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Recent experimental observations cast some doubt on the
conclusions of earlier work that indicated that the rearrange-
ment of 1,1-diphenylethoxyl radical occurs through a bridged
intermediate. We show, by using carefully benchmarked DFT
calculations, that the title rearrangement is indeed a two-
step reaction.

Until recently, the mechanistic details of the neophyl-like
rearrangement of the title radical (I ) appeared to be fully
elaborated. Clear evidence had been presented that showed that
the rearrangement of the oxyl radical proceeds according to
reaction 1 through a bridged intermediate to form the 1-phenoxy-
1-phenylethyl radical (III ). In one of the earliest works on this
subject, Falvey et al.1 observed in 1990 that the photolysis of
t-butyl-1,1-diphenylethyl peroxide resulted in two intermediates
with absorbance maxima at 535 nm and at 400 nm.2 On the
basis that the absorbance maximum of the spiro[2,5]octadienyl
radical occurs at 560 nm,3 Falvey et al. proposed that the peak

at 535 nm was due toII and that the shorter wavelength peak
was due to the longer-livedIII .

Banks and Scaiano4 later re-examined reaction 1 by means
of laser flash and laser drop photolysis. They also observed an
absorption atλmax ) 535 nm for which the decay kinetics were
consistent with the appearance kinetics of a peak at 320 nm.
Contrary to Falvey et al., Banks and Scaiano assigned the band
at 535 nm toI and not to the bridged intermediateII , and they
indicated that the band at 320 nm is due to the carbon-centered
radical III . Their rate data indicate that reaction 1 has an
activation energy of 5.9( 0.4 kcal/mol and suggest that an
intermediate (II ) may have been involved in the reaction but
was too short-lived to be observed using their techniques. The
results of their low-level, semiempirical quantum mechanical
simulations provided qualitative support for their experimental
findings.

In 2000, Grossi and Strazzari5 presented seemingly convinc-
ing evidence that reaction 1 is indeed a stepwise reaction. Using
electron spin resonance (ESR) spectroscopy, they claimed to
have measured hyperfine splitting constants of the never before
observed rearrangement intermediate (II ). However, we became
certain that their assignment was incorrect after careful exami-
nation of theg values, which were much too high to be from
II .6

The case established for reaction 1 to occur as a two-step
reaction was put into doubt by a recent product and time-
resolved kinetic study by Aureliano Antunes et al.7 The authors
of that work expressed some doubt over the findings presented
in previous studies1,4,5 and uncertainty over the semiempirical
quantum mechanical results obtained by Banks and Scaiano.4

On the basis that the rearrangement of reaction 1 is controlled
by electronic effects inI that result in transition-state structures
(TS) with reactant-like character, Aureliano Antunes et al.
hypothesized that reaction 1 occurs via a concerted process. A
subsequent work8 supports some of the findings in ref 7 with
respect to solvent effects on rearrangement rates, but it did not
help to distinguish between the concerted or stepwise reaction
mechanism for reaction 1.

In this note we aim to shed some light on the rearrangement
of the 1,1-diphenylethoxyl radical with the use of computational
chemistry. The calculation methods and computing power that
were available to Banks and Scaiano at the time of their study
were limited. However, we now have the ability to treat these
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systems with reasonably high levels of theory. Nevertheless,
the large size of the radicals prevents us from applying very
accurate, highly correlated wavefunction methods with large
basis sets. Instead, we use carefully benchmarked DFT tech-
niques to investigate the energetics associated with reaction
1.9-12

We begin by presenting some calculated properties for the
radicals in reaction 1 to make comparisons to those measured
in previous experiments. Table 1 contains selected time-
dependent DFT excitation energies (all computed data are given
in Table S1 of Supporting Information). There are several

calculated excitations that appear in the 300-700 nm window.
Our results agree with those of Banks and Scaiano in that only
the alkoxyl radicalI has a peak near 535 nm (calculated at 531
nm). The most intense calculated peak forI appears at 463 nm,
which coincides with an unassignedλ in Figure 1 of ref 4. We
note that, according to our previous experience,14 oscillator
strengths that are associated with electronic excitations in
radicals tend to be poorly predicted when using the applied
technique. The same is true in the present case: The calculated
531/463 peak ratio of 0.11 does not match the ca. 1.4 ratio
measured in ref 4. Nevertheless, the agreement in excitation
energies is quite good.

Both II andIII have substantial delocalized electron character
in their phenyl rings, and so we are not surprised that both
radicals have similar calculated excitations in the 300-400 nm
range. Our calculations predict that both species can account
for the grow-in peak at 325 nm that was observed by Banks
and Scaiano. It is possible that the spectra near 325 nm as
obtained in ref 4 represent, to some extent, a convolution of
absorbances due toII and III if the intermediate is long-lived
enough.

Overall, the results of our excited-state calculations are very
consistent with the experimental findings presented in ref 1 and
4. The calculations support the peak assignments made by Banks
and Scaiano.

The calculated energetics associated with reaction 1 are shown
in Figure 1. Our results indicate that there is indeed a bridged
intermediate in the reaction and that it lies 5.9 kcal/mol above
the alkoxyl radical.I and II are separated by a barrier of 8.6
kcal/mol (Ea ) 9.1 kcal/mol) in the “forward” direction. The
intermediate is separated from the energetically low-lying
phenylethyl radical by a barrier of ca. 3.8 kcal/mol. The data
shown in Figure 1 are corrected for zero-point energies. Thus,
the minimum associated withII is a “real” minimum, which
supports at least one vibrational level. The reaction profile is
close to but not completely symmetric aboutII , and the rate-
limiting step is the first step in the reaction. Our computedEa
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TABLE 1. Energies of the Selecteda Excitations of the Reactantb

radical
excitation

energy (nm)
oscillator

strength×103

1,1-diphenylethoxyl,I 628 12.6
531 4.2
501 3.0
463 36.9
316 1.1
310 3.8

1-oxaspiro[2,5]octadienyl,II 370 32.4
357 8.1
337 7.8
331 33.7
324 1.3
317 8.4
306 56.1

1-phenoxy-1-phenylethyl radical,III 401 2.4
369 1.6
347 100.2
324 23.9
323 8.4

a Excitations from 300 to 700 nm with oscillator strengths greater than
0.001 are listed. A complete listing of the 12 calculated excitation energies
for each radical is given in the Supporting Information.b Bridged and
product radicals in reaction 1 were calculated by B3LYP15,16/6-311+G(d,p).

FIGURE 1. Relative energy diagram for reaction 1. Values are zero-
point energy corrected and are shown on the diagram next to the energy
levels.
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is 2.8 kcal/mol higher than the upper bound on the value
reported by Banks and Scaiano.

Our calculations indicate that the TS structure associated with
the rate-determining (i.e., first) step of1 has reactant-like
character. This supports the observations of Aureliano Antunes
et al.7 The shallow minimum associated with the intermediate
explains why it has been difficult to observe.

We performed additional calculations to characterize the
effects of para ring substitutents on theO-neophyl rearrange-
ment. For this work, we replaced the methyl group at the tertiary
carbon center with a hydrogen atom; see reaction2. The data
compiled in Supporting Information gives us confidence that
this substitution has small effects on the predicted properties
and the relative energies.

In Table 2, we show the relative energies for reaction 2 with
a series of electron-donating (ED) and electron-withdrawing
(EW) substitutents along with the calculated gas-phase first-
order rate constants. The analysis of those data indicates that
all substituents have a slight lowering effect onTS-IV that is
irregular with the strength of the ED or the EW group. We
understand this result in terms of simple substitutent effects in
para-substituted toluenes.17,18TheTS-IV structures are reactant-
like and resemble 4-X-C6H4-CH3 molecules on which ED and
EW Xs have small effects. For example, the changes in the
molecular stabilization enthalpy19 in 4-X-C6H4-CH3 relative
to X ) H range from 0 to 0.8 kcal/mol.17 The relative energies
of the intermediate structuresV are only slightly affected by
ED groups but are strongly stabilized by most EW groups. The
large stabilizations are the result of EW through theσ-frame
and by π-delocalization of the unpaired electron into the
available empty p- orπ-type orbitals that are available in the
substituents. Because there are structural similarities between
TS-VI andVI , substituent effects on their relative energies are
also similar. In these cases, the substituent effects are due to
the convolution of radical stabilization enthalpies (RSE) on the
benzyl moieties and also to the molecule stabilization enthalpies
(MSE) on the phenoxy moieties of theTS-VI andVI species
(see Table 5 of ref 17 for MSE and RSE values).

Table 2 also shows the effect of the substituent group on the
rate constant (k) for reaction 2, which was calculated using a

steady-state approximation that involves a pre-equilibrium as
described by Atkins.20,21 The value ofk is lowest for the
strongest ED groups, and it increases with increasing EW
strength of the substituent. There is a difference of 2 orders of
magnitude ink over the range of substitutents studied.

Overall, the calculated substituent effects on the rate constants
are in line with the observations of Aureliano Antunes et al.7

who reported that “migration aptitudes” displayed the following
trend with X: CF3 > H = CH3 > OCH3. The data in Table 2
indicate that the migratory aptitudes arise from the substituent
effects on the relative stabilities on the intermediate and second
barrier in reaction 2: That is, the destabilization ofV andTS-
VI follow the order CF3 > H = CH3 > OCH3.

Consideration of how the substituents change the barrier
heights in reaction 2 with respect toV can give us some idea
of how structure can influence the lifetime (and hence the ease
of observation) of the reaction intermediate. In this context, the
differences in relative energies betweenTS-IV and V (Table
2, columns 2 and 3) and also betweenTS-VI andV (Table 2,
columns 3 and 4) indicate that aryl substituents have the
potential to contribute less than 2 kcal/mol to stabilizingV with
respect to its barriers. The largest overall effect on the
intermediate lifetime is likely to come from-CN substituents,
which lowersV by 1.6 kcal/mol with respect toTS-IV but
causes no change in theV-TS-VI separation. The use of CF3

substituents by Aureliano Antunes et al. was only moderately
effective in this connection, which loweredV by 0.6 kcal/mol
with respect toTS-IV but also loweredTS-VI by 0.4 kcal/mol
with respect toV.

In summary, the results of our theoretical calculations predict
properties that are associated with the radicals in the 1,1-
diphenylethoxyl radical rearrangement of1 that reproduce those
obtained from experiment. The rate constants we calculated are
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a given process, rate constants were calculated usingk ) Aqe-∆E°/RT with
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TABLE 2. Relative Energiesa with Various para-X-Substituents
and Gas-Phase, First-Order Rate Constantsb for Reaction 2c

X TS-IV V TS-VI VI log k

N(CH3)2 -0.9 0.2 1.7 2.9 4.3d

NH2 -1.0 -0.2 1.3 2.7 4.7
OCH3 -0.2 0.3 1.2 2.2 4.7
OH -0.2 0.4 1.2 2.1 4.7
CH3 -0.3 -0.2 0.2 0.7 5.2
H 0 (9.9) 0 (7.3) 0 (10.7) 0 (-13.7) 5.4e

COOH -0.7 -2.1 -2.5 -2.5 6.6
CHO -1.2 -3.0 -3.2 -3.0 6.9
CF3 0.0 -0.6 -1.0 -1.4 5.8
CN -1.0 -2.6 -2.6 -2.5 6.8
NO2 -0.5 -2.3 -2.9 -3.2 6.5f

a Zero-point energy corrected values are reported in kcal/mol.b The value
of k is in units of s-1. Energy entries are relative to the X) H values.c The
data in brackets are energies for X) H relative toIV . d-f The presence of
a methyl group at the central, tertiary carbon raises logk to d5.5,e6.9, f7.7,
see Supporting Information. Our calculated value for logk for reaction2
with X ) H and a methyl group on the central carbon is in excellent
agreement with the measured value of 6.45 reported in ref 7.
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in agreement with the trend observed experimentally.7 Relative
energies obtained from a carefully benchmarked DFT approach
show that reaction 1 indeed proceeds through an intermediate.
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