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Mechanisms of Electrochemically-Induced Retro-Cyclopropanation
Reactions of Fullerene Derivatives Using Digital Simulations

Maurizio Carano and Luis Echegoyen*!?!

Abstract: Three Cg, derivatives, 1,2 and
3, have been studied by cyclic voltam-
metry (CV) under high vacuum in
anhydrous tetrahydrofuran (THF). The
CV behavior was essentially similar to
that already observed for other cyclo-
propanated fullerene derivatives. After
the second reduction processes all com-
pounds undergo a chemical reaction that
generates another electroactive species.
This “new” chemical species is likely to

ring open. Differences in CV behavior
were observed for the different addends.
Electrochemical data obtained at differ-
ent scan rates for a given potential
window, were fit with the BAS digital
simulation program, DigiSim. The pur-

Keywords: cyclic voltammetry
digital simulation - electrochemistry
fullerenes retro-cyclopropana-

pose of this study was to probe the
proposed mechanisms and to obtain
reliable estimations of the kinetic con-
stants for the homogeneous chemical
reactions taking place during the CV
experiments. Calculations at the PM3
level lend additional support to the
conclusions derived from digital simula-
tions. The proposed mechanism is sim-
ilar for all the compounds and involves
two main chemical reactions in a rever-

tion
be the compound with the cyclopropane

Introduction

The discovery of the retro-Bingel reaction!!! was made by
electrolyzing a CH,Cl, solution of diethyl 1,2-methano-[60]-
fullerene-61,61-dicarboxylate (in 0.1m Bu,NPF;) at 293 K at a
controlled potential of —1.55 V (vs Ag). The applied potential
corresponded to that for the voltammetric formation of the
dianion, but during the 30min of the bulk electrolysis
experiment, four electrons per molecule were transferred.
Analysis of the products after reoxidation of the solution at
0V followed by column chromatography yielded pure Cy, in
over 80 % yield. Equivalent experiments conducted with C,
C,y, and Cy4 derivatives led to the use of this reaction as a
synthetic tool in fullerene chemistry.?l Additional work
resulted in the discovery of an intramolecular electrochemi-
cally-induced isomerization of Cg, bis-adducts.?”] Exhaustive
reduction (at — 1.2 V vs Ag) with one electron per molecule
resulted in seven regioisomers regardless of which pure bis-
adduct regioisomer was electrolyzed. These bis-adducts were
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sible square scheme.

successively separated and chemically and electrochemically
characterized.

Some spiromethanofullerenes were also found to be
unstable after multiple reduction processes,! and CPE
experiments have led to the isolation of Cg in high yields.
Thus the electrochemical removal of methano-adducts is not
limited to the malonate derivatives of fullerenes (Bingel
adducts). A more recent study was conducted in THF to avoid
the well-known reactivity of CH,Cl, towards the polyanions of
Cg and to explore the mechanisms involved during adduct
removal.’! Surprisingly, an electrochemically induced inter-
molecular adduct transfer was observed for the spirometha-
nofullerenes studied, but not for the diethyl 1,2-methano-[60]-
fullerene-61,61-dicarboxylate. The regioisomer distribution
found in THF differed significantly from that obtained when
the compounds are prepared by a direct synthetic route.[ ]
The proposed mechanism for the formation of bis-adducts
during the CPE timescale involves the presence of two distinct
pathways. When the reductive electrochemistry leads to the
cleavage of one of the two cyclopropane bridging bonds, the
intermediate is capable of either losing the addend from the
fullerene cage or of reacting with another fullerene molecule.
This could lead to the formation of dimers in which the two
fullerene cages share one or two addends.

Because of its generality and ease, the retro-cyclopropana-
tion reaction has been used as a synthetic tool for various
purposes.'”l The “Bingel - retro-Bingel” strategy as a protec-
tion —deprotection scheme has already found several appli-
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cations in fullerene derivative synthesis and in higher full-
erene isomer chemistry® and electrochemistry.”l Taking
advantage of the fact that covalent adducts of isomeric higher
fullerenes are much easier to separate than the parent
unfunctionalized carbon spheroids, it was possible to isolate
two major isomers and a third minor isomer of Cg, in pure
form. When different addends are present on the same Cg,
sphere, it is also possible to selectively remove the bis(alkox-
ycarbonyl)methano addend. The Bingel addend can therefore
play the role of a protecting group and also direct unusual
multiple addition patterns.®

As mentioned above, the mechanism of these retro-cyclo-
propanation reactions is still not understood although some
work has been done in our group and in others to gain better
knowledge of the processes involved. Nuretdniov et al.l’
reported a study based on the electrochemical character-
ization of four Cg, derivatives. Based on the number of
exchanged electrons, and using Nicholson’s treatment,['%) they
reported rate constants for chemical processes involved in the
retro-cyclopropanation reaction. However, the proposed
mechanism was not supported by simulations or product
characterizations. Additionally, there are internal inconsis-
tencies, since Cg, is supposed to be formed, yet no anodic
peaks assignable to Cy, are observed.

Here we report an electrochemical study of three Cg,
derivatives (Scheme 1) by cyclic voltammetry, and a mecha-
nistic study using digital simulations.'''>] Theoretical calcu-
lations using PM3 further support the hypothesis formulated
in this work.

Scheme 1. Structures of the compounds studied.

Results and Discussion

Compounds 1-3 were studied using cyclic voltammetry in
THF under aprotic conditions.'®! This solvent was the most
suitable for a cathodic investigation and provided good
solubility for the compounds selected.l'”! For a given potential
window, several scans at different rates were performed. This
provided a wide range of experimental conditions for
appropriate data fitting of the proposed mechanism. The best
fitting is obtained by the optimization of the kinetic param-
eters for the electrochemically induced homogeneous chem-
ical reactions. The three compounds were chosen because
they all give retro-cyclopropanation reactions after the second
electron reduction of the Cy, cage, but at the same time, each
of them exhibits a distinct and characteristic CV behavior.
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The electrochemistry of 1 is mainly characterized by the
appearance of a small peak after the second reduction process.
This peak is not assignable to Cg and the addend is not
electroactive at this potential. The following reduction is
irreversible, and when the scan is reversed after this latter
process the new peak is more evident than in the forward scan.
Compound 2 has been reported™® and the reduction poten-
tials and orbital energies are available. Its behavior is
somewhat similar to that of 1. Compound 3 has a 1,3-
indandione addend and exhibits a different CV pattern when
compared to 1 and 2 under the same experimental conditions.

Electrochemical investigations of Cg, derivatives: All CV
scans were limited to the first three reduction processes in
order to focus our attention on the first stages of the
electrochemically induced decomposition of these com-
pounds. These derivatives can be reduced by more than three
electrons within the experimentally available potential win-
dow, leading to further, and even more complicated, ECC
and/or ECEC mechanisms. Interestingly, and somehow sur-
prisingly, it was clear that the first two Cg, centered reduction
processes are reversible for all three compounds. This means
that even if chemical reactions are taking place, the processes
are reversible on the CV timescale and the starting compound
is recovered at the end of the experiment.

Figure 1a shows the CV for a 0.5 mMm THF solution of 1
(using a Pt disk as working electrode). We can observe three
main reduction processes, the first two being reversible and
the third one chemically irreversible. The small peak between
the second and third Cy-based reductions is designated II*.
This peak, which is barely discernible under these exper-
imental conditions, becomes more evident if the scan rate is
decreased. We can better appreciate the presence of this
redox process if, at lower scan rates, we reverse the CV scan
right after the potential at which it occurs (Figure 1b). This
peak is always observed while performing cyclic voltammetry
for this compound, as has been reported by many different
research groups, and the ratio between its height and that of
the other peaks is always the same under identical exper-
imental conditions (scan rate and temperature in this case).

As mentioned above, the cathodic peak II*, completely
disappears upon increasing the scan rate from 0.2 to 1 Vs~!
(Figure 1c solid line); this indicates that this process is due to
some unstable species, perhaps an intermediate, arising from a
chemical reaction. On the contrary, its anodic counterpart II*,
increases in height also with respect to the other peaks when
the sweep is faster (Figure 1c solid bold line).

A second reaction pathway following the reduction process
at peak III leads to the same intermediate chemical species in
a higher reduction state. It was assumed that the reoxidation
of the product of the latter homogeneous chemical reaction
takes place at II*,. Since peak III is still irreversible when the
scan rate is increased and the current function for peak II, is
lower than at lower scan rates, it can be argued that the rate
constant for the backward chemical reaction is not high
enough to regenerate the original concentration of the
starting compound.

Increasing the scan rate up to 10 Vs~! did not improve
chemical reversibility for peak III. Limiting the scan to peak
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Figure 1. a) Cyclic voltammogram for a 0.5 mm THF solution of 1 at v=
0.5 Vs~1, Pt as working electrode, Pt-mesh counter electrode and Ag wire
as a quasi-reference electrode, T=25°C. Multiple cycles have been
performed without the renewal of the diffusion layer. b) v=0.05 Vs,
concentration of 1 is 0.1 mm; ¢) v=1 Vs~!, concentration of 1 is 0.1 mm.

II* only, it was possible to observe how it disappeared at scan
rates higher than 1 Vs~! (Figure 1c dotted line).

These experimental results are fully in agreement with
those previously obtained in our group using other solvents.!
From the analysis of these results, it is possible to have an idea
of the difference between the rate constants for the homoge-
nous reactions occurring after peaks II and III.

1976 ——

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The CV for an analogous solution of compound 2 is shown
in Figure 2. It is clear that the pattern is very different from
that observed for compound 1 and, while peak I remains
reversible, peak II is chemically irreversible. The third reduc-
tion process is almost fully reversible, indicating that if a
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Figure 2. Cyclic voltammetric curves for a 0.5 mm THF solution of 2 at v =
0.5 Vs~!, Pt as working electrode, Pt-mesh counter electrode and a Ag wire
as a quasi-reference electrode, 7=25°C.

chemical reaction is coupled with the electron transfer it is not
fast enough on the experimental timescale. Interestingly, a
new peak (I,*) appears as a shoulder on peak I, in the reverse
scan at potentials slightly more cathodic (approximately
80 mV) with respect to E,, for peak I. Nevertheless peak I
appears to be fully reversible under all experimental con-
ditions. Even if the scan is reversed after peak II (and for v =
0.2 Vs™), peak I remains irreversible but peak I,* is no longer
present, suggesting that the chemical reaction occurs only
after the third reduction process. A similar effect was
observed by performing the complete scan, including peak III,
at a scan rate of at least 3 Vs~

It is known that the antraquinone unit gives an irreversible
first reduction process,!'®! which can be confidently assigned to
peak II. Thus it seems that for compound 2 the retro-
cyclopropanation reaction takes place after the third reduc-
tion of the molecule and at this stage, this is apparently not a
fast process on the experimental CV timescale.

The most complicated CV behavior was found for com-
pound 3, which undergoes an initial two electron reduction
followed by another process which is 700 mV more cathodic
(Figure 3, continuous line). Interestingly, an intermediate
irreversible peak was found (II) whose intensity increases
with the scan rate relative to the other two peaks. At v=
3 Vs, the current function ratios between peaks I, IT and III
are evidently different (Figure 3, dotted line) from those at
0.2 Vs~! (Figure 3, solid line). Even if the scan is stopped after
peak II, there is no improved reversibility of this second
process. Increasing the scan rate increases the distance
between cathodic and anodic peaks for I but not for III
(while the irreversible reduction at II is shifted towards more
negative potentials). This means that the observed effect on
the rate of the electron transfer is not exclusively the result of
the ohmic drop since it affects only one portion of the CV.
This feature and the general shape of the curve is reminiscent
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Figure 3. Cyclic voltammetric curves for a 0.5 mM THF solution of 3 at v =
0.5 Vst (—)and 3 Vs~! (----), Pt as working electrode, Pt-mesh counter
electrode and a Ag wire as a quasi-reference electrode, T=25°C. The
current for the scan at 3 Vs~! is divided by a suitable factor, i.e., the ratio
between the square roots of the scan rates (32/0.5"2). This treatment allows
a direct comparison of the height of the peaks at different scan rates.

of a bi-electronic slow electron transfer process.”] By
convolutive analysis?” it was possible to calculate the number
of electrons for peaks I, I and III. This number was found to
be equal to approximately 1.9, 0.1 and 0.9, respectively, at
0.2 Vs~'and to 1.6, 0.4 and 0.9 at 3 Vs~ This is in agreement
with the fact that peak Il is due to the reduction of an
intermediate and that it is possible to observe this species if
the scan rate is increased. After this further reduction,
peak III remains always reversible and its height behaves as
predicted by theory.['’]

Digital simulations: The effects of mass transport, electron
transfer kinetics and the kinetics of the coupled chemical
reactions (if there are any) on a cyclic voltammogram cannot
be easily separated. The extraction of quantitative informa-
tion, such as rate constants for the preceding or following
chemical reactions from such a series of experimental results
typically requires comparison of the latter with simulated data
or with predictions derived from a theoretical model.?" 2
When considering chemical reactions coupled to electron
transfer it has to be taken into account that any variation from
reversible behavior is related not to the absolute magnitude of
the rate constant for the chemical reaction, but to the value of
this rate constant relative to the timescale of the experi-
ment.[?! Thus increasing the scan rate of the experiment (i.e.,
decreasing its timescale), also decreases the time available for
the chemical reaction to take place and hence the effect of the
latter can be decreased or even eliminated.?* It is important
to realize that for a given CV, there might be several
mechanisms and parameter value sets that provide a good
match between the experimental and simulated data. There-
fore it is necessary to acquire a wide set of the experimental
CVs, run under different conditions (scan rate and concen-
tration of reagents, for instance), in order to provide good
support for the fitting. This approach greatly increases the
chances to find reliable values for those parameters governing
the mechanism for the studied process, and minimizes the risk
of finding a relative minimum during the fitting procedure.
Some of the parameters used were measured (such as E;, and
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E,. potentials) and some were assigned based on previously
published values (electron transfer rates and diffusion coef-
ficients).?”! The remaining parameters for the homogeneous
chemical reactions were fitted to the experimental curves.

Digital simulation experiments are a powerful tool for
confirming reaction mechanisms and for evaluation of the
relevant kinetic?® and thermodynamic (E,,,*"! K [*) param-
eters. One of the commercially available software packages
for digital simulation of cyclic voltammetries is DigiSim,
which is currently used widely to support experimental
observations.’]

The kinetic parameters reported in this article provided the
best fits between experiment and theory for cyclic voltam-
metry experiments. In order to check if true minima had been
found, the fitting routine was also run using different starting
values for the selected parameters.

Compound 1: Based on the available experimental evidence
the reaction mechanism proposed and tested by digital
simulation is that shown on the right of Figure 4a. In this
scheme there are three reduction processes in which the
starting compound (A) is involved and two homogeneous
chemical reactions that lead to a new species (B). The new
species is also electroactive and this electrochemical process,
the reduction of B leading to B1, closes a square Scheme that
also involves the di- and tri-anions of A. This Scheme
accounts for the main features of the recorded CVs. A slow
initial chemical reaction accounts for the smooth peak (II*.)
observed in the forward scan (Figure 4a, left side) and
another, fast reaction accounts for the irreversibility of the
third reduction. Peaks I and II are reversible for all the scan
rates recorded. This is in agreement with a reversible chemical
reaction like the above-mentioned opening of the cyclo-
propane ring. Values of the kinetic constants are reported in
Table 1.

Table 1. Kinetic parameters obtained from the simulations for compounds
1-3. Electron transfer processes were considered fast (k=10*s"") and
electron transfer coefficients () were assumed to be equal to 0.5.

klf klh kllf kub
1 6x103s7! 9x102s7! 6x102s7! 3x102s7!
2 ~0s! 105 st 0.7s7! 02s!
3 2s7t 4571 7x10%s7! 4x10°¢s7!

On the CV timescale, it is not likely that Cg, will form in
appreciable amounts. Performing multiple scans without the
renewal of the diffusion layer shows that the original
compound is reformed after every cycle, confirming this
prediction. However, a mechanism involving Cy, as a product
on the voltammetric timescale has been proposed.’] This
hypothesis was tested via digital simulation. The rate constant
for the first chemical reaction reported in that article was used
in the Scheme in Figure 4a. The simulation is in agreement
with the experimental curve for the forward scan but not with
that for the backward. Another simulation was performed
assuming that Cg, is formed as reported in the same article.
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Figure 4. a)—c) are the best simulated curves (on the left side) for
compounds 1-3, respectively, following the mechanisms shown on the right
side of the figure. a) and b) at 0.5 Vs™!, c) at 3 Vs~

Thus the known Cg, reduction potentials were assigned to the
new species in the simulated mechanism (B in the present
case). The values for E, reported in the article were also used
in the simulation, which showed a reversible third reduction
while the first reoxidation peak was split into two. This
simulation was not in agreement with the experimental results
reported in that article or with those reported in here. A final
simulation was performed using the mechanism proposed by
the authors together with the kinetic parameters reported in
the table. This led to a multi-electronic peak for the third wave
and to split oxidation processes for IT and I. Once again, these
results are far from the experimentally recorded voltammo-
grams. Since the redox potentials for the starting compound
and those for C4, are substantially different, it would be

1978

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

evident from the position of the reoxidation peaks if Cg, was
the main product of the retro cyclopropanation reaction on
the CV timescale.’! In fact, even if some Cq was formed
during the sweep, it must be a very small quantity because it is
not detected in the experimental voltammograms.

In order to further test this hypothesis, Figure 5 shows the
simulated voltammogram for the same mechanism of Fig-
ure 4a, but considering that the product of the homogeneous
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Figure 5. Digital simulation based on mechanism shown in Figure 1a and
assuming that the final product (B) of the homogeneous reaction is Cy.
Redox potentials for Cq, in the same experimental conditions are available
in literature !

reaction B is Cyy. Therefore the known redox potentials for
this molecule were assigned to the new chemical species. It is
evident how the CV is substantially different from the
experimental one (Figure 1a). In particular, peak III is now
more reversible but at the same time its anodic component is
shifted towards less negative potential. Also the shape of
peak I is different from the experimental one while two
reoxidation processes are clearly present in the potential
region of peak II. The simulation of multiple scans shows how
these features are even more evident after the first cycle.

As already reported, digital simulations were performed
over a wide range of scan rates and concentration values to fit
the experimental curves. As found experimentally, while
changes in concentration did not affect the morphology of the
voltammograms, changes in sweep rates had a considerable
impact on the curves. As an example, Figure 6 shows an
experimental and a simulated curve (continuous and dotted
line, respectively), for 3. The first one was acquired under the
same experimental conditions as in Figure 3 at 0.5 Vs~ and
the simulation was performed following the Scheme and using
the parameters of Figure 4c. The only parameter changed with
respect to Figure 4 was the scan rate. Even if the two curves
don’t overlap perfectly (partly due to a higher background
current in the experimental curve after the first reduction
peak), the agreement between the simulated and the exper-
imental curves is very good. In particular, the height of peak II
decreases for both curves (Figure 3 dotted line and Figure 4)
as predicted by the mechanism.

Compound 2: The CV behavior for compound 2 (Figure 2) is
evidently different from that of compound 1 because the

www.chemeurj.org Chem. Eur. J. 2003, 9, 1974-1981
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Figure 6. Cyclic voltammetric curves for a 0.5 mm THF solution of 3at v =
0.5Vs™ (—) and simulated curve based on mechanism shown in
Figure 4c (----) for the same scan rate. Pt as working electrode, Pt-mesh
counter electrode and an Ag wire as a quasi-reference electrode, 7=25°C.

anthrone addend is capable of undergoing a reduction process
within the scanned potential window.['®! Since this process is
electrochemically irreversible and its redox potential is
—1.59 V vs Fc*/Fc, it is likely that this unit is responsible for
the appearance of peak II. At this potential one electron is
mainly localized on the fullerene cage and another one on the
addend and these are non-interacting units. This is a
reasonable assumption since the difference between the
reduction potential of anthrone and its corresponding redox
potential in compound 2 is quite small. Peak III probably
corresponds to the second reduction of the fullerene group
and it is reasonably reversible. Only a very small portion of
the reduction current is not fully recovered in the anodic part
of the process. This is probably due to a chemical reaction of
the tri-reduced species. The final simulation mechanism used
for this compound (Figure 4b, right side) turned out to be
essentially the same as the one found for compound 1 (i.e., a
square mechanism). In this case the chemical instability of this
Cg derivative shows up after the third reduction process
(reaction 2), that is, after a two electron reduction of the
fullerene unit and a one electron reduction of the anthrone
addend. This chemical reaction leads to the formation of an
electroactive species which is reoxidized in I* (mechanism
ECE with a square scheme). After this reoxidation process, a
fast chemical reaction (reaction 1, see Table 1 for the value of
the kinetic constant) reforms the starting compound in its
mono reduced state (A1l). This chemical step accounts for the
chemical reversibility of peak I. The irreversible reduction
process of the addend is not included in the main Scheme
since its redox state does not seem to affect the chemical
behavior of the starting compound.**3? The second and third
reduction potentials for compound 2 were essentially identical
to those measured for the first reduction of anthrone and the
second reduction for a substituted Cg,133 respectively,
indicative of very weak electronic interactions between the
addend and the fullerene core. The calculated kinetic constant
for the chemical reaction occurring after the third reduction
wave was found to be quite small (0.7 s7') and is reported,
with other data, in Table 1. This explains why peak III is
almost reversible and peak I* disappears if the scan rate is
increased. As can be seen from the simulated mechanism and
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from the calculated kinetic constant values, the first chemical
equilibrium is totally displaced towards the mono-reduced
starting compound. The agreement between the experimental
curves and those obtained with the digital simulation program
was good for all of the scan rates recorded.

Compound 3: In contrast to the other compounds, the
electroactivity of the addend in compound 3 greatly influen-
ces the overall electrochemical behavior. The simulation
shown in Figure 4c was made using the mechanism shown on
the right side of the figure. This path takes into account both
the new experiments and previously published data.’! The
most challenging feature of the pattern to simulate was the
increasing height of the second reduction peak with an
increase of the scan rate. As previously explained, if the rate
of the potential sweep is increased, the height of this peak
increases while that of peak I decreases (peak 1 is bielectronic
at 0.02 Vs~! and becomes closer and closer to monoelectronic
as the scan rate is increased). Peak II is totally irreversible
within the scan rate range investigated (0.02 Vs=!, 20 Vs™).
After many attempts it was possible to simulate this interest-
ing pattern by assuming that after the first reduction (peak I,
first electron) a subsequent reaction forms a new species (B)
which has the same reduction potential (or perhaps even less
negative) than that of the starting molecule (peak I second
electron). The fraction of the monoanion of the original
species (A) that does not undergo the chemical reaction is
then responsible for peak II. This is an irreversible process
because at this stage another homogenous reaction transforms
A2 into B1. Since increasing the scan rate increases the height
of peak II, it is clear that the first chemical reaction (Al
leading to B) is not extremely fast on the experimental
timescale (see values in Table 1). After peak II, the remaining
starting compound is transformed into the new one (B1) and
after this stage this new chemical species is capable of
accepting reversibly another electron. Comparison of the rate
constants obtained from the simulation shows that both
processes are not very fast for these sweep rates, even if the
forward kinetic constant for the second reaction is in the range
of 10*s~L. Nevertheless the second reduction is irreversible
with a rate constant for the backward process of 1076 s~ If the
scan rate is increased, part of the anodic component of I shifts
towards less negative potential because the chemical equili-
brium is displaced (square scheme on the right side of
Figure 4c). Therefore, there is not enough time for Al to be
regenerated after the reoxidation of B1 to B during the
reverse scan. This shift is due to the relatively low value of k1.
In the simulations, as well as in the experimental results, the
anodic peak (that always corresponds to a two-electron wave)
is broader than the cathodic one due to this chemical
conversion. Nevertheless, as Al is formed it is readily
reoxidized to A since the redox potential for this couple is
more negative than that for B and B1.

Semiempirical calculations: Two extreme structures were
optimized for all the compounds, one with the cyclopropane
ring intact and another with the ring open. PM3 calculations
were performed to determine orbital energies of the neutral
and the mono reduced species. A study, at the PM3 level, of
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the electronic structure of some spiroannelated methanoful-
lerenes has been previously reported by Wudl and co-work-
ers.?*l Since results for compound 2 were reported in that
article, it was possible to validate our work by reproducing
those data. The LUMO for 1 was found to be at —2.80 eV.
Adding electrons and calculating the energies for both open
and closed structures showed that the open geometry
becomes slightly favored after the second electron addition.
This explains the slow rate constant found for the first
chemical reaction that, according to the mechanism, leads to
the cleavage of the cyclopropane ring. The cathodic shift
found experimentally for 2 with respect to Cy, is smaller than
the one reported for the same compound in the literature. A
possible explanation, which agrees with the results reported in
the same article, is the different experimental conditions
(solvent and supporting electrolyte). The first reduction
occurs at a potential 8 mV more cathodic than the first
reduction of Cg,.** 3 The value for the calculated energy of
the LUMO in the neutral species was in perfect agreement
with that reported in the literature (—2.84 €V).3*l The LUMO
energy for the mono-reduced compound was found to be
—2.75 eV for the closed structure, while that found for the
open structure was too high in energy to represent a
reasonable alternative. The electron density for this orbital
confirms that the second reduction involves mainly the
anthrone unit. At this point it is important to recall that,
according to the electrochemical data, the second electron
transferred to 2 is located on the quinone-type ligand.
According to the published result, the two units (namely the
Cy cage and the anthrone addend) are electrochemically
independent. This means that the second reduction has no
effect on the stability of the cyclopropane ring. Thus after the
second reduction there is no cleavage of the cyclopropane ring
since electrons are localized one on each group. Only when
the third electron is transferred, that is when the second
electron reduction occurs on the Cy, cage, cleavage of the
cyclopropane occurs. This process is quite slow (k;=0.7 s
according to the mechanism) indicating that the conversion of
the starting compound into a new chemical species is far from
complete on the CV timescale. The closed structure of 3 has a
—2.88 ¢V value for the LUMO energy. This is in agreement
with the first reduction process which occurs at a slightly more
cathodic potential relative to that of C4,, where the LUMO is
located at —2.89 €V. As previously reported,?*! the first
electron is based on Cy, and the spin density was found to be
different for the closed and the open structures. In fact, while
for the closed structure the unpaired electron density is
mainly localized on the Cg moiety, the open cyclopropane
structure has the unpaired electron density residing mainly on
the addend. The closed structure shows a LUMO for the
mono-anion that is too high in energy to explain the
experimental CV behavior in which the first two electrons
are transferred at the same potential. On the other hand, the
open structure of 3~ has a new orbital localized on the 1,3-
indandione addend (due to the structural rearrangement of
the molecule after the opening of the cyclopropane ring), and
its energy is between the HOMO and the LUMO of the Cy,
cage. The orbital is half occupied by the electron correspond-
ing to the first reduction process. The second electron is

1980

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

therefore expected to be localized in the addend, and this
explains the two electron reduction process found for this
compound. The open structure of 3°~ is stabilized by about
19 kcalmol~! according to PM3 calculations. This provides a
good explanation for the coincidence of the two reduction
waves.

Conclusions

For the first time a systematic study to determine the kinetic
parameters for the electrochemically induced retro-cyclo-
propanation reaction was carried out using digital simulations.
The study was conducted with three different Cg, derivatives
in which the addends result in different electrochemical
responses. They range from the non-electroactive addend in 1
to the electroactive and highly interacting unit in compound 3,
while in 2 the antraquinone moiety is an electroactive species
that interacts poorly with the fullerene cage. This wide range
of characteristics explains the differences between the pro-
posed mechanisms for the compounds. On the other hand,
many common features were found, such as the necessity for
the description of these processes to include a square Scheme
mechanism in order to regenerate the starting compound, on
the CV timescale. Comparing the rate constants at the same
reduction stage of the Cq, core, that is, when the same number
of electrons has been transferred to the fullerene cage shows
that the rate for the cleavage of the cyclopropane ring
increases in going from 1 to 3. Compound 1 is the simpler case
studied since all of its redox processes are exclusively Cg,
centered. Digital simulations confirmed the proposed mech-
anism and allowed the estimation of the rate constants of the
chemical reactions.

Compound 2 was found to be unstable only after the third
reduction process because the two components of the
molecule have weak electronic coupling. The reduction of
the addend does not seem to affect the structure of the
molecule. Experimental CVs, digital simulations (i.e., calcu-
lated kinetic constants) and calculations demonstrate that
cyclopropane ring opening is slow. It is actually possible to
minimize its effect by simply increasing the scan rate by about
an order of magnitude (from 0.5 to 3 Vs1).

In contrast to 1 and 2, 3 is unstable after the first reduction
process. The mechanism involves cleavage of the cyclopro-
pane ring after the first electron reduction. At slower scan
rates, a second electron is transferred at the same potential as
the first one. Increasing the scan rate allows the observation of
the increase of the height of the intermediate peak (IT) which
is due to the original species.

Experimental Section

Cy derivatives (10m) and supporting electrolyte Bu,NPF, (10~'m) were
added into a home built electrochemical cell. The cell was degassed and
pumped to 10~ mm Hg. The solvent, THF (previously dried using a Na/2K
amalgam and stored under argon), which had also been degassed and
pumped to the same pressure, was then vapor-transferred into the cell,
directly from the storing flask. All CVs were recorded in THF (NBu,PF; as
supporting electrolyte) using a Pt disc (1 mm diameter) as a working
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electrode, a Pt-mesh counter electrode and a Ag wire as a quasi-reference
electrode. The potential of the Ag wire was assumed to be stable within the
CV timescale. Ferrocene was added, under an argon flux, at the end of the
measurements as an internal standard. For digital simulations the BAS
program, DigiSim version 3.03 (CV), was used. The Wavefunction
software, PC-Spartan pro was used at the PM3 level for the semiempirical
calculations.
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