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ABSTRACT: Dynamic phenomena are established for the [D3]methyl (2SR,3RS)-2-methyl-4,4,4-trichlo-
robutanoate-2-yl radical (1). This is revealed by EPR spectroscopy and quantum chemical calculations.
The minimum conformations B and D of 1 possess planar radical centers and are sepearated by an energy
barrier of 12.0 ( 1.8 kJ‚mol-1 (experimental; calculated, 11.0 kJ‚mol-1).

Introduction

Radical polymerization is an amply utilized method
in industry. Therefore, it is not surprising that radicals
occurring in the course of these reactions have been
intensively studied. Many of these studies were per-
formed with the help of EPR methods, and one can even
regard the publications on such radicals as historical
examples for the observation of basic phenomena like
the characteristic sizes of â-proton hyperfine coupling
constants or line broadening due to conformational
dynamics.1-5

The initiation and the growth of the radical chain
cover a wide range of reaction rates. 6-9 What are the
factors governing the properties of the propagating
polymer? Clearly the (stereo)selectivity for the monomer
addition is controlled by steric factors, and therefore,
the geometry or, more accurately, the preferred confor-
mation of a radical is decisive.10-12 The conformation
of the growing radical chain directs the orientation of
the adding monomers, i.e., the sterical demand of the
R-substituents and â-substituents directs the selectivity
of additions. This is also connected to the penultimate-
unit effect in polymerization reactions.13-18

Radicals of type I and II represent models for the
addition of methacrylares and acrylates to a radical R•

(Chart 1). Their conformations were studied by EPR
spectroscopy and several examples can be found in the
literature.1-5,19,20 A more recent analysis of EPR spectra
obtained from acrylate-derived radicals, e.g., [D3]methyl
(2SR,3RS)-2-methyl-4,4,4-trichlorobutanoate-2-yl radi-
cal (1) presents some unexpected conclusions: Two
distinctly different radicals, a high- and a low-temper-
ature species with a pyramidalized geometry at the
radical center are anticipated.21 Such structures would
imply a reactivity which should be definitely different
from that of a planar radical center deduced from the
earlier studies, both in terms of sterical interactions and
in terms of a higher reactivity caused by an increased
σ-character of the radical center.

Are such bent radical geometries really likely? Within
the last couple of years it was shown that, in particular,
calculations on the density functional level of theory22

lead to reliable predictions of radical structures and
EPR parameters.23-26 Combining the predictions from
theory with temperature-dependent EPR spectra, we
wish to reexamine the structure of 1 and related
radicals.

Results and Discussion
In Figure 1, the EPR spectra obtained during pho-

tolysis of 2 are shown together with the corresponding
simulations. Above 273 K no dramatic changes in the
EPR signal patterns are notable and a perfect match
between the experimental and the simulated EPR
spectrum is attained (Figure 1) with a 1H isotropic
hyperfine coupling constant, hfc, of 1.12 mT attributable
to two equivalent protons in the â-position (Hâ′, Hâ′′) in
respect to the radical center. The second 1H hfc of 2.357
mT of three equivalent protons consequently stems from
the protons of the R-methyl group.

Below 243 K, the central lines of the 1:2:1 pattern
(marked with an asterisk in Figure 1) attributed to the
two (yet equivalent) â-protons begin to broaden showing
unusual intensity ratios while the outermost lines
(marked with a square) remain constant. Previously,
this observation was interpreted in terms of two differ-
ent radicals being present where one of the radicals
reversibly disappears at low temperatures.21 Simula-
tions of the experimental spectra, however, have not
been shown. Reexamination of the former results rather
points to dynamical phenomena being responsible for
the (line width) alternations in the EPR signals:27 This
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behavior is distinctive for a dynamical two-site exchange
process often observed in EPR spectra of alkyl radicals.
Obviously such EPR spectra can be simulated (Figure
1) with the assumption of a two-jump model.

Whereas the fast-exchange limitswhere the rotation
of the CCl3CH2 moiety in respect to the radical center
is fast on the hyperfine time scalesis reached at 273 K
(1Hâ hfc of 1.12 mT for two equivalent protons), the slow
exchange regime with two nonequivalent Hâ cannot be
reached. But which hfcs should be used for the confor-
mation of minimum? It has been shown that particu-
larly density functional theory calculations with the
hybrid functional B3LYP are able to give rather precise
predictions for the minimum geometry of organic radi-
cals together with the corresponding hfcs.26 Computa-
tions of 1 on the UB3LYP/6-31G* level reveal two
isomers. In one isomer, denoted “Z”, the carbonyl group
of the ester moiety is oriented toward the R-methyl
group, but is reversed in the “E” isomer (Figure 2). Ιn
both cases the radical center is planar. The â′ protons
are twisted out of the nodal plane of the radical center
by 45 and 47°, respectively; consequently, the angles
between the pz axis of the radical center and the
remaining â′′-Η atom are 74 and 72° (Figure 2). The

calculations indicate that the E isomer is more stable
than the Z by only 1.4 kJ‚mol-1.

The calculated 1H hfcs for the minimum conforma-
tions of the E and Z isomers are given in Table 1
together with the values which take into account

Figure 1. EPR spectra of 1 at 213, 228, 243, and 273 K and their simulations.

Figure 2. “E” and “Z” isomers of radical 1 including dihedral
angles of the UB3LYP/6-31G* optimized structures.
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additionally populated rotamers of the CD3COOCH3C•-
CH2CCl3 bond (see below) given by the Boltzmann
distribution. It is apparent that the 1H hfcs are virtually
identical for both isomers. Therefore, a differentiation
between them is not possible by means of the experi-
mental data. The calculated, Boltzmann averaged â hfc
at T ) 273 K is almost identical for both isomers and
the value of 1.15-1.16 mT is in excellent agreement
with the experimental counterpart of 1.12 mT obtained
in the high-temperature EPR spectra. The same is
apparent for the 1H hfc of the R-methyl group (calcu-
lated, 2.20-2.21; experimental, 2.357 mT; Table 1).

With the calculated hfcs values of 0.4 and 1.7 mT
(minimum conformation of the E isomer) for the two
different Hâ in the slow-exchange limit (i.e.) low tem-
perature, the experimental EPR spectra could be simu-
lated for the entire range of temperatures in a straight-
forward way. Using the exchange frequencies established
by the spectral simulations, the Arrhenius plot (Figure
3) yields an activation energy of 12.0 ( 1.8 kJ‚mol-1

and a frequency factor of log(A/s-1) ) 10.94 ( 0.41.
Figure 4 shows the energy profile for the rotation along
the CD3COOCH3C•-CH2CCl3 bond in the E isomer
calculated on the UB3LYP/6-31G* level. The relative
electronic energy is plotted vs the dihedral angle γ-
(1,2,3,4) from 0 to 360°. The profile for the Z isomer is
not presented because it is only marginally differing
from that for the E. The two minimum conformations
B and D represent “eclipsed” structures, separated by
an energy barrier of 11.0 kJ‚mol-1 (9.7 kJ‚mol-1 in the
“Z” isomer) via “gauche” conformation C. This value
closely resembles the experimental Ea of 12.0 ( 1.8
kJ‚mol-1. The sterically congested conformer A is not
populated.

In conclusion, our study shows that the radical 1
indicates dynamical phenomena between conformers B
and D. These conformers direct the addition of the next
alkene monomer being responsible for the stereoselec-
tivity of the polymerization. A similar dynamic behavior
has been established for a number of related radicals.28

Analogous phenomena are also clearly visible in the

EPR spectra of several other derivatives of type II
reported in the previous study.21

Experimental Section
The EPR spectra were recorded on a Bruker ESP 300E

spectrometer equipped with a variable temperature unit.
Radical 1 was generated by photolysis of 2 (irradiation with a
Hg/Xe high-pressure lamp (Hanovia SP 1000, IR Filter) within
the cavity of the EPR spectrometer; Scheme 1). Simulations
of the EPR spectra were done with a program by J. Heinzer
(ETH Zurich). Quantum chemical calculations were performed
with Gaussian 94.29
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Figure 3. Arrhenius plot for radical 1. k ) exchange rate, T
) temperature.

Figure 4. Energy profile for the rotation around the CD3-
COOCH3C•-CH2CCl3 bond in the “E” isomer of radical 1.

Scheme 1
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