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a b s t r a c t

Chemical oxidation of ferrocene and related derivatives by dibenzoyl peroxide in acetonitrile solution
produces ferrocenium and benzoic acid after acidification. The rate law is first order in oxidant and in
reductant. Steric effects and activation parameters are consistent with a rate-controlling outer-sphere
single-electron transfer (ET) step, and reorganization energies are obtained using Marcus theory with
B3LYP calculations. Energetics, optimized structures, and solvent effects indicate that rate is affected
more by anion than cation solvation and that oxidation of decamethylferrocene by 3-
chloroperoxybenzoic acid does not occur by ET.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Peroxide oxidations of iron compounds are important and
ubiquitous processes. One example is Fenton's reagent. This system,
which combines catalytic ferrous iron with hydroperoxides, has
attracted considerable attention for its capability to destroy envi-
ronmentally persistent halogenated organic compounds [1]. The
reaction is believed to involve oxidation of Fe(II) to Fe(III) with
production of hydroxyl radicals as secondary oxidants [2]. These
reactions are complex, with many side reactions and byproducts,
which makes them difficult to study [3]. Turnover numbers are also
relatively low for reasons which are poorly understood. Greater
knowledge of the Fenton mechanism could lead to the design of
more efficient catalysts for their use in green chemistry to destroy
environmental pollutants.

Peroxidases [4] and cytochrome c systems [5] contain heme iron
and catalyze the oxidation of organic substrates with hydrogen
peroxide. Oxyferryl and other intermediates are believed to
mediate these processes [6]. The enzymes and their mimics are
inherently unstable, being prone to inactivation during normal
turnover, which is the major limitation to their commercial
ldcrout).
ate this paper to his memory.
application [7]. Additional work is needed to understand the
mechanisms regarding the activity and peroxide-driven inactiva-
tion of such enzymes to improve their properties, such as by pro-
tein engineering.

Ferrocenes provide simpler models to investigate oxidations of
Fe(II). Reversible single electron transfers involving these com-
pounds are well-known using electrochemical methods where an
electrode serves as the electron acceptor. These processes occur at
lower oxidation potentials in the presence of more electron-
donating substituents on the cyclopentadienyl rings. However,
the kinetics of homogeneous chemical oxidations of ferrocenes by
electron transfer have not been well explored [8]. In ferrocene,
straightforward aromatic substitution reactions are only irregularly
successful even though ferrocene possesses aromatic stability [9].
Thus, ferrocene cannot be nitrated directly by nitronium-producing
systems [10]. The reason for this behavior is unclear, but it may be
related to the ease of oxidation of ferrocenes by electron transfer
and the further reactivity of the ferrocenium ions so produced [11].
Electron transfer has been shown to be a viable mechanism for
nitration of other aromatics as well as nitroaromatic compounds
with low oxidation potentials [12,13].

An oxidative addition mechanism for reactions of ferrocenes
must also be considered. Many chelation complexes which contain
transition metals in low coordination and oxidation states react in
this fashion [14], most notably square planar Pt(II). For example,
dibenzoyl peroxide (DBP) [15] and peroxy acids [16] react through
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oxidative addition of the O-O bond to a trans-Pt(II) moiety.
Furthermore, second-order rates and large negative entropies of
activation were determined for the addition of DBP to diary-
lplatinum(II) complexes [17]. Additions may be distinguished from
electron transfers by stereoelectronic effects. Sterics, for example,
should play a smaller role in electron transfer which can occur over
a larger separation between reactants by an outer-sphere mecha-
nism [18], and electron donation from the ligands would be more
important. Conversely, steric effects should greatly influence
oxidative addition where two new bonds to the metal are formed
and the electron count would increase to 20. In this case greater
electron donation from the ligands to the metal might not be very
activating as iron would expand its valence beyond the preferred
count of 18.

Given the importance of understanding electron-transfer in
chemical and biological reactions [19], we studied the oxidation of
ferrocene (Fc), decamethylferrocene (DMFc), and related de-
rivatives with DBP to investigate the underlying mechanisms for
these chemical processes. To test whether the DBP interpretation
might extend to other organic peroxides, the reaction of DMFc with
3-chloroperoxybenzoic acid (mCPBA) was examined also. B3LYP
density functional calculations were performed for the reactants
and products to provide energetics [20], which were correlated
with experimental results. The effect of various solvents on reaction
rate was also investigated.

2. Material and methods

Stock solutions of Fc (Aldrich), DMFc, (Aldrich), ethylferrocene
(EtFc, Aldrich), acetylferrocene (AcFc, prepared according to [21],
m.p. 83.0e86.0 �C), and bromoferrocene (BrFc, prepared according
to [22], m.p. 30.0e32.0 �C) were made by dissolving the requisite
compounds in reagent grade acetonitrile (Aldrich). The oxidants
DBP (Aldrich), and mCPBA (Aldrich) were also dissolved in aceto-
nitrile. Just prior to the reactions of BrFc, Fc, and AcFc, 1 mL of tri-
fluoromethanesulfonic acid (TFA, Aldrich) was added. TFA addition
was found not to affect the kinetics of the oxidations but helped
stabilized and solubilize the product salts. Distilled water (10 mL/
3mL solution) was added to all reactions for the same purpose. The
absorptions of the ferrocenium cations (Fig. 1a) were confirmed by
comparison with authentic samples of their trinitromethide salts
[23] obtained by single-electron transfer oxidation of the ferro-
cenes using tetranitromethane [24]. The reactions were rapid,
which required the use of low reactant concentrations and resulted
in small absorbance changes. Therefore, these ferrocenes were
monitored at five selected wavelengths between 300 and 800 nm
where the changes in absorbance were largest. Reaction rates did
not depend on the wavelength used. Reaction of AcFc with DBP was
found to be too slow to obtain accurate rate measurements even at
the limit of solubility.

The reaction rates were determined to be first order with
respect to ferrocene and peroxide, and second order overall. Due to
the instability of the ferrocenium ions in the presence of excess
peroxide, reactions were initiated under pseudo-first order condi-
tions using a minimum 5-fold stoichiometric excess of ferrocene
derivative and the kinetics determined when the ferrocene con-
centrations were at least 10 times that of the peroxide. The
following series of reactions were performed in triplicate: (1) 3mL
of ferrocene solution ranging in concentration from 10 to
18mM,1 mL of TFA, and 6 mL of 60mM DBP solution, (2) 3mL of
DMFc solution ranging in concentration from 0.04 to 0.12mM and
2 mL of 6mM DBP solution, (3) 3mL EtFc solution ranging in con-
centration from 2 to 6mM and 10 mL of 60mM DBP solution, (4)
3mL of BrFc solution ranging in concentration from 30 to 50mM,
1 mL TFA, and 30 mL of 60mM DBP solution, and (5) 3mL of DMFc
solution ranging in concentration from 1.6 to 2.4mM and 2 mL of
60mM mCPBA solution. Each reaction was conducted in a quartz
cuvette using a temperature-controlled Hewlett-Packard HP8452
spectrophotometer. Spectra were measured at 1 s intervals and
calculations performed for absorbance changes at 617 nm (Fc and
BrFc, as shown in Fig. 1a) or 330 nm (EtFc, DMFc). Each reactionwas
performed at temperatures ranging from 0 �C to 50 �C. Measure-
ments were stopped when the change in absorbance essentially
reached an asymptote as shown for a representative reaction in
Fig. 1b.

Product studies were conducted on a larger scale. Titration of
the reactions revealed that the stoichiometry of ferrocene:peroxide
was 2:1 in every case. Therefore, each ferrocene derivative was
allowed to react with DBP at a 2:1 molar ratio for 30min at 22.0 �C
at the following concentrations: (1) 0.100 g of DMFc dissolved in
300mL of acetonitrile and 0.040 g of DBP dissolved in 10mL of
acetonitrile, (2) 0.100 g of Fc dissolved in 300mL of acetonitrile,
0.065 g of DBP in 10mL of acetonitrile, and 1 mL of TFA, (3) 0.100 g of
EtFc dissolved in 300mL of acetonitrile and 0.056 g of DBP in 10mL
of acetonitrile, (4) 0.100 g of BrFc dissolved in 300mL of acetoni-
trile, 0.0460 g of DBP in 10mL of acetonitrile, and 1 mL of TFA. Fer-
rocenium ions and the residual ferrocenes were assayed
spectrophotometrically. The benzoic acid was extracted with
aqueous sodium bicarbonate, precipitated by acidification with
concentrated HCl, filtered, and dried. The precipitate was charac-
terized by melting point and confirmed by 1H and 13C NMR
(400MHz Bruker Avance NMR) and mass spectrometry (Varian
Saturn 2100T GC/MS). Yields were determined gravimetrically and
were nearly quantitative based on the amount of ferrocene
consumed (Table 1).

The effect of solvent was examined at 20.0 �C using 3mL of a
0.12mMDMFc solution created using ethanol, acetone, acetonitrile,
or 1,2-dicholoroethane combined with 3 mL of 6mM DBP solution.
mCPBA was also investigated using 3mL of a 0.24mM DMFc so-
lution created using the aforementioned solvents combined with
6 mL of 6mM mCPBA also in the corresponding solvent.

Computations were performed for molecular and ionic geome-
tries and energies in acetonitrile, including DGº for electron transfer
and the nuclear component of reorganization energy (li). Initial-
guess conformations and geometries were obtained by
molecular-mechanics energy minimization. All-electron (U)B3LYP/
6-31þG* was then used in Gaussian 09 [25] through the Ohio Su-
percomputer Center [26] to obtain optimized geometries and en-
ergies. Unrestricted B3LYP for radicals avoids the excessive spin
contamination encountered with the UMP2 method. UB3LYP
should also better describe the energetics of these systems than
restricted open-shell ROB3LYP since, in a computational study us-
ing UB3LYP/m6-31G*, ionization of isolated Fc showed reordering
of valence MOs with different configurations for a electrons than
for b electrons of Fc.þ [27]. This is confirmed in the present calcu-
lations. The solvent was treated using the polarizable continuum
model, solute in a cavity in the solvent reaction field (Gaussian
keyword SCRF) [28]. Vibrational analyses verified that optimized
geometries were at true potential-energy minima and provided
free energies.
3. Results and discussion

3.1. Kinetics

The reactions of ferrocenes (RFc) with DBP afford the corre-
sponding ferrocenium benzoate salts with 2:1 stoichiometry:

2 RFc þ (C6H5CO2)2/ 2 RFcþ C6H5CO2
� (1)



Fig. 1. (a) UVeVis spectrum before and after reaction of 4.95� 10�2M BrFc with 4.9� 10�4M DBP (t¼ 0 brown, t¼ 1800 s red); (b) absorbance change at 330 nm and (c)
determination of the pseudo-first order rate constant for reaction of 3mL of 1.2� 10�4M DMFc with 2 mL of 6.0� 10�3M DBP at 22.5 �C; (d) determination of second-order rate
constants k for reactions of BrFc with DBP. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Isolation of benzoic acid from ferrocenes þ DBP after 30 min reaction time.

Ferrocene Benzoic acid formed (%) Unreacted ferrocene (%)

Fc 72.5 25
EtFc 81.7 17
DMFc 92.2 5
BrFc 69.4 29
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All reactions follow second order kinetics

d[RFcþ]/dt¼ k[RFc][peroxide] (2)

and were monitored by the growth of ferrocenium absorbances
under pseudo-first-order conditions of approximately constant
[RFc]. Experimental pseudo-first-order rate constants (k’) are
determined as least-squares slopes from plots of ln(Afinal e At)
versus time where A is absorbance (Fig. 1c). Second-order rate
constants k¼½ k’/[RFc] are obtained from the slopes of plots of k’
versus [RFc] (Fig. 1d), the factor of one-half accounting for the
stoichiometry in Equation (1).

The absorptions of Fcþ and BrFcþ were found to bleach with
time, which complicated the analysis. Although ferrocenium cat-
ions have been proposed to react with molecular oxygen [29],
deaerating the solutions did not stop further reaction of the fer-
rocenium ions. Independent measurements confirmed the insta-
bility of these cations, especially in the presence of peroxide.
Addition of a small amount of TFAwas found to stabilize the cations
on the time scale of the measurements without affecting the re-
action rates. The faster reactions of DMFc and EtFc formmore stable
cations, and therefore did not require stabilization by TFA.

Two mechanistic inferences are noted. First, the ten methyl
groups on the pentamethylcyclopentadienyl rings (Cp*) of DMFc do
not impede the reaction. To the contrary, DMFc reacts faster with
DBP than do any of the other ferrocenes with less bulky sub-
stituents. This indicates that intramolecular electron donation by
the ligands promotes the reaction more than steric effects might
hinder it. This strongly argues for an electron-transfer mechanism
occurring over a longer distance, obviating the need for the DBP
oxidant to approach the iron center. Second, the observation that
the reactions are first-order in ferrocene, but consume ferrocene
and DBP in a 2:1 mole ratio, requires a second ferrocene molecule
to participate after the rate-limiting step.
3.2. Activation parameters

In order to further explore the nature of the process, activation
parameters (Table 2) are estimated (Fig. 2) using the Eyring equa-
tion (Equation (3))

lnk
T

¼ �DHz

RT
þ lnkkB

h
þ DSz

R
(3)

where the transmission factor k is assigned the value 1, kB is
Boltzmann's constant, h is Planck's constant, R is the gas constant,
and T is the absolute temperature. Activation entropies DSz in
Table 2 are consistent with ionization occurring during (or before)
the rate-limiting step.

Large negative activation entropies are common for ionizations
due to solvent effects [30]. The activation entropy shows a trend
where ferrocene derivatives with larger substituents have more
negative DSz. This is expected because increasing the molecular
radius should result in a larger, more ordered solvent shell [31]. The
radius of DMFc (6.00 Å [32]) is the largest, and its entropy is most



Table 2
Rate constants and activation parameters for reactions studied and DG� computed for electron transfer.

Reaction k, M�1s�1a DHz, kJ/mol DSz, J/mol.K DGz, kJ/mola DGº, kJ/molb

Fc þ DBP 0.162 59± 1 �60± 7 76.7 �8.0
EtFc þ DPB 0.345 49.9± 0.5 �85± 4 75.0 �15.4
DMFc þ DBP 269 24.5± 0.2 �115± 1 58.4 �63.0
DMFc þ mCPBA 4.85 61.5± 0.5 �24± 3 68.0 183.0
BrFc þ DBP 0.0100 54.6± 0.2 �98± 1 83.8 16.3

a 22.0 �C.
b (U)B3LYP/6-31þG* at 25.0 �C.

Fig. 2. Eyring plots of Fc derivatives reacting with DBP and mCPBA in acetonitrile.

Fig. 3. Hammett plot for reactions of EtFc, Fc, and BrFc with DBP.
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negative, while Fc has the smallest radius (4.07 Å [32]) and the least
negative entropy. Similarly, mCPBA is smaller than DBP, and the
activation entropy for reaction of DMFc with mCPBA is more
favorable than that with DBP. Such a trend supports an outer-
sphere electron transfer mechanism for which solvation is a key
step.

The activation enthalpies generally trend in the same direction
as entropy, with the lowest (most favorable) DHz found for reaction
of DMFc with DBP, which has the lowest (least favorable) entropy.
The fact that DMFc requires the least energy is indicative of electron
donation from the tenmethyl groups, resulting in a greater reaction
rate with a low DHz. The DHz for reaction of EtFc with DBP is next
lowest. BrFc and Fc show a similar DHz with BrFc being slightly
lower. The rates of the latter compounds correlate with the Ham-
mett sp constants [33] with r¼�3.5 determined as the slope/2.303
in Fig. 3. Although determined from only ferrocene and its two
monosubstituted derivatives, the negative r is consistent with
facilitation of reaction by electron-releasing substituents and
development of positive charge at the reaction center, the Fe atom.

Operation of such an effect is supported also by the observed
trend in the yields of benzoic acid, namely DMFc> EtFc> Fc> BrFc
(Table 1), so that the ferrocenes with more electron-rich centers
react further and faster than their less electron-rich counterparts.
This would not be expected so much for an oxidative addition, by
which no charge is developed on iron and its electron count actu-
ally increases.

The less favorable activation enthalpy for reaction of DMFc with
mCPBA compared to DBP likely is due to mCPBA being a weaker
oxidant than DBP. The respective electron affinities of DBP and
mCPBA are calculated for optimized geometries in acetonitrile as
5.07 eV and 2.64 eV. These calculations reveal that electron
attachment to DBP is effectively dissociative, with the O-O bond
distance increasing from 1.433 Å for the neutral molecule to 2.201 Å
for the radical anion DBP.‒ in the optimized structure. This indicates
that the latter is essentially a loose complex of benzoate anion and
benzoyl radical with small binding energy (15.3 kJ/mol) and spon-
taneous dissociation (DGo¼�19.8 kJ/mol) at 298 K. Dialkyl perox-
ides were reported to undergo dissociative electron capture also
[34]. On the other hand, the O-O distance in mCPBA increases from
1.440 Å to just 1.451 Å in the radical anion mCPBA.-. The shorter



J.M. Halstead et al. / Journal of Organometallic Chemistry 880 (2019) 39e46 43
bond distance implies a stronger O-O bond in the latter anion than
in DBP.-. Therefore, electron capture by DBPwould be irreversible or
nearly so, with DBP.- being associated weakly if at all, but this may
not be so for mCPBA.-. The small electron affinity for mCPBA and the
incompatible result (Table 2) that DGz is much less than the positive
DGo calculated for electron transfer of DMFc to mCPBA suggest a
different, more competitivemechanism for this case. For example, a
speculative initial rate-limiting oxidative addition DMFc þ mCPBA
/ [DMFc-OH]þ þ m-ClC6H4CO2

� has a calculated DGo¼�83.3 kJ/
mol and would be consistent with the observed second-order rate
law. The cation produced in this step has an optimized structure
with two nonparallel h5-Cp* groups sterically accommodating the
new FeIV-O bond (1.972 Å). A fast second step [DMFc-OH]þ þ DMFc
/ 2 DMFcþ þ OH� would give two Fe(III).

3.3. Solvent effects

Solvent has surprisingly little effect on the rate constant for
reaction of DMFc with DBP (Table 3) if it involves an electron
transfer. The rates do not correlate monotonically with dielectric
constant. Reaction rates rank ethanol> acetonitrile> ethylene
chloride> acetone although the largest difference is less than a
factor of 3. The effect of substituents (Table 2) is much larger than
this. The correlation is better with spectroscopic estimates of sol-
vent polarity as used for Reichardt's ET and Kosower's Z values
(Table 3). These scales were developed using the charge-transfer
absorption energies of organic salts, which would include specific
solvation effects and not just bulk solvent properties. Here the
absorption of a photon promotes a vertical transfer of an electron,
which more resembles chemical electron transfer. However, the
latter reaction involves electron transfer from polar but uncharged
starting materials to form ions rather than the reverse, and it is
nonadiabatic. Therefore, the role of solvent may differ between the
chemical and photochemical processes, and the analogy should not
be expected to be exact.

Furthermore, photoelectron spectroscopy reveals that the
highest three occupied molecular orbitals of Fc are principally
metal 3d in nature with little ligand character [40]. This means that
the charge in ferrocenium should be localized mostly on iron. Since
themetal atom is isolated from strong interactions with the solvent
by the Cp rings and their substituents, solvation should be relatively
ineffective in stabilizing the charge, especially in DMFcþ. Hence the
DMFc/DMFcþ redox couple is well-defined and only mildly
dependent on solvent [41], consistent with this analysis. Ferrocenes
are unusual in that their carbon atoms bear partial negative charge
and the central iron some positive charge even in the neutral
compounds [42]. Therefore, ionization, depicted in Fig. 4, should
decrease the outermost (negative) charge interacting with solvent
so that solvent effects may differ from reactions which produce
more exposed positive charges such as in carbocations. This inter-
pretation is consistent with the Mulliken partial charges resulting
Table 3
Effect of solvent on rate constant for DMFc at 20 �C.

Solvent DMFc þ DBP, k (M�1 s�1) DMFc þ mCPBA, k (M�1 s�1)

Acetone 114 –e

1,2-Dichloroethane 167 10
Acetonitrile 208 3.3
Ethanol 306 2.0

a Ref. [35].
b Ref. [36].
c Ref. [37].
d Ref. [38].
e Too slow to measure reliably.
f Ref. [39].
from the (U)B3LYP calculations for all RFc and RFc.þ.
Consequently, the solvent effects may have more to do with

solvation of the anions than the ferrocenium cations. As Mulliken
population analysis confirms, the negative charge in DBP.‒ resides
primarily on oxygen, especially the keto O atoms, whereas in the
products the negative charge is delocalized over the carboxylate
anion fragment. Protic solvents like ethanol strongly solvate anions
by hydrogen bonding whereas aprotic solvents like acetone,
acetonitrile and ethylene chloride with large dipole moments sol-
vate cations better [32]. Therefore, solvent polarity might be less
important since the ferrocenium cations are not well solvated, but
the anions would be stabilized by hydrogen bonding. This would
result in a larger rate in ethanol than rates in the other solvents
which do not correlate with solvent polarity, as observed.

Compared to the DBP reactions, Table 3 shows reaction rates
with mCPBA to vary more strongly and with different ordering as
solvent is varied, with ethanol giving the slowest rate measured.
Since mCPBA has a hydroxyl group but m-ClC6H4CO2

� does not,
hydrogen bonding of the former with a protic solvent such as
ethanol would stabilize the reacting peroxide relative to the
product anion and tend to slow an addition step as hypothesized in
Section 3.2. Also electron donor-acceptor complexes have long
been known to form between good donors and acceptors [43e45].
Some of these have been shown to be kinetically competent in-
termediates in a number of bimolecular reactions, such as the
Diels-Alder reaction [46]. The formation of such complexes be-
tween the ferrocenes and peroxides seems likely considering the
polar nature and accepting ability of the ferrocenes. Clearly the
effect of solvent in these processes is complex and warrants further
study.
3.4. Marcus modelling

To rationalize the effect of Fc substituents on observed oxidation
rates, a Marcus-type model is used for the electron transfer step.
The total reorganization energy, l, which is defined as the sum of
the nuclear reorganization energy, li, and outer sphere reorgani-
zation energy, lo, is calculated using the experimentally derived
Gibbs activation energy, DGz, and the computationally derived
standard Gibbs energy of reaction, DG

�
, using Equation (4) (Table 2)

[20].

DGz ¼ ðDG0 þ lÞ2
4l

(4)

The l values for the reaction of ferrocenes with peroxide are
typically quite large, in the range of 300e400 kJ/mol, whereas the l
values for the reported inner-sphere electron transfer of hydro-
quinones with DBP are significantly lower, in the range of 60e80 kJ/
mol [47]. Much higher reorganization energies should be expected
for outer-sphere compared to inner-sphere electron transfers [48].
Dielectric Constanta Relative Polarityb ET(30)b,c Z valued

20.7 0.355 42.2 65.7
16.7 0.327 41.9 63.8f

37.5 0.46 46 71.3
24.3 0.654 51.9 79.6



Fig. 4. Structures of ferrocene and ferrocenium ions.

Fig. 6. Schematic energy diagram for endergonic electron transfer between donor D
and acceptor A.

Table 4
Determination of li and lo for ferrocenes solvated in acetonitrile.
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The nuclear reorganization energy is taken to be the sum of the
energy differences of each respective ferrocene moiety before and
after an electron transfer has taken place in both the initial and final
molecular geometries [49]. This idea is further illustrated in Fig. 5,
where the sum of the energy difference provides the change in
reaction coordinate, defined as li. The overall relationship between
l and DG is shown in Fig. 6. Note that the li results are for ferrocene
species only and do not include the reorganization energy of the
peroxide. Due to the dissociative behavior of DBP, li cannot be
accurately modeled using this method. AlthoughmCPBA can form a
stable anion and would contribute li¼ 56.5 kJ/mol, as discussed
above, it seems too weak an electron acceptor to react with ferro-
cenes by an electron-transfer mechanism at the rate observed.

The calculation of li is shown in Table 4.
Overall, it is observed that the rate of oxidation depends

strongly on the modification of the ferrocene derivative. The Gibbs
energy of activation for ferrocene moieties with electron-donating
substituents is lower than that of unsubstituted ferrocene and
ferrocenes modified with electron-withdrawing substituents.
Furthermore, the computed li, which can also be considered as the
energy required to modify bond angles and bond distances from
reactant to product geometries, is found to be only a minor
contributor to the overall reorganization energy, consistent with
the very small geometry changes upon electron loss by the ferro-
cenes. The lo component is themuchmore significant part of l. This
is consistent with an outer-sphere single-electron-transfer mech-
anism, where lo would be expected to provide the largest contri-
bution to the activation energy. The lo value is also found to be
Fig. 5. Schematic potential-energy diagram used to determine li (E1 and E3 correspond
to optimized minima, and E2 and E4 to vertical electron transfer at the geometries E1
and E3 respectively).

l1, Eh l2, Eh li, Eha li, kJ/mol l, kJ/mol lo, kJ/molb

E2-E3 E4-E1

Fc 0.00040 0.00034 0.00075 2.0 323 321
EtFc 0.00059 0.00063 0.00122 3.2 330 327
DMFc 0.00148 0.00128 0.00275 7.2 348 341
BrFc 0.00099 0.00094 0.00193 5.1 302 297

a li¼ l1þl2.
b lo¼ l - li.
slightly larger in ferrocene derivatives with electron donating
substituents and smaller in the case of electron withdrawing. One
explanation for this could be that when electron withdrawing
substituents are present on ferrocene the Fe atom already possesses
more partial positive charge and therefore requires less stabiliza-
tion from the solvent environment to transition to the cation
product. A mechanism for an outer-sphere electron transfer for
Fc þ DBP is proposed in Equations (5)e(9) and Fig. 7.

Fc þ (C6H5CO2)2¼ Fc/(C6H5CO2)2 fast (5)

Fc/(C6H5CO2)2 / Fc.þ þ (C6H5CO2)2·‒ slow (6)

(C6H5CO2)2·‒ / C6H5CO2
� þ C6H5CO2· fast (7)



Fig. 7. Proposed outer-sphere electron-transfer mechanism for the oxidation of ferrocene by DBP.
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Fc þ C6H5CO2· / Fc.þ þ C6H5CO2
� fast (8)

2Fc þ (C6H5CO2)2/ 2 Fc.þ C6H5CO2
� net (9)

In the above model, the coordination number of the iron center
is unchanged, and its oxidation number increases by one. During
the first step (Equation (5)), the peroxide approaches the ferrocene
molecule to form a weakly coupled complex. The solvent shell
surrounding the reactants then assumes the correct geometry and
polarization state to facilitate an electron jump, with the peroxide
molecule accepting the electron from the iron center of ferrocene to
become a radical anion. This is the rate-limiting step (Equation (6)).
The O-O bond of the radical anion quickly breaks, forming a ben-
zoyloxy radical and a benzoate anion (Equation (7)), precluding
reversal of Equation (6). The radical then interacts with a second
ferrocene moiety, which also transfers an electron in a fast step
(Equation (8)) completing the observed 2:1 stoichiometry (Equa-
tion (9)). Finally, benzoate will metathesize with triflate for re-
actions performed in the presence of TFA or protonate by the
addition of HCl during workup. In these outer-sphere processes,
electron donating substituents should promote the reaction, and
electron withdrawing substituents should inhibit it. This would
also be the case for other mechanisms, such as oxidative addition,
but if oxidative addition were taking place significant steric effects
would be expected, especially for DMFc, unless geometric changes
mitigate them. In this study, electron densities are found to bemore
important than steric effects, supporting outer-sphere electron
transfer to DBP as described by the Marcus model.

4. Conclusions

The reactions of RFc þ DBP or mCPBA are characterized by
positive activation enthalpy and very negative activation entropy,
as expected. The overall trend for DBP is that RFc with electron-
donating substituents react much faster, with a lower energy bar-
rier, than unmodified ferrocene, or derivatives with electron
withdrawing substituents. The lo parameter was found to be
inversely related to DGz indicating that molecules closer in geom-
etry to the product state require less solvent stabilization to facil-
itate the electron transfer. The computational study provides
insight into li which is compared and correlated with the experi-
mental results. It is found that for DBP as oxidant, li is the minor
component of the reorganization energywith lo themajor one. This
is consistent with an outer-sphere electron transfer model where
ferrocene retains its full coordination shell, and a direct electron
transfer from the reductant to the oxidant takes place with no new
bonding of ligands that would require kinetically inhibiting ge-
ometry changes in the ferrocene. In this type of process solvent
polarization is the rate-limiting step and provides the primary
component of the activation energy. Furthermore, DSz correlates
with the solvated molecular size of reactants in the expected
manner, further highlighting the importance of the solvent for this
process. Additionally, no steric hindrance is observed during the
oxidation of even the most bulky ferrocene derivatives. Thus, a
predominantly outer-sphere electron-transfer mechanism for the
oxidation of ferrocenes by DBP is proposed. The rate-limiting step
includes an energetically favored dissociative electron capture by
DBP, which is not available to mCPBA. Further studies of ferrocene
oxidation by peroxides other than DBP are needed.
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