 0.42 33£0.5 0.49 78 x1.2
1.21 10.04 50 0.46 1.8+04
100 0.42 20£04
2.12 10.08 50 0.49 2707
100 0.43 2.1 £0.5
3.36 10.08 100 0.35 0.7 £ 03 0.44 23%£06 0.49 4.1 £ 1.1 0.54 9.7 x25
200 0.32 1.0x£0.3 0.39 22£0.6 0.47 62 %13 0.48 58%1.2
0.97 5.00 100 0.50 23+£04
1.21 5.04 100 0.51 27 £0.5
2.12 5.05 100 0.50 1.8 £0.5
av 0.9 £ 0.3 2.1 £0.5 4109 8.0 1.2
2k, 51 X 1074
say whether the failure to observe oxidation of the complex is due
to unfavorable thermodynamics, kinetics, or both. 045
Returning to our analysis of mechanism 2, there is an additional
reaction pathway which should be considered. Homogeneous
electron-transfer reaction 5 could occur, giving the oxidized form
of the complex, FCA-3-CD, which would rapidly dissociate by
reaction 6. Reaction § is energetically unfavorable. Its equilibrium o 040
constant, K, is given by the ratio of K, to K, so it must be less =
than 9 X 1073, —
ke
FCA™§-CD == FCA™ + §-CD 3)
! 035
FCA-=FCA +e¢ 4)

k

FCA + FCA"—8-CD T_; FCA- + FCA-B-CD K, = k;/k_,
3

(5

k..
FCA-3-CD _Tz FCA +8-CD (6)
2

The value of k3 may be entirely negligible particularly if K;
is significantly smaller than 9 X 1073, At the other extreme, the
largest possible value of k, will arise when k_, is at the diffu-
sion-controlled limit, k4, and K} is equal to the maximum possible
value, 9 X 1073, The Smoluchowski equation® can be used to
calculate kg from D, the average value of the diffusion coefficients

kdiff = 47I'Dd (7)

of the reactants, and d, the average distance between the reactant
centers at the time of reaction. Using Dy =5 X 10 and D, =
2 X 1076 ¢cm?/s and estimating 4 to be 10 A (3-CD is roughly
cylindrical with a radius of 8 A and a height of 8 A%), we obtain
kg = 2 X 10° M1 571, In view of the cyclodextrin walls sur-
rounding the FCA, not all collisions will be equally effective in
allowing electron transfer so the above value was multiplied by
about one-third to obtain the estimate kg = 7 X 108 M™! 571,
Using K = k3/k_3 = ky/ kg, we calculate the maximum value
of k5 to be about 6 X 106 M1 571,

In order to determine the importance of reactions 5 and 6 in
the reaction scheme, simulations which included these reactions
were carried out and compared with those in which they had been
ignored. A typical result is given in Figure 7 where the ratio of
the anodic peak current in the presence of 8-CD to that in its
absence, i,/i,, is plotted vs. log (RTk_,/Fv). Also included was
the effect of & of the FCA/FCA™ couple which was set at the
lower limit estimated in this work (0.5 cm/s) and at the reversible
limit. It can be seen in Figure 7 that the inclusion of reactions
5 and 6 and uncertainty in reversibility cause small but significant
changes in the predicted i,/i,, for a given value of k_,.

In the simulations where k, was taken as 6 X 106 M1 s, k_,
was arbitrarily set equal to k_;. The fact that k; was rate limiting
was established by increasing k_, a factor of ten which caused

(23) Smoluchowski, M. Z. Phys. Chem. (Leipzig) 1917, 92, 129-168.

0z 06 o8 10
logtk_,/8)

Figure 7. Theoretical values of #,/i,, as a function of k_;/a (@ = Fv/RT
where v is the scan rate) for the following conditions: 0.97 mM FCA-,
10.00 mM B-CD, 20 °C. (A) Reversible electron transfer, ky = 6 X 10°
L/(molss); (B) reversible electron transfer, k3 = 0; (C) k,/D¢/? = 150
s7172, ky = 6 X 108 L/(mols); (D) k,/D{/? = 1505712 ky = 0. (--) Data
for 50 V/s showing the range of possible k_;.

a barely perceptible increase in i,/i,q, <0.5%.

Experimental values of i,/i,, were obtained under a variety
of conditions and are summarized in Table II. From each i,/i,¢
and the appropriate theoretical plot analogous to Figure 7, a range
of values of k_; was obtained. The process is illustrated in Figure
7 for the 20 °C, 50 V/s data obtained with 0.97 mM FCA", 10.00
mM $3-CD. The mean values of k_; so obtained are also listed
in Table II.

These values of k_; are satisfactorily constant for a range of
conditions including various sweep rates, FCA~ concentrations,
and two different 3-CD concentrations. Analysis of the tem-
perature dependence of the k_; data yields an activation enthalpy
for dissociation of FCA™-3-CD of 15 kcal/mol (63 kJ/mol).

Discussion

In order to characterize the electron-transfer reactions asso-
ciated with this guest—host relationship, it was first necessary to
interpret two effects seen upon addition of 3-CD to a solution of
FCA~. These were the suppression of the peak current and the
shift in the peak potential observed at slow scan rate where the
complexation reaction could remain close to equilibrium.

The present system differs from those studied earlier!? because
it was not practical to conduct our experiments under conditions
where 3-CD is present in great excess over FCA™ and FCA™—3-CD
owing to the limited solubility of 8-CD (ca. 15 mM at 20°C) and
the difficulty of performing quantitative cyclic voltammetry below
about mM FCA". Thus it was not possible to make the simplifying
assumption that the concentration of 3-CD remains essentially
constant throughout the diffusion layer. When this assumption
can be made, the effect of 3-CD on both peak current and peak
potential takes on a particularly simple form.
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Figure 8. Concentration profiles by digital simulation. Total concen-
trations: 3.37 mM FCA-, 2.14 mM $-CD; 0.100 V/s, D, = 1.8 X 10
cm?/s, Dy = 4.3 X 10 cm?/s, K; = 2200 M1, Profiles correspond to
anodic peak potential, 0.344 V vs. SCE.

In contrast, the concentration of 3-CD in the present experi-
ments varies with both time and position within the diffusion layer.
The technique of digital simulation is extremely powerful for
handling such complex diffusion problems as illustrated by the
successful analysis of the data in Figures 3 and 4. Concentration
profiles generated by digital simulation are shown in Figure 8 for
the condition where exactly half of the FCA~ is complexed in the
bulk of solution. The profiles were calculated at the anodic peak
potential for a slow scan rate. It is clear that the concentration
of 8-CD in the diffusion layer significantly exceeds its value in
the bulk of solution which leads, through the complexation
equilibrium, to a larger fraction of FCA~ being complexed in the
diffusion layer than in the bulk. It is also interesting to note the
larger effective diffusion layer thickness for the more rapidly
diffusing FCA"~ as compared to FCA™-3-CD and §-CD.

The present results provide the first information about the
relative binding by a cyclodextrin of the oxidized and reduced
forms of a half reaction. We have found that FCA™ has a for-
mation constant with 3-CD which is at least 100 times that of
the oxidized form, FCA. The latter, with its positive ferricinium
center and negative carboxylate, will be strongly dipolar if not
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zwitterionic, but it is not clear what factors are most important
in preventing its complexation by 3-CD. For Bronsted acid-base
pairs, the anion is likewise more strongly bound than the neutral
form in nitrophenols,?* but the opposite holds for benzoic acid.?’

It has been clearly shown that oxidation of the FCA™-3-CD
inclusion complex must proceed by prior dissociation to form free
FCA- which then transfers an electron to the electrode. While
this is not a predictable result, it is entirely reasonable in view
of the stabilization of FCA~ by inclusion which makes it ther-
modynamically more difficult to oxidize than free FCA™. It is
also likely that electron transfer from the FCA~ surrounded by
the 3-CD molecule may be kinetically inhibited. Unfortunately,
it is not possible with the present data to determine which of these
factors is the more important.

In the light of the present results, it is of interest to examine
some of the reported effects of CDs in electroorganic synthesis.
Both the reduction of benzaldehyde in the presence of a-CD? and
the reduction of ethyl cinnamate in the presence of 8-CD* were
found to give considerably less dimeric product than when the
electrolyses were conducted in the absence of the¢ CD. The ex-
planation offered was that dimerization of the radical intermediates
was impeded by their inclusion within the CD.

In view of the rapid dissociation reactions of the CD inclusion
complexes, as exemplified by FCA™-3-CD, it seems probable that
dissociation can occur prior to reduction of the substrate, giving
radical anion intermediates which are not complexed. The ob-
served suppression of dimerization reactions may arise from the
somewhat lower steady-state concentration of radicals produced
in the presence of CD or it may turn out that the anionic or neutral
radicals are more strongly bound than the starting material causing
the subsequent reactions to occur with complexed radical inter-
mediates. If such were the case, E.° would be positive of E° for
the substrate/radical couple and direct reduction of the sub-
strate—CD complex would be thermodynamically favored though,
of course, there may be a significant kinetic barrier for electron
transfer to the complex. A full kinetic characterization of the
reduction of benzaldehyde or ethyl cinnamate in the presence of
CD would be quite enlightening though the occurrence of fast and
irreversible reactions of the radical intermediates will make the
task difficult.
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