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Phenyl-Bridging in the 2-Phenylethyl Radical. A Molecular Orbital
Study
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Density functional theory at the UB3PW91/6-31G(d.p) level on the open and bridged forms of the
2-phenylethyl radical are reported here together with activation energies and calculated rate
constants for rearrangement of the bridged to the open radical. In addition, the effect of substituents
on the aryl ring upon the relative energies, activation energies, and rate constants for rearrangement
from the bridged to open forms are presented. Para-substituents include CH3, CF3. CN, CHO. OH,
SH, O, S, and NO. The parent bridged radical is found to be 10.1 kcal/mol higher in enthalpy
than the open form. The activation energy for conversion of the bridged to open radical is 3.96
kcal/mol. Para-substitution by CN or CHO significantly lowers the difference in energy between
the species, while substitution by NO renders the bridged form more stable. Para-substitution by
CN or CHO coupled with substitution with CN in the ortho-positions makes the open and bridged

radical approximately equivalent in energy.

Ever since the neophyl rearrangement (2-phenyl-2-
methyl-1-propyl to 2-benzyl-2-propyl radical) was ob-
served,! phenyl-bridged radical species have been pos-
tulated as intermediates in phenyl 1,2-migrations of
organic free radicals. Slaugh has reported that the
simpler phenylethyl radical, 1a (when substituted with
14C in the 1-position), similarly rearranges to the extent
of 2.3 to 5.1%.2 A similar species was postulated to
explain the photochemical rearrangement of 1-phenyl,2-
bromopropane to products that could be derived from the
2-phenyl,1-propyl radical.® However, no direct evidence
for the bridged radical, 2a, had been found from these
rearrangement experiments.

X

a: X=Y=H g: X=07, Y=H

b: X=CN, Y=H h: X=SH, Y=H

¢: X=OH, Y=H i: X=S", Y=H
d:X=CH,, Y=H  j: X=CHO, Y=CN
e: X=CF,, Y=H k: X=NO, Y=H

f: X=CHO, Y=H  I: X=XN, Y=CN

Eventually, the bridged phenylethyl radical, 2a, was
unambiguously made by hydrogen abstraction from spiro-
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[2,5]octa-4,6-diene, 4.* The radical’'s rearrangement to 1a
was too fast to be measured by esr. Upon the basis of
this observation, the rate constant for the rearrangement
2a — la (via transition-state 3a) was estimated to be >
2 x 1072 s ! at 123 K. Analysis by laser flash photolysis
led to Arrhenius parameters of 9.2 + 1.0 s7* (A) and 2.8
+ 0.4 kcal/mol (E,). The unusually low value of A
obtained caused the authors to be somewhat skeptical
of their results. Nevertheless, they estimated the AH for
the equilibrium 1la == 2a to be = 13 kcal/mol. Later
experimental and AM1 MO investigations of similar
rearrangements of 1,1-diphenylethoxyl radicals led to
evidence for similar oxo-bridged radicals as intermedi-
ates.S

In this paper we explore the potential energy surface
of the phenylethyl radical and several analogous species
derived from substitution on the phenyl ring using
molecular orbital methods. Previous calculations using
STO-3G at the HF, UHF, and MP2 levels are regarded
as of qualitative interest, but not quantitative.®

Methods

We performed the DFT calculations using the B3PW91
hybrid functional. This method combines Becke's three-
parameter functional,” with the nonlocal correlation provided
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Table 1. Energetic and Geometrical Properties?

X Y AE AHact AH AGact k (298 K) k (123 K) r (TS) r (b)
H H —9.84 3.96 —10.11 411 1.21 x 10710 2.62 x 1075 1.846 1.531
CN H —5.60 4.96 —6.21 5.07 241 x 1079 5.18 x 1073 1.884 1.546
OH H —10.52 421 —10.80 4.40 7.45 x 1079 8.00 x 1074 1.844 1.539
CHs H —9.61 4.15 —9.91 4.74 4,20 x 107° 1.99 x 1074 1.849 1.542
CFs H —8.38 4.01 —8.75 4.23 9.92 x 1079 1.60 x 1075 1.858 1.545
CHO H —4.35 5.26 —5.06 5.32 1.58 x 107° 1.87 x 1073 1.898 1.546
o~ H —12.20 3.57 —11.61 3.73 2.30 x 10710 1.24 x 1076 1.825 1.538
SH H —8.51 4.60 —9.59 5.01 2.66 x 1079 6.62 x 1073 1.861 1.540
S H —6.87 4.08 —8.64 5.30 1.62 x 107° 1.99 x 1073 1.867 1.533
CHO CN 0.69 6.10 0.04 6.25 3.29 x 1078 4,17 x 1071 1.944 1.548
NO H 5.72 7.71 4.22 11.86 2.58 x 1074 4.74 x 1079 1.950 1.532
CN CN 0.28 6.08 0.35 6.25 3.27 x 1078 4.11 x1071t 1.939 1.547

a Energies and enthalpies are for open structures and bridged structures in kcal/mol. Rate constants (k), in s71, are calculated for the
reaction from bridged to open radicals at 298 and 123 K. Bond distances (r), in A, are for the bond being broken in the TS, or the bonds
between the aryl group and the methylenes in the bridged radical (b).

by the Perdew—Wang expression.® Like the BLYP functional.®
B3PW91 should practically eliminate the large spin contami-
nation generally encountered using unrestricted Hartree—Fock
(UHF) wave functions. Stable structures were fully optimized
and transition states located at the UB3PW91/6-31G(p,d) level
using the GAUSSIAN 98 series of programs.l® Standard
integration grids were employed. We calculated the vibrational
frequencies of all stationary points to characterize them and
obtain the zero point vibrational energies (ZPVE). AH'’s, AS’s
and AG's. These calculations used the harmonic oscillator,
rigid rotor and ideal gas approximations at room temperature
(298.15 K) and 1 atm of pressure.

Results and Discussion

We performed calculations on the potential energy
surfaces for the rearrangement 1la = 2a. In addition we
calculated the analogous surfaces for the rearrangements
of the substituted radicals, 1(b—I) = 2(b—1) to investi-
gate the effects of substituents upon the surface. In
particular, we sought to determine which (if any) sub-
stitutions might lead to a stable bridged radical. The
relevant energies, enthalpies, and free energies (298 K)
are summarized in Table 1. For all calculations, <S2>
was close to the expected value of 0.75 and always <0.80.
For purpose of discussion, the enthalpies will be used in
the following discussion.

The parent 2-phenylethyl radical is predicted to be
lower in enthalpy in its open form, 1a, by 10.1 kcal/mol.
This value is close to, but slightly less than, the value of
E. = 13 kcal/mol, suggested by the laser flash photolysis
study. However, there is a statistical factor of 2 that
should be taken into account, as there are twice as many
possible open as bridged structures. Using the free energy
of activation (11.83 kcal/mol) and the factor of 2, we
calculate a predicted equilibrium constant of 1.9 x 108,
slightly less than, but close to, the predicted >10° The
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TS leading from the bridged to the open form is 14.1 kcal/
mol relative to the open radical. The enthalpy of activa-
tion for the opening of the bridged species, 2a, is
calculated to be 4.0 kcal/mol. This value can be compared
with the Arrhenius E, of 2.8 kcal/mol reported (with some
skepticism since the same Arrhenius analysis produced
an unlikely log A/s™ value of 9.2).2 However, once again
a statistical factor of 2 must be taken into account. Just
as there are two equivalent open radicals, 1a, there are
two independent paths, via two equivalent TS’s, 3a, to
forming them. The predicted unimolecular rate constant
for the reaction, 1b — 1a, can be estimated from
transition-state theory from the equation k = (kgT/h)-
e"AGRT \where kg is the Boltzmann constant, T is the
temperature in K, h is Planck’s constant, and R is the
gas constant. Using the free energy of activation (4.1 kcal/
mol) and the factor of 2, we calculate a rate constant of
2.6 x 10°s ' at 123 K, consistent with the reported value
of 22 x 102 s

In the optimized geometry of the open radical, 1a, the
dihedral angle between the terminal C—C bond and the
plane of the aromatic ring is 49°. There appears to be a
stabilizing interaction between the p-orbital of the ter-
minal CH; and the proximate aryl C—H bond (C---H is
2.6 A). This interaction can be compared to C—H---x
interactions observed in other systems.'* The C—C bond
lengths between the ring and the methylenes in the
bridged radical, 1b, are 1.539 A. In the optimized TS
between 1a and 1b, the incipient bond is 1.846 A.

A comparison of the energetic parameters for the
substituted radicals is presented in Table 1. One of the
major reasons for examining the effect of substituents
upon the potential surface is to ascertain which, if any,
substitution patterns might lower the relative energy of
the bridged radical. If we can successfully predict that a
particularly substituted phenylethyl radical will prefer
the bridged structure, experimentation may lead to esr
confirmation of the intermediate. The rate constants in
Table 1 are all calculated as delineated above for the
unsubstituted radical. Rate constants at room tempera-
ture (298 K) and the temperature appropriate to the
reported attempt to observe the spectrum discussed above
(123 K). Substitution at the para-position by CH;, CFs,
OH, O, SH, or S~ has only a small effect upon the energy
difference between the open and bridged structures.
Substitution by CN an CHO both lower the relative
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Figure 1. Reaction path for rearrangement.

energy of the bridged structure significantly compared
to those substituents enumerated above, However, radi-
cals substituted with CN or CHO in the para-position
remain more stable in their open form. Para- substitution
with NO renders the bridged more stable than the open
radical by 4.2 kcal/mol Trisubstitutions, with CN’s in the
two ortho-positions and either a CN or a CHO in the
para-position, make the two radical forms roughly equiva-
lent in energy.

Except for these last three substituted radicals, the
predicted rate constants for the rearrangement from
bridged to open radical are all too great to be seen under
the experimental conditions used in ref 3. The rate
constants for the trisubstituted radicals barely meet the
kinetic criterion for observation of an esr spectrum under
these conditions (k < 1 x 10% s7! at 123 K). However,
the p-NO radical, 2k, should be easily observable as it is
more stable than the open radical, 1k, so it should be
the predominant radical.

The NO moiety has long been associated with free
radical stabilization in nitroxide radicals. For example,
di-tert-butyl nitroxide is a classical example of a stable
free radical.’> The behavior of the nitroso group as a
simple substituent is less well documented, presumably
due to its relative instability. Nevertheless, one can easily
understand the strong electron-withdrawing®® and radi-
cal-stabilizing character of NO by considering three
simple free radicals: allyl, cyanomethyl, and nitroso-
methyl. Allyl is symmetrically delocalized, with equal
spin on each terminal carbon. Cyanomethyl can be
thought of as an allyl where one terminal carbon has been
replaced by a nitrogen. Since the nitrogen atomic orbitals
(AQ’s) are lower than those of carbon, the bonding
m-orbital is polarized toward the N. The SOMO is thus
polarized toward the C, placing more spin density at the
terminal C than at the N. The nitrosomethyl radical can
be thought of as an allyl where two C's are replaced by
an N and an O. The N and O AQO’s are sufficiently lower
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Figure 2. Variation of the enthalpy of activation with the
enthalpy of reaction for 2 — 1.

than those of C so that the 7 N—O orbital is lower than
the carbon p-orbital. Thus, the SOMO becomes similar
to the N—O z*-orbital. Most of the spin resides on the N
and O. The radical is greatly stabilized.

One should note that while all of the mono (para)-
substituted open radicals prefer a geometry with the
terminal CH; interacting with an ortho C—H of the aryl
ring, when CN groups occupy the two ortho-positions,
steric hindrance prevents this. Both 1j and 1l prefer
conformations with this C—C bond roughly perpendicular
to the aryl ring. Thus, the change in relative stability
for the bridged vs open structures upon adding the ortho
CN groups (i.e., comparing 2b and 2f with 21 and 2j) must
be due to an increase in energy of the 1 structure, as well
as a decrease in that of the 2 structure.

A comparison of the activation enthalpies for rear-
rangement of bridged to open radical correlates well with
the corresponding enthalpies of reaction (Figure 2) and
with the C—C distance in the TS for the bond being
broken (Figure 3). This behavior would be expected from
the Hammond postulate.’* As the bridged radical, 2,
becomes higher in energy, it becomes closer in structure
to the TS, 3. Correspondingly, the activation energy for
the rearrangement 2 — 1 increases as the enthalpy of
the reaction increases.
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Figure 3. Variation of C—C distance in TS for bond being
broken with enthalpy of activation.

Conclusion

The calculations presented here strongly suggest that
the bridged 2-phenylethyl radical exists with a lifetime
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that would be difficult to measure by esr techniques, as
previously reported. However, appropriately substituted
bridged radicals, 2, can be made that would be as stable
(2], 21) or more so (2K) as the corresponding open radical,
1. Syntheses of one or more of the radicals should lead
to experimental esr observation of the bridged species.
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