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Abstract: The voltammetric behavior of
ferrocene encapsulated inside two hemi-
carcerand hosts was investigated in di-
chloromethane and tetrachloroethane
solutions. Molecular encapsulation led
to substantial changes in the anodic
voltammetric behavior of the ferrocene
nucleus. Generally, encapsulated ferro-
cene exhibited a more positive half-
wave oxidation potential and a lower
apparent standard rate constant of het-

experimental conditions. Whereas the
anodic shift of the half-wave potential
probably results from the hindered sol-
vation of the positively charged, oxi-
dized ferrocene inside the nonpolar
hemicarcerand cavities, the observed
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decrease in electron transfer rate seems
to arise primarily from the increased
molecular mass of the electro-inactive
species and the longer distance of max-
imum approach between the ferrocene
center and the electrode surface which is
imposed by the encapsulating host.
Generally, electrochemical oxidation
did not significantly alter the slow rate
of ferrocene guest dissociation or re-
lease from the hemicarceplexes sur-

erogeneous electron transfer than un-
complexed ferrocene under identical

Introduction

Redox reactions are particularly important in chemistry and
have therefore been the subject of extensive theoretical and
experimental research work. Indeed, Marcus and others have
provided detailed theoretical formulations which have suc-
cessfully explained many experimental findings on the
kinetics of electron transfer (ET) processes.'®) During the
last decade, the development of supramolecular chemistry’]
has opened the possibility of investigating redox processes
coupled to more complicated chemical events, such as
inclusion complexation. A few years ago the electrochemical
oxidation of ferrocenecarboxylic acid in the presence of j3-
cyclodextrin was studied in detail.®’! In aqueous solution this
molecular receptor forms a stable inclusion complex with the
ferrocene moiety, but according to Evans and co-workers the
inclusion complex does not undergo direct oxidation at the
electrode surface.®! Instead, electron transfer from the
ferrocene to the electrode takes place only after dissociation
of the inclusion complex. We have shown similar behavior for
the oxidation of a series of positively charged ferrocene
derivatives in the presence of 8-cyclodextrin!” as well as, more
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veyed.

recently, for the oxidation of fully reduced viologen deriva-
tives('” and cobaltocene,["! which are also strongly complexed
by p-cyclodextrin. All of these complexes are formed
reversibly in solution; that is, the inclusion complexes are
kinetically labile, with typical dissociation rate constants
around 10*s~!. Under these conditions, the heterogeneous ET
process may circumvent the inclusion complex simply because
the free guest is available on the experimental time scale.
What would be the observed electron transfer behavior,
however, if the inclusion complex were kinetically inert, that
is, if the electro-inactive guest were constrained to remain
encapsulated inside the host for a long time ? In more general
terms, the question would be: how does complete molecular
encapsulation affect the electron transfer reactions of redox-
active centers?

Intrigued by the findings on cyclodextrin inclusion com-
plexes, we have started a research program geared to
answering these questions. As a first step in our program,
we recently reported the electrochemical behavior of benzi-
dine (BZ) and p-phenylenediamine (PDA) when inserted as
the central components of rotaxanes!'? (see Figure 1). Al-
though the molecular architecture of these compounds does
not afford perfect encapsulation, the anodic electrochemistry
of the BZ and PDA subunits is profoundly affected by the
continuous proximity of the tetracationic cyclophane which
was used as the bead in these rotaxanes. In fact, the two
consecutive monoelectronic oxidations of p-phenylenedia-
mine were hindered both thermodynamically (the half-wave
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Figure 1. Structure of a rotaxane with a p-phenylenediamine core.

potentials were anodically shifted) and kinetically,'"? as
evidenced by the observed decrease of the apparent standard
rate constants (k’) for the heterogencous ET processes.
Similar, although quantitatively smaller, effects were ob-
served with the corresponding BZ rotaxane. Unquestionably,
these effects may just be the result of the strong electrostatic
interactions prevalent in these rotaxane structures, especially
upon one- or two-electron oxidation of the core BZ or PDA
subunits.

In order to encapsulate redox-active centers fully inside a
neutral organic structure, we turned to Cram’s hemicarcer-
ands!™ (see structures 1 and 2), a fascinating type of host that

1, R = -CH,CH,Ph
2, R = (CH,),CH,

can form inclusion complexes of high kinetic stability with
molecular guests of moderate size, such as the redox-active
ferrocene.l'¥! Guests of appropriate size and shape can access
the hemicarcerand cavity through the four equatorial open-
ings or portals defined by the four bridges joining the two
cavitand halves of the host. However, the formation of the
corresponding inclusion complexes, or hemicarceplexes, can
be extremely slow at room temperature if the sizes of the
guest and the portals are similar. The rate of association can
be increased at higher temperatures; upon cooling, the guest
becomes kinetically trapped inside the host cavity because the
dissociation rate is also exceedingly slow. Cram has coined the
term constrictive binding in reference to these host-—guest
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phenomenal® and proposed that the cavity of these hosts
represents a new state of matter. In this regard, Cram and his
co-workers have demonstrated that cyclobutadiene is stabi-
lized inside these hosts,'! proton-transfer equilibria are
strongly affected by encapsulation,'®! and encapsulated guests
can undergo chemical oxidation or reduction reactions.[']
Very recently, Balzani and co-workers!'> %I as well as Farran
et al.?% 2! have investigated the photophysical properties of
encapsulated guests. Here we report, for the first time, the
electrochemical behavior of ferrocene encapsulated inside
these intriguing molecular containers.

Experimental Section

Materials: Hemicarcerands 1 and 2 were synthesized following the general
methodology described by Cram and co-workers.'*l The preparation of the
tetrabromo cavitands is fully reported in the literature.”> )l The remaining
compounds were prepared as follows.

Tetral cavitand with phenylethyl feet (5): A solution of tetrabromide 3 (2.5 g,
2.05mmol) in THF (175mL) was maintained under a dry nitrogen
atmosphere at —78°C and sec-butyllithium (17.5 mL, 22.5 mmol) was
added dropwise. The mixture was stirred for 20 min after the addition was
completed and then N-formylmorpholine (1.75 mL, 22.5 mmol) was added.
After the solution had been allowed to warm slowly to 25°C, 3N HCI was
added until the solution became acidic. The solvent was evaporated under
vacuum, then the residue was filtered and washed with water. The crude
solid was chromatographed on silica gel with CH,CL/AcOEt (95:5 v/v;
R;=0.27). The tetraaldehyde was isolated as a white crystalline solid
(370 mg, 16 %). 'H NMR (400 MHz, CDCl;): 6 =2.4-2.68 (m, 16 H), 4.47
(d,/=73Hz,4H),4.98 (t,/=8 Hz,4H),5.89 (d,/=73 Hz,4H), 711 -7.22
(m, 20H), 7.29 (s, 4H), 10.25 (s, 4H).

Tetral cavitand with pentyl feet (6): Starting from the tetrabromocavitand 4
(3.0 g, 2.6 mmol), the procedure was identical to that followed for the
preparation of 5. The product was obtained as a white crystalline solid
(0. 41 g, 17%). R;=0.31 (silica gel, CH,Cl,/AcOEt, 95:5 v/v); '"H NMR
(400 MHz, CDCl,): 0 =0.93 (t,/=—72 Hz, 12H), 1.38 (m, 24 H), 2.23 (m,
8H),4.47 (d,/=7.6 Hz,4H),4.91 (t,/=8 Hz,4H),5.89 (d,/ =7.6 Hz, 4H),
7.28 (s,4H), 10.25 (s, 4H).

Hemicarcerand with phenylethyl feet (1): To a stirred solution of tetral
cavitand 5 (634 mg, 0.595 mmol) in CH,Cl, (100 mL) was added 1,3-
diaminobenzene (130 mg, 1.2 mmol). A small amount (spatula) of magne-
sium sulfate was added and the reaction mixture was stirred for six days at
room temperature under a nitrogen atmosphere. The resulting solution was
filtered through celite, and the filtrate was evaporated. The crude product
was chromatographed on silica gel (CH,Cly/hexane, 70:30 v/v; R;=0.40)
and crystallized from CH,Cl,/MeOH to provide 1 as a yellowish solid
(265 mg, 39%). '"H NMR (400 MHz, CDCly): 6 =2.6-2.74 (m, 16 H), 4.69
(d, J=7.7Hz, 4H), 5.08 (t, J=8 Hz, 4H), 5.73 (d, J=7.7 Hz, 4H), 6.61 (s,
4H), 6.82 (dd, J=78 and 2 Hz, 8H), 720-7.27 (m, 20H), 7.31 (s, 4H), 7.39
(t, J=8Hz, 4H), 8.49 (s, 8H).

Hemicarcerand with pentyl feet (2). To a stirred solution of tetral cavitand 6
(735 mg, 0.791 mmol) in CH,Cl, (100 mL) was added 1,3-diaminobenzene
(171.2 mg, 1.583 mmol). A spatula of magnesium sulfate was added and the
reaction mixture was stirred for six days at room temperature under a
nitrogen atmosphere. The resulting solution was filtered through celite, and
the filtrate was evaporated. The crude product was chromatographed on
silica gel (CH,Cly/hexane, 70:30 v/v; R;=0.45) and crystallized from
CH,Cl,/MeOH to provide 2 as a yellowish solid (246 mg, 29%). '"H NMR
(400 MHz, CDCL,): 6=0.94 (t, J=72 Hz, 12H), 1.43 (m, 24H), 2.29 (m,
8H),4.65(d,/ =79 Hz,4H),4.95 (t,/ =8 Hz,4H),5.70 (d,/ =79 Hz, 4H),
6.57 (s,4H), 6.78 (dd, J =75 and 2 Hz, 8H), 7.26 (s, 4H), 7.36 (t,/ =79 Hz,
4H), 8.46 (s, 8H).

Ferrocene hemicarceplex with phenylethyl feet (Fc-1): To a solution of
hemicarcerand 1 (23 mg, 0.011 mmol) in tripiperidinophosphine oxide
(2 mL), ferrocene (200 mg, 1.07 mmol) was added. The reaction mixture
was stirred for three days at 90°C under a nitrogen atmosphere. The
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solution was cooled to room temperature and the product was chromato-
graphed on silica gel (CH,Cl,/hexane, 70:30 v/v; R;=0.40) and crystallized
from CH,Cl,/MeOH to provide Fc-1 as a yellowish solid. 'H NMR
(400 MHz, CDCl,): 6 =2.6-2.8 (m, 16 H), 3.81 (s, 10H), 4.63 (d, /=74 Hz,
4H), 511 (t, J=8 Hz, 4H), 5.93 (d, /=77 Hz, 4H), 70 (dd, /=79 and
2 Hz, 8H), 7.28 (m, 20H),7.35 (s, 4H), 7.36 (s, 4H), 7.58 (t, J=7.7 Hz, 4H),
8.65 (s, 8H).

Ferrocene hemicarceplex with pentyl feet (Fc-2): To a solution of hemi-
carcerand 2 (23 mg, 0.011 mmol) in tripiperidinophosphine oxide (2 mL),
ferrocene (200 mg, 1.07 mmol) was added. The reaction mixture was stirred
for three days at 90°C under a nitrogen atmosphere. The solution was
cooled to room temperature and the product was chromatographed on
silica gel (CH,Cly/hexane, 70:30 v/v; R;=0.45) and crystallized from
CH,Cl,/MeOH to provide Fc-2 as a yellowish solid. FAB-MS (3-nitro-
benzyl alcohol): 2332.3 [M*], 21482 [M*—Fc]. 'H NMR (400 MHz,
CDCl;): 6=0.93 (t, /=74 Hz, 12H), 1.4 (m, 24H), 2.23 (m, 8H), 3.66 (s,
10H), 4.48 (d, /=74 Hz, 4H), 4.87 (t, /=8 Hz, 4H), 5.79 (d, /=74 Hz,
4H), 6.85 (dd, J=77 and 2 Hz, 8H), 7.13 (s, 4H), 718 (s, 4H), 7.44 (t,J =
8 Hz, 4H), 8.51 (s, 8H).

Equipment:'H NMR spectra were obtained with a 400 MHz Varian VXR-
400 spectrometer. Mass spectra were recorded at the University of Illinois
Mass Spectroscopy Facility. Electrochemical experiments were performed
with a Bioanalytical Systems 100B/W workstation equipped with a low-
current module and controlled by a 100 MHz Pentium-based Gateway
personal computer. The Digi-Sim 2.1 softwarel?¥! for the digital simulation
work was run on the same computer.

Procedures: The voltammetric experiments were performed with a small-
volume cell (3.0 mL; Cypress Systems, Lawrence (KS)), equipped with a
glassy-carbon working electrode (0.0078 cm?), a platinum counter elec-
trode, and an Ag/AgCl reference electrode. Ultramicroelectrode experi-
ments were performed with a BAS carbon-fiber electrode (3.9 um radius).
Dichloromethane and tetrachloroethane (both HPLC grade) were handled
under an inert atmosphere and transferred to the cell immediately before
use. The solutions were deoxygenated and kept under an inert N,
atmosphere throughout the electrochemical experiments. All experiments
were performed at room temperature. The glassy-carbon working electrode
was polished with 0.05-um alumina on a felt surface before each
voltammogram was recorded. The apparent standard rate constant for
heterogeneous electron transfer (k’) of the ferrocene guest was estimated
by Nicholson’s method.”! The values obtained in this way were utilized in
fitting digital simulations to the experimental voltammograms. From the
optimization of the fittings, we obtained the charge-transfer coefficient (a)
and diffusion coefficient (D) associated with the heterogeneous electron-
transfer processes. The voltammograms obtained with ultramicroelectrode
working electrodes were analyzed by the method of Mirkin and Bard.!
Bulk electrolyses were carried out with a two-compartment glass cell using
a Pt-mesh working electrode.

Results

Synthesis: Scheme 1 shows the final synthetic steps used for
the preparation of the hemicarcerand hosts. The tetrabromo
cavitands 3 and 4, which were prepared according to
published methods,?> %] were converted to the tetralithium
analogues with sec-butyllithium in THF; their reaction with
N-formylmorpholine produced the tetraaldehydes 5 and 6
after acidification with HCl. Hemicarcerands 1 and 2 were
prepared by reaction of two equivalents of the tetraaldehyde
with four equivalents of 1,3-diaminobenzene in CH,Cl, under
high-dilution conditions. The ferrocene hemicarceplexes were
prepared by heating a mixture of the corresponding hemi-
carcerand host with a large excess of ferrocene in tripiper-
idinophosphine oxide for several days.!'4]

Electrochemistry: The ferrocene (Fc) complex of 1 was found
to be extremely insoluble in most solvents commonly used for
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i) sec-butyllithium, THF, -78°C
iy N-formyl morpholine

3, R =-CH,CH,Ph iy HCI, RT
4, R=-(CH,),CH,

Scheme 1. Synthesis of hemicarcerands 1 and 2.

electrochemical experimentation. Its electrochemical behav-
ior could only be investigated in tetrachloroethane (C,H,Cl,).
Hemicarceplex Fc - 2 was sufficiently soluble in both dichloro-
methane and tetrachloroethane. Guest release from Fc-2 in
CD,Cl, and Fc-1 and Fc- 2 in C,D,Cl, at 25 °C was monitored
by 'H NMR spectroscopy. The half-life for these processes
was found to be quite long (¢, >300 h in all cases) which is
consistent with Cram’s reported valuel'l of r,=19.6h
obtained with Fc-1 at a much higher temperature (112°C in
C,D,Cl,). These data clearly indicate that the kinetic stability
of the two ferrocene hemicarceplexes is sufficient to provide a
convenient time window in which the electrochemical behav-
ior of the fully encapsulated ferrocene guest can be inves-
tigated.

A typical set of voltammograms for Fc-2 in 0.15m
tetrabutylammonium  hexafluorophosphate  (TBA™PFg)/
CH,(Cl, is shown (A in Figure 2). The observed voltammetric
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Figure 2. A)Cyclic voltammetric response on a glassy-carbon electrode
(0.0078 cm?) of a 1.0mm solution of Fc-2 in CH,CL,/0.15M TBA*PFg. Scan
rates: 0.100, 0.175, 0.250, and 0.500 V's~1. B) Cyclic voltammetric responses
on the same electrode of a 1.0mm solution of 2 (scan rate: 0.100 Vs~!) and
C) of a 1.0mm solution of Fc (scan rate: 0.100 Vs™') in CH,Cl,/0.15M
TBA*PF;.
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waves correspond to the monoelectronic oxidation of the
ferrocene guest, as demonstrated by their absence in control
voltammograms recorded with the uncomplexed hemicarcer-
and host (Figure 1, trace B). The half-wave potential for the
encapsulated redox couple (E;,=+0.57 V versus Ag/AgCl)
is considerably more positive than that observed for free
ferrocene in the same medium (E;,=+0.45V versus Ag/
AgCl), indicating that the oxidized (cationic) form of the
guest is relatively destabilized inside the rather nonpolar
solvation shell provided by host 2. In addition to this, the
potential difference between the anodic and cathodic peak
potentials (AE,) was found to be larger than the theoretical
valuel” expected for a reversible redox couple at the scan
rates surveyed (v >50 mVs™!), demonstrating quasi-reversi-
ble kinetics of ET between Fc- 2 and the electrode surface.®!
Similar results were obtained for the two hemicarceplexes in
C,H,Cl, solutions (see Figure 3). We recorded the AE, values
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Figure 3. A) Cyclic voltammetric response on a glassy-carbon electrode
(0.0078 cm?) of a 1.5 mm solution of Fc-1in C,H,Cl,/0.15M TBA*PFj;. Scan
rates: 0.100, 0.250, 0.500, and 0.750 V s~.. B) Cyclic voltammetric responses
on the same electrode of a 1.0mM solution of 1 (scan rate: 0.100 Vs~') and
C) of a 1.0mm solution of Fc (scan rate: 0.100 Vs™') in C,H,Cl,/0.15m
TBAPFg.

T T

0.00

as a function of scan rate, and estimated the apparent standard
rate constant for heterogeneous electron transfer (k°) by
Nicholson’s method. These values were further used in digital
simulations from which we obtained the corresponding
charge-transfer coefficients («) and diffusion coefficients
(Dy). A summary of all the electrochemical data obtained is
given in Table 1.

Table 1. Electrochemical parameters (obtained using conventional size
working electrodes) for free ferrocene and ferrocene hemicarceplexes at
25°C in the indicated solvent containing 0.15m TBAPF.

Com-  Solvent E,(VvsAg/ a  k°[cms™!] D, [cm?s™']
pound AgCl)

Fc CH,Cl, 0.45 0.53 0.043 31x10°°
Fc-2 CH,Cl, 0.57 0.31 0.0041 1.3x10°¢
Fc C,H,Cl, 0.46 0.55 0.0036 6.0 x 10°°
Fc-1 C,H,Cl, 0.56 0.39 0.00016 22 %107
Fc-2 C,H,Cl, 0.54 0.43 0.00037 6.7 x 1077
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Several clear trends emerge from the data given in Table 1.
First, the half-wave potential for ferrocene oxidation is
substantially more positive inside each hemicarcerand host
than for uncomplexed ferrocene in the two solvents inves-
tigated. Second, encapsulation lowers the apparent standard
rate constant for heterogeneous electron transfer by a factor
of at least 10. This kinetic effect is also observed in each
solvent medium. In C,H,Cl,, where the two hemicarceplexes
Fc-1 and Fc-2 can be directly compared, the phenylethyl
hemicarcerand (host 1) seems to depress the k° value more
than the pentyl hemicarcerand (host 2). The same order also
holds for the expected decrease in the diffusion coefficient
observed upon encapsulation in either host. The nature of the
solvent markedly affects the k° and D, values observed for
both uncomplexed and complexed ferrocene species. No
changes were detected in the voltammetric behavior when the
concentration of ferrocene hemicarceplex was varied in the
range 0.5-2.0mM, revealing that hemicarceplex aggregation
does not play a significant role in the observed voltammetric
behavior.

As there are problems associated with the use of Nich-
olson’s method for the accurate determination of k° values, we
performed a number of additional voltammetric experiments
with ultramicroelectrodes. A comparison of the current—po-
tential traces obtained with free Fc and Fc-2 is shown in
Figure 4. Qualitatively, these voltammograms reinforce the

—
d
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1 L 1 2 1 1 1 L 1 1 1
1000 800 600 400 200 0
Vs Ag/AgCl

T

Figure 4. Voltammetric response on a carbon ultramicroelectrode of A) a
2.0mw solution of Fe (scan rate: 10 mV's~') in CH,Cl,/0.15m TBA*PF; and
B) a 4.0mm solution of Fc-2 (scan rate: 5mVs™) in CH,CL/0.15m
TBA*PF;.

findings obtained with electrodes of conventional size. Hemi-
carcerand encapsulation leads to a more positive half-wave
potential for the one-electron oxidation of ferrocene, a
substantially lower apparent diffusion coefficient, and slower
kinetics of heterogeneous electron transfer. We obtained clear
evidence for the last of these effects from the current—po-
tential waves, which we analysed by the method of Mirkin and
Bard. The corresponding electrochemical parameters ob-
tained from ultramicroelectrode experiments are given in
Table 2.

What is the kinetic stability of the oxidized hemicarceplex-
es? This is a crucial question. The electrochemical oxidation
of the ferrocene guest yields a charged species, ferrocenium
(Fct), which is expected to be poorly solvated inside the
nonpolar hemicarcerand cavity. The lack of stability associ-
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Table 2. Electrochemical parameters (obtained by using ultramicroelectr-
odes) for free Fc and hemicarceplex Fc-2 in CH,Cl,/0.15m TBAPF; at
25°C.

Compound E,,(V vs Ag/lAgCl) a k°[ems™!] D, [em?s7!]

25%107°
4.0x10°°

Fc 0.45 0.43 0.33
Fc-2 0.57 0.43 0.0071

ated with inefficient solvation might result in faster release of
the oxidized guest from the host cavity into the solution
medium. We investigated this possibility by performing bulk
electrolysis of Fc- 2 in dichloromethane. The anodic oxidation
(at 0.82 V versus Ag/AgCl) of 9.0 mg of this hemicarceplex
dissolved in 5.0 mL of TBA™PF4/CH,CI, solution proceeded
smoothly and yielded a greenish—blue solution. The elec-
trolysis was stopped after about 1.5 h, when the total anodic
charge consumed was equivalent to 1.05 electrons per mole-
cule of Fc-2. Figure 5 shows the cyclic voltammograms

+2.600
+2.080
+1.560
+1.0401
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0.000
—0.520
—1.040-
—1.560
-2.080
-2.600 &
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Figure 5. Cyclic voltammetric response on a glassy-carbon electrode
(0.0078 cm?) of a 1.0mm solution of Fc-2 in C,H,Cl,/0.15m TBA+PF;
after electrolysis (1.05 electrons per molecule) at +0.82 V vs. Ag/AgCl.
Scan rates: 0.100, 0.250, 0.500, and 1.00 Vs~

Current / uA

recorded (initial potential=1.1 V versus Ag/AgCl, negative
forward scan) with the electrolyzed solution. The positions
and shapes of the waves correspond very well with those
observed before the bulk electrolysis. The half-wave potential
for the only redox couple detected was 0.58 V versus Ag/
AgCl, which is identical within the margin of error to that
previously obtained for the Fc*-2/Fc-2 redox couple (see
Table 1). Therefore these results clearly indicate that, upon
oxidation, ferrocene remains inside the hemicarcerand not
only during the time scale of the voltammetric experiments
but also during the much longer duration of the bulk
electrolysis. To verify this point further, methanol was added
to the electrolyzed Fc*-2/TBA*PF;/CH,Cl, solution, result-
ing in the precipitation of a blue solid. This solid must be the
hexafluorophosphate salt of the oxidized form of the hemi-
carceplex (Fc* - 2) since we confirmed in control experiments
that methanol does not precipitate ferrocenium hexafluoro-
phosphate from its TBA"PF;/CH,CI, solutions. The isolated
precipitate was collected by filtration, dried, and analyzed by
NMR spectroscopy. The 'H NMR spectrum of the blue solid is
shown in Figure 6 as trace D. The proton resonances of the
oxidized sample are shifted and broadened compared with
those observed in the spectra of free Fc and Fc- 2. As shown in
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CDCl;

CDCI;

10 8 ) 2 0

Figure 6. 400 MHz 'H NMR spectra of A) 2 in CDCl;, B) Fc-2 in CDCl;,
C) an equimolar mixture of 2 and Fc* - PFg in CD,Cl,, and D) a sample of
Fc*-2 in CDCl;, prepared as described in the text.

Figure 6, the '"H NMR spectrum of the oxidized sample is
completely different from that obtained upon addition of one
equivalent of ferrocenium hexafluorophosphate to a solution
of uncomplexed hemicarcerand 2 (trace C). Spectrum D in
Figure 6 is indeed consistent with the presence of a para-
magnetic center (Fc*) in the central cavity of 2 and further
confirms the identity of the isolated solid as a salt of Fc*-2.
The spectrum of this sample was monitored for several days to
assess the guest release rate. However, the only spectral
changes observed reveal the slow conversion of Fc™-2 to Fc-
2. No sign of faster release of the oxidized ferrocenium guest
(compared with the ferrocene release rate) was detected.

Discussion

The selection of ferrocene as the electro-active guest for these
experiments was dictated by synthetic concerns. The prepa-
ration of a ferrocene hemicarceplex with host 1 by Quan and
Cram['¥l played a crucial role in our decision to explore the
electrochemistry of these systems. Ferrocene has frequently
been used as a redox-active building block in the preparation
of a variety of supramolecular assemblies®! and is attractive
from the electrochemical standpoint because it has a well-
characterized and reversible anodic electrochemistry. How-
ever, Rusling and co-workersP% have shown recently that the
oxidation of ferrocene in acetonitrile (at Pt electrodes) yields
insoluble films. Another potential complication related to the
use of ferrocene as a guest results from the fact that the
reported k° values for ferrocene cover a rather wide range and
seem to correlate, at least partially, with electrode size.?®! This
trend is evident in our own data, as we obtained a faster k°
value for free ferrocene with ultramicroelectrodes; this is
probably a reflection of imperfect compensation for ohmic
drop in the measurements with electrodes of conventional
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size. Therefore, we measured the apparent k° values for free
ferrocene under the conditions of our experiments to validate
the comparison with the values obtained for the encapsulated
ferrocene species. Furthermore, under our voltammetric
conditions we did not detect any film formation with either
free or encapsulated ferrocene species.

Our electrochemical results demonstrate that ferrocene
incarcerated by hemicarcerand hosts can readily engage in
heterogeneous electron-transfer reactions. Molecular encap-
sulation does not necessarily render a redox center electro-
inactive. However, the electron-transfer processes are both
thermodynamically and kinetically hindered compared with
the corresponding processes involving the free, uncomplexed
ferrocene. The thermodynamic hindrance is clearly demon-
strated by the anodic shift observed in the half-wave potential
for ferrocene oxidation upon encapsulation. This hindrance is
probably related to the general difficulty associated with the
generation of charges inside the nonpolar cavities of hemi-
carcerands. Cram and co-workers have detected large changes
in the pK, values of encapsulated molecules!' that reflect the
lack of adequate solvation of charged species inside these
hosts.

Encapsulation also slows down the kinetics of the surveyed
heterogeneous ET reactions. We observed at least a 10-fold
decrease in the apparent k° values upon encapsulation. The
reasons for this decrease must be related to the structural
changes brought about by ferrocene encapsulation. Accord-
ing to current theory,l'"] the standard rate constant for outer-
sphere ET reactions is given by Equation (1), where k, is the

K=k, Aexp(— AG*RT) 0

electronic transmission coefficient (equal to unity for adia-
batic reactions), A is the nuclear frequency factor, and AG* is
the activation free energy. The frequency factor A is expected
to decrease linearly with (12)2, where m is the molecular mass
of the reactant.! Therefore, the ratio of the molecular masses
of ferrocene and a ferrocene hemicarceplex may account for a
factor of up to 3.5 in the observed decrease of the ET rate.?!
The degree of electronic coupling between the ferrocene
center and the electrode surface is also affected by the
distance over which the ET event must take place. Encapsu-
lation inside the hemicarcerand markedly increases this
distance. Using molecular modeling methods®? we estimate
that the minimum possible distance between the geometric
center of the ferrocene nucleus and the electrode surface
increases from about 3.5 to about 9 A upon inclusion
complexation by 1 or 2 (see Figure 7). However, our results
were obtained with a very limited number of systems;
additional experimental results with related systems are
needed for the quantitative estimation of distance effects on
ET rates.

The activation free energy (AG*) is composed of two terms.
The first refers to the inner reorganization energy of the
reactant. For ferrocene, this term is exceedingly small as the
structural changes accompanying the ET process in uncom-
plexed ferrocene are minimal.?*! The second term is con-
cerned with solvent reorganization, and important differences
between free and hemicarcerand-encapsulated ferrocene may
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be expected here. A few years ago, Bard and co-workers
reported that the rates of heterogeneous ET reactions are
affected by solution viscosity,?* 3 reflecting the involvement
of solvent dynamics in the activation step. Many other reports
have addressed the effects of solvent dynamics on the rates of
outer-sphere ET reactions.**®! Similarly, the inside cavity
walls of host 2 may act as an extremely rigid solvation shell or
as a highly viscous solvent environment for the ferrocene
center; this could account for a large fraction of the
experimentally observed decrease in the ET rate constants
upon encapsulation of the redox-active guest. Our data
exhibit some clear solvent effects on the apparent k° values.
For instance, the observed k° values for free ferrocene were
lower in tetrachloroethane than in dichloromethane. This is
perhaps a reflection of the slower solvent dynamics in the
former solvent, which is expected from the relative molecular
masses, but other factors (for instance, structure of the double
layer) might be playing an important role. However, if the
hemicarcerand were to act as a rigid solvation sphere,
determining solvent reorganization effects and the heteroge-
neous ET rates in the hemicarceplexes, the kinetics for Fc-2
would be expected to be essentially independent of the nature
of the solvent. This expectation is not fulfilled experimentally,
as the k° value for Fc-2 was about an order of magnitude
lower in tetrachloroethane than in dichloromethane. There-
fore, our data do not support the idea that the solvent
reorganization energy associated with ET processes in the
hemicarceplexes is particularly high.

Balzani and co-workers['l have measured the bimolecular
rate constants for electron transfer quenching of the triplet
state of free and encapsulated biacetyl by a variety of amines
and other electron-donor quenchers, such as ferrocene itself.
They found that the encapsulation of biacetyl by hemicarcer-
ands decreased the ET quenching rate constant by a factor
ranging from 10 to 104 depending on the nature of the
quencher. Therefore, the effect of molecular encapsulation on
the apparent k° values for ferrocene which was observed in
our work is qualitatively consistent with the data reported by
those authors. Furthermore, Farran et al. have investigated
the isomerization of cis-piperylene sensitized by free and
encapsulated acetophenone.?” It may be inferred from their
triplet energy transfer data that the hemicarcerand skeleton is
involved in the simultaneous exchange of electrons between
the HOMO and LUMO of the donor—acceptor pair. This
suggests that the hemicarcerand aromatic structure may
mediate the electronic coupling between the encapsulated
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ferrocene center and the electrode surface, but further
electrochemical experimentation with other hemicarceplexes
is needed to verify this point.

Conclusions

From the results described here, we can conclude that the two
main factors determining the slower heterogeneous ET rates
in ferrocene hemicarceplexes than in free ferrocene are: i) the
increase in the effective molecular mass of the electro-active
species; and ii) the increased distance of maximum approach
of the redox-active center to the electrode surface. The results
presented in this work constitute the first measurements of
heterogeneous ET reactions of fully encapsulated redox-
active centers, but more data are necessary in order to
evaluate fully the magnitude of the thermodynamic and
kinetic effects brought about by constrictive molecular
encapsulation. Our group is currently working on the
preparation of other electro-active hemicarceplexes, using
different redox-active guests and modified hemicarcerand
hosts which may help to overcome the solubility limitations
imposed by hosts 1 and 2.
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