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’ INTRODUCTION

The electron-transfer (ET) reactivity of organic free radicals
has attracted considerable interest in recent years, with notable
examples that include the study of the ET properties of
peroxyl,1-6 phenoxyl,7-10 and N-oxyl radicals.11-13 However,
limited information is available on alkoxyl radicals,14-16 one of
the main classes of oxygen centered radicals. In this context, we
have recently shown that the tert-butoxyl (t-BuO•), cumyloxyl
(CumO•) and benzyloxyl (BnO•) radicals react with alkyl
ferrocenes via an ET mechanism.17 The results of our study
led us to suggest that the ET reactions of BnO• and CumO• with
ferrocene donors may not be described in terms of a straightfor-
ward outer-sphere ET mechanism. Computational modeling
predicted the formation of π-stacked encounter complexes
between the radicals and ferrocene donors. In these complexes,
the alkoxyl radical aromatic ring can act as an electron relay
shuttling the electron from the ferrocene to the formal oxygen
atom radical center. This hypothesis was supported by the
observation that, with t-BuO•, where this interaction is not
possible, the ET rate constants for reaction with the ferrocene
donors are at least 2 orders of magnitude lower than those
measured for the corresponding reactions of BnO• and CumO•.
This large difference in reactivity is present despite the
relatively small differences in reduction potential between
these three radicals, viz., E�RO•/RO- = -0.30, - 0.19, and -
0.10 V/SCE in acetonitrile for t-BuO•,16c BnO•,17 and
CumO•,16a respectively.

In order to probe the role of electronic effects on these ET
processes and to obtain additional mechanistic information, we
carried out a time-resolved kinetic study on the reactions of ring-
substituted cumyloxyl radicals (4-X-CumO•: X = OMe, t-Bu, Me,
Cl, CF3) with a series of electron-rich methyl ferrocenes (MenFc),
namely: 1,10-dimethylferrocene (DMFc), 1,10,2,20,3,30,4,40-octa-
methylferrocene (OMFc), and decamethylferrocene (DcMFc),
the structures for which are displayed in Chart 1. Computational
modeling provides additional insights into the nature of the
encounter complexes formed during the ET reactions.

’RESULTS AND DISCUSSION

Ring-substituted cumyloxyl radicals (4-X-CumO•) were gen-
erated by 266 nm laser flash photolysis (LFP) of nitrogen
saturated MeCN solutions (T = 25 �C) containing the parent
tert-butyl 4-X-cumyl peroxides (eq 1).18

As described previously, in MeCN solution ring-substituted
cumyloxyl radicals are characterized by a broad absorption band
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in the visible region of the spectrum whose position, as compared
to the unsubstituted cumyloxyl radical for which λmax (vis) =
485 nm,19 is red-shifted by electron-donating (ED) ring substituents
(X = OMe, Me) and blue-shifted by electron-withdrawing (EW)
ones (X = Cl, CF3).

19-21 Along this line, the time-resolved ab-
sorption spectrum observed after 266 nm LFP of tert-butyl 4-tert-
butyl-cumyl peroxide, and displayed in the Supporting Informa-
tion as Figure S1, is characterized by a visible absorption bandwith
λmax = 510 nm that is assigned to 4-t-Bu-CumO•. Under these
conditions, the 4-X-CumO• radicals decay mainly by C-CH3

β-scission, with rate constants that are not influenced to a signi-
ficant extent by the nature of the ring substituent (kβ between
0.7 and 1.1 � 106 s-1).20 With 4-t-Bu-CumO•, the rate constant
for C-CH3 β-scission was measured following the decay of the
visible absorption band at 510 nm as kβ = 7.7 � 105 s-1.

The reactions of the 4-X-CumO• radicals with the ferrocene
donors were studied in MeCN solution by LFP. Figure 1 shows
the time-resolved absorption spectra observed after 266 nm LFP
of a nitrogen-saturated MeCN solution (T = 25 �C) containing
tert-butyl 4-chlorocumyl peroxide and DcMFc. The spectrum
recorded 63 ns after the laser pulse (black circles) shows the
characteristic 4-Cl-CumO• band centered at 500 nm.20 The
decay of this band (inset b), which is accelerated by the presence
of DcMFc, is accompanied by a corresponding buildup of
absorption at 270, 320, and 700 nm (insets a and c). Two
isosbestic points can be identified at 410 and 580 nm. These
absorption bands are assigned to the decamethylferrocenium ion
(DcMFcþ) by comparison to literature data,22 and to the
spectrum observed previously after reaction between CumO•

and DcMFc.17

The formation of DcMFcþ clearly indicates the occurrence of
an ET reaction from DcMFc to 4-Cl-CumO• (eq 2), in accor-
dance with our previous observations of the analogous reaction
involving the unsubstituted cumyloxyl radical.17

Analogous behavior was observed in the reactions of the 4-X-
CumO• radicals with the ferrocene donors. In all cases the

buildup of the pertinent ferrocenium ion bands was observed,
indicating that ET reactions occurred. The time-resolved spectra
observed after reaction of 4-Me-CumO• with OMFc are dis-
played in the Supporting Information (Figure S2).

Kinetic studies were carried out by LFP following the buildup
of the ferrocenium ions between 300 and 330 nm and with
4-MeO-CumO•, characterized by the most intense visible ab-
sorption band among the series of cumyloxyl radicals
investigated19a,20,21 also by following the decay of this band at
580 nm.

Plots of the observed rate constants (kobs) against [MenFc]
produced excellent linear fits. The second-order rate constants
for the one-electron oxidation of the ferrocene donors by 4-X-
CumO• (k2) were obtained from the slopes of these plots. All the
kinetic data are collected in Table 1. For comparison, also
included are the kinetic data obtained previously for CumO•

and BnO•,17 and the calculated solvent-phase (MeCN) electron
affinities (EA) of the radicals. The plots of kobs vs [MenFc] for
the reactions of the 4-X-CumO• radicals are displayed in the
Supporting Information (Figures S3-S15).

The data displayed in Table 1 show that k2 increases with
decreasing the oxidation potential of the ferrocene donor
(0.29, - 0.02, and -0.10 V/SCE in MeCN for DMFc, OMFc,
and DcMFc, respectively),11c as expected for an ET process. For

Chart 1

Figure 1. Time-resolved absorption spectra observed after 266 nm LFP
of a nitrogen-saturatedMeCN solution (T = 25 �C) containing tert-butyl
4-chlorocumyl peroxide (5.0 mM) and decamethylferrocene (0.19 mM)
at 63 ns (black circles), 191 ns (white circles), 511 ns (gray circles), and
4.4 μs (black squares) after the 8 ns, 10 mJ laser pulse. Insets: (b) Decay
of the 4-chlorocumyloxyl radical monitored at 500 nm. (a and c)
Corresponding buildup of absorption at 320 (a) and 700 nm (c)
assigned to the formation of the decamethylferrocenium ion.
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CumO•, 4-Cl-CumO•, and 4-CF3-CumO•, k2 increases by a
factor of ca. 40 on going from DMFc to DcMFc. Relative to the
unsubstituted cumyloxyl radical CumO•, k2 values increase for
alkoxyl radicals with EW substituents (4-Cl and 4-CF3) and
decrease for those bearing ED substituents (4-Me, 4-t-Bu, and
4-MeO). Although the substituent effect is not very pronounced
(k2 values for OMFc and DcMFc are within a factor of 3 over the
range of substituents), this behavior is in line with the oxidizing
power of the ring-substituted cumyloxyl radicals that can be
derived from the calculated solvent-phase (MeCN) electron
affinity (EA) values displayed in Table 1.28 This trend in k2 is
well matched by the EA values, as evidenced by the reasonably
good correlations (r2 g 0.969) obtained between log k2 for the
reactions of 4-X-CumO• with OMFc and DcMFc and the EAs
(see the Supporting Information, Figure S16). The slightly lower
EA value obtained for 4-t-Bu-CumO• may reflect poor differ-
ential treatment of the bulky substituent group by the implicit
solvent model.

Figure 2 shows the plots of log k2 against the Hammett σ
substituent constant29 for the reactions of 4-X-CumO• with the
three ferrocene donors. Good correlations (r2 g 0.973) are
observed in all cases, indicating that variations in rate constants
are essentially determined by the inductive effect of the ring-
substituent. The very similar slopes observed for the three plots
(F comprised between 0.52 and 0.64) indicate that the substit-
uents exert comparable effects on the ET reactions of the
different ferrocene donors.

Calculations30 using dispersion-correcting potentials31 were
performed to explore theπ-stacked encounter complexes formed
between the 4-X-CumO• radicals and DcMFc. It is important to
note that we did not search conformational space to find the

global minimum encounter complex structure. However, our
previous work showed that interactions between the aromatic
ring of the arylcarbinyloxyl radical and the side of DcMFc is
higher in energy than the π-stacked arrangement. Figure 3 shows
the structure of the encounter complex between DcMFc and
4-Me-CumO•, which is characteristic of all the DcMFc/4-X-
CumO• complexes. As an additional example, the structure of the
DcMFc/4-t-Bu-CumO• encounter complex is shown in the
Supporting Information (Figure S17).

Our calculations predict that the DcMFc/4-X-CumO• en-
counter complexes are all strongly bound. Binding energies (BE)
for X = CF3, Cl, H, Me, t-Bu, and OMe are 7.5, 6.2, 5.4, 6.2, 6.5,
and 6.8 kcal/mol, respectively. Note that all substituents, regard-
less of ED or EW character, increase the BE. A very similar trend
in BEs was predicted for π-stacked C6H5X/C6H6 complexes
using high-level wave function methods,32 and was explained by
an analysis of the balance between electrostatic and dispersion

Table 1. Second-Order Rate Constants (k2) for the Reactions
of 4-X-CumO• with Methylferrocenes (MenFc) Measured in
MeCN at T = 25 �Ca and Calculated Electron Affinities (EA)
of the Radicals (kcal/mol)

k2/M
-1 s-1

radicalb DMFc OMFc DcMFc EA c

4-MeO-CumO• d 1.3� 109 2.4� 109 104.6

d 1.0� 109 e 2.4� 109e

4-t-Bu-CumO• d 1.6� 109 f 103.3

4-Me-CumO• d 1.6� 109 3.2 � 109 104.8

CumO• g 1.0 � 108 2.0� 109 4.0� 109 105.8

4-Cl-CumO• 1.3� 108 3.3� 109 5.4 � 109 106.6

4-CF3-CumO• 1.9 � 108 4.2� 109 7.4� 109 107.4

BnO• g 5.2� 108 7.5� 109 1.1� 1010 107.8
aDetermined from the slope of the kobs vs [MenFc] plots. Average of at
least two values. Error <10%. kobs was measured following the buildup of
the pertinent ferrocenium ion (at 300 nm for DMFcþ, 330 nm for
OMFcþ, and 320 nm for DcMFcþ). bGenerated by 266 nm LFP of the
parent tert-butyl 4-X-cumyl peroxides as described in eq 1. cCalculated
using (RO)B323LYP24/6-311þG(2d,2p)//B3LYP/6-31þG(d,p),25

with the PCM26 solvent model (MeCN), as implemented in Gaussi-
an-03.27 Zero-point energies (frequency scale factor = 0.9806) were
used in the calculation of EAs. dThe high concentrations of DMFc
required for the kinetic study of the ET reactions prevented the
determination of the corresponding second-order rate constants. e kobs
was measured following the decay of 4-MeO-CumO• at 580 nm. fWith
4-t-Bu-CumO• the kinetic study was limited to the reaction with OMFc.
g From ref 17.

Figure 2. Dependence of the second-order rate constant (k2) on the
Hammett σ substituent constant for the reactions of 4-X-CumO• with
MenFc. From the linear regression analysis DMFc (open circles) F =
0.52, r2 = 0.9996; OMFc (black circles) F = 0.64, r2 = 0.9734; DcMFc
(gray circles) F = 0.58, r2 = 0.9736.

Figure 3. Optimized structure of the DcMFc/4-Me-CumO• encounter
complex. The intracomplex π-π distance between the nearest aromatic
rings of the two moieties is 4.1 Å. Key: blue = carbon, orange = iron,
red = oxygen, white = hydrogen. The methyl hydrogens on DcMFc have
been omitted for clarity.
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forces. As was predicted for the ET reactions between alkylfer-
rocenes and BnO•, the reactions involving substituted CumO•

are facilitated by the strong π-stacking: overlap of the aromatic
rings provides a conduit for the electron being transferred
between the Fe and the formal oxygen atom radical centers.
However, despite the indication of very similar reduction poten-
tials for BnO• and 4-CF3-CumO• (see Table 1),28 an up to
3-fold decrease in rate constant has been observed on going from
the former radical to the latter one. In our previous modeling on
the DcMFc/BnO•π-stacked complex, the C-Obond was found
to be oriented perpendicular to the plane of the aromatic ring.17

This arrangement allows for optimal (but weak) conjugation of
the formal, singly occupied O p-orbital with the BnO• ring and
ensures that the electron transferred from the DcMFc Fe center
pairs up with the (formal) unpaired electron on the O atom. In
the most stable conformation of the 4-X-CumO•/DcMFc en-
counter complexes, the C-O bond is essentially parallel to the
plane of the aromatic ring. However, the facile rotation about the
Ar-C(CH3)2O

• bond allows for optimal overlap to be achieved.
This likely contributes, even though to a small degree, to the
kinetic barrier of the ET reactions involving 4-X-CumO•/
DcMFc systems.

The similar BEs and intracomplexπ-π distances obtained for
the encounter complexes are in full agreement with the kinetic
data displayed in Table 1, that show identical values of k2 for the
reactions of 4-Me-CumO• and 4-t-Bu-CumO• with OMFc. This
indicates that the effect of the t-Bu substituent is essentially
inductive in nature, as these two substituents are characterized by
very closeσ values (- 0.170 and-0.197, respectively)29 and that
steric effects due to the presence of the bulky t-Bu substituent do
not play any significant role on the ET process.

The formation of strongly bound π-stacked encounter com-
plexes has been previously observed by Kochi and co-workers for
the ET reactions between alkylaromatic donors (ArH) and
photoactivated quinone acceptors (Q*).33,34 The authors ob-
served that increases in the donor-acceptor distance caused by
steric hindrance in the donor induce a changeover in the ET
mechanism owing to the substantial decrease in the extent of
donor/acceptor orbital overlap. Accordingly, with unhindered
donors significant electronic coupling between donor and ac-
ceptor can be achieved, leading to tight complexes characterized
by interaction energies significantly greater than 1 kcal/mol and
donor/acceptor separations e4 Å. Under these conditions,
deviations from the Marcus equation were observed and the
reactions were described in terms of a (nonbonded) inner-sphere
ET process characterized by the formation of a discrete encoun-
ter complex preceding the ET transition state (eq 3).

Q � þ ArH a
KEC ½Q �, ArH�

B
kET Q-• þ ArHþ• ð3Þ

With hindered donors, weak coupling between donor and
acceptor was observed leading to interaction energies e1 kcal/
mol and donor/acceptor separations g4.5 Å. Under these condi-
tions, the predictedMarcus outer-sphere ET behavior was observed.

Significantly higher ET rate constants were observed for the
unhindered donor/acceptor couples as compared to the hin-
dered ones, indicating that tight encounter complexes must
experience a significant predisposition toward ET, which allows
even endergonic ET reactions to occur at rate constants that
approach the diffusion limit. The strong electronic coupling
between the donor and the acceptor, as is indicated by the small

separation, results in adiabatic ET with unit probability and
therefore very high rate constants for (endergonic) inner-sphere
ET.33,35

Along this line, the computed π-stacked encounter complexes
between the 4-X-CumO• radicals and DcMFc are characterized
by separations around 4 Å and interaction energies on the order
of 6 kcal/mol. Moreover, the measured second-order rate con-
stants for the (endergonic) ET reactions of the 4-X-CumO•/
MenFc couples approach in all cases the diffusion limit (k2 g
1.0 � 109 M-1 s-1). These observations strongly support the
hypothesis that the reactions between 4-X-CumO• radicals and
MenFc can also be described according to eq 3 in terms of a
(nonbonded) inner-sphere ET mechanism that proceeds
through the reversible formation of a complex followed by ET
within the complex (eq 4).36,37

4-X-CumO• þMenFc a
KEC ½4-X-Cumo•, MenFc�

B
kET

4-X-Cumo- þMenFc
þ ð4Þ

This hypothesis is in line with our previous observation that
the ET reactions of BnO• and CumO• with ferrocene donors do
not follow a Marcus-type behavior.17 Additional experimental
and computational studies with highly hindered ferrocene
donors may provide useful mechanistic information on the role
of structural effects on these ET reactions.

’EXPERIMENTAL SECTION

Materials. Spectroscopic-grade acetonitrile was used in the kinetic
experiments. Commercial samples of 1,10-dimethylferrocene (DMFc),
1,10,2,20,3,30,4,40-octamethylferrocene (OMFc), and decamethylferro-
cene (DcMFc) were of the highest commercial quality available (g99%)
and were further purified by sublimation prior to use. tert-Butyl 4-X-
cumyl peroxides (X =Me, OMe, Cl, CF3) were available from a previous
work.20 The synthesis of tert-butyl 4-tert-butylcumyl peroxide is de-
scribed in the Supporting Information.
Laser Flash Photolysis Studies. LFP experiments were carried

out with a laser kinetic spectrometer using the fourth harmonic
(266 nm) of a Q-switchedNd:YAG laser, delivering 8 ns pulses. The laser
energy was adjusted toe10 mJ/pulse by the use of the appropriate filter.
A 3 mL Suprasil quartz cell (10 mm � 10 mm) was used in all
experiments. Nitrogen-saturated acetonitrile solutions of tert-butyl
4-X-cumyl peroxides (between 2 and 10 mM) were employed. These
peroxide concentrations were chosen in order to ensure prevalent
absorption of the 266 nm laser light by the precursor peroxides in the
presence of the ferrocene donors. All the experiments were carried out at
T = 25.0 ( 0.5 �C under magnetic stirring. First-order or pseudo-first-
order rate constants were obtained by averaging four to eight individual
values and were reproducible to within 5%.

The photochemical stability of the ferrocene donors at the laser
excitation wavelength (266 nm) was checked by LFP of acetonitrile
solutions containing donor concentrations comparable to the highest
concentrations employed in the kinetic experiments. No evidence for
the photolytic decomposition of the ferrocene donors or for the
formation of the pertinent ferrocenium ions was obtained in these
experiments.

Second-order rate constant for the reactions of the cumyloxyl radicals
with the ferrocene donors (MenFc) were obtained from the slopes of the
kobs (measured following the buildup of the ferrocenium ion band
between 300 and 330 nm, and with the 4-methoxycumyloxyl radical also
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by following the decay of the visible absorption band at 580 nm) vs
[MenFc] plots.

Fresh solutions were used for every MenFc concentration. Correla-
tion coefficients were in all cases >0.992. The given rate constants are the
average of at least two independent experiments, typical errors being
<10%.
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