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Kinetic radical additions are apparently
controlled by the interplay between the
reaction enthalpy and the charge transfer
during the course of the reaction, ...

TS R _|°

R + CHA=CXY \
¢ CHACXY

Exothermicity R-CHA-CXY
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. and the nucleophilic and electrophilic
polar effects of the substituents (A, X, Y).
This dependency can be described accurately
by new nonlinear equations.

ANGEWANDTE
@[HJEMH | S —ewiLEy-vcH




REVIEWS

Factors Controlling the Addition of Carbon-Centered Radicals to Alkenes—
An Experimental and Theoretical Perspective

Hanns Fischer* and Leo Radom

The successful exploitation of synthe-
ses involving the generation of new
carbon —carbon bonds by radical reac-
tions rests on some prior knowledge of
the rate constants for the addition of
carbon-centered radicals to alkenes
and other unsaturated molecules, and
of the factors controlling them. Two
former classical reviews in Angewandte
Chemie by Tedder (1982) and by Giese
(1983) provided mechanistic insight
and led to various qualitative rules on
the complex interplay of enthalpic,
polar, and steric effects. In the mean-
time, the field has experienced very
rapid progress: many more experimen-
tal absolute rate constants have be-
come available, and there have been

reliability of quantum-chemical meth-
ods for the accurate calculation of
transition structures, reaction barriers,
and reaction enthalpies. Herein we
review this progress, recommend suit-
able experimental and theoretical pro-
cedures, and display representative
data series for radical additions to
alkenes. On this basis, and guided by
the pictorial tool of the state-correla-
tion diagram for radical additions, we
then offer a new and more stringent
quantification of the controlling fac-
tors. Our analysis leads to a partial
revision of the previous qualitative
rules, and it more clearly exhibits the
interplay of the reaction enthalpy ef-
fects, polar charge-transfer contribu-

the reaction energy barrier. The vari-
ous contributions are cast into the form
of new, simple, and physically mean-
ingful but non-linear, predictive equa-
tions for the preestimation of rate
constants. These equations prove suc-
cessful in several tests but call for
additional theoretical and experimen-
tal foundation. The kinetics of related
reactions such as polymer propagation,
copolymerization, and the addition of
radicals to alkynes and aromatic com-
pounds is shown to follow the same
principles.

Keywords: ab initio calculations - ad-
ditions - kinetics - radical reactions

major advances in the efficiency and

\_

tions, and steric substituent effects on

/

1. Introduction

The addition of carbon-centered radicals to alkenes and
other unsaturated compounds leads to the creation of new
carbon —carbon o bonds at the expense of existing w bonds. It
is a very important radical reaction and has long been applied
in polymer chemistry, but recent years have also seen
numerous applications in the synthesis of small molecules.l'3!
The reaction rates and selectivities vary considerably, and
depend on the substitution of both the substrate and the
radical. For example, in liquid solution at room temperature
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the methyl radical adds to propene with a rate constant of
4300M~'s~!, while the reaction is about 100 times faster with
styrene (2.6 x 10°M~!s™!) and acrylonitrile (5.4 x 10°mM~'s71).
The addition of a simple derivative, the hydroxymethyl
radical, to propene (270M7's7') and styrene (2.3 x
10*m~'s7!) is more than ten times slower than the addition
of the methyl radical, but hydroxymethyl radical reacts
markedly faster than the methyl radical with acrylonitrile
(1.1 x 10°m~'s71). Such order-of-magnitude rate variations
may result in the success or failure of syntheses, and therefore
a predictive synthetic strategy relies on some prior knowledge
of the rate constants for the addition, and of the factors
controlling them. 4

These factors have found extensive discussion since the
early days of radical chemistry?®! and were summarized some
time ago in this journal, especially for the addition to alkenes,
by Tedder! and by Giese.! There is a “complex interplay of
polar, steric, and bond-strength effects”,[) but Tedder and
Giese were able to extract several general but qualitative
rules. These were subsequently supported by others,> 8 and
have found widespread acceptance.

1433-7851/01/4008-1341 $ 17.50+.50/0 1341
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In the meantime, considerable progress has been made,
both in accurate experimental determinations of absolute rate
constants for radical reactions and their activation parame-
ters, and in quantum-chemical calculations of transition state
structures and reaction barriers. Moreover, a unifying theo-
retical model for the interpretation of reaction barriers has
become available. Hence, a reconsideration of the controlling
factors seems timely. Herein, we first outline the previous
interpretations, sketch the refined rationalization concept,
and summarize the progress of the experimental and theo-
retical methods. Then, we present and discuss absolute rate
constants and activation parameters for the addition of
several prototype carbon-centered radicals to a large variety
of typical alkenes, explicitly covering cases mainly from our
own work. These form a representative series, allow impor-
tant and clarifying generalizations, and lead to a general
predictive analysis which extends an earlier attemptl®! and is
presented here for the first time. The experimental data have
been obtained for reactions in solution, and the theoretical
reaction barriers by state-of-the-art ab initio calculations. In
addition to the main topic of additions to alkenes, related
subjects such as additions to alkynes, aromatics, and other
unsaturated compounds, as well as polymerizations, are
briefly mentioned, but we will not review these fields
exhaustively, nor will we cover the stereochemical aspects of
additions,”! intramolecular cyclizations, and the multitude of
known synthetic applications. !

2. Concepts for the Interpretation of Reactivities
and Regioselectivities

2.1. Previous Rules for the Addition of Radicals to
Alkenes

The addition of a reactive carbon-centered radical to a
molecule with a multiple carbon-carbon bond is generally
exothermic because a m bond is replaced by a o bond
(Figure 1). Therefore, and according to Hammond’s postu-
late,['!] the transition state is early, that is, the cleavage of the &t
bond and the formation of the o bond are far from being
complete in the transition structure. Figure 2 shows the
transition structure obtained from recent high-level calcula-

TS R e

R + CHA=CXY \
¢ CHACXY

Exothermicity R-CHA-CXY

Reaction Coordinate —»

Figure 1. Schematic energy profile showing the reaction of a radical R*
with an alkene CHA=CXY.
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tions for the addition of the
methyl radical to ethene.l'> !

| As expected, the newly forming
2281AY  1095°

bond is still long (2.281 A), but
the angle of attack (109.5°) is
already close to the correspond-
ing angle in the product radical.
There are appreciable out-of-
plane deformations of the hy-
drogen atoms at both the a
carbon atom of ethene (18.6°)
and at the radical carbon
(32.4°). These general features have been found for the
transition structures for a large variety of addition reactions.
The unsymmetrical structure means that additions to the two
carbon atoms of an unsymmetrically substituted multiple
bond have separate and in general different rate constants.

The temperature dependence of the rate constants is well
described by the Arrhenius equation k=Aexp(—E/RT).
Thus, at a given temperature, the rate variations with radical
and substrate substitution can be caused by variations in the
frequency factor (A) and/or the activation energy (E,). For
polyatomic radicals, the frequency factors span a narrow
range of one to two orders of magnitude (6.5 <Ig(A/mM~'s7")
< 8.5).°l Hence, the large variation in the rate constants is
mainly because of variations in the activation energy.

The major factors influencing the activation energy are
a) steric effects of the radical and alkene substituents,
b) effects of the overall reaction enthalpy, and c) so-called
polar effects. They are covered by the rules of Tedder and
Giese:l67]

a) Steric effects of repulsion between the radical and the
alkene substituents X, Y, and A (Figure 1) decrease the rate
constants and have been rationalized in terms of steric
substituent parameters.[> 7] They are thought to decrease the
frequency factor and simultaneously increase the activation
energy. The steric effects are in accord with the transition
structure (Figure 2), in that substituents at the attacked
alkene carbon atom (a substituents, A) hinder the reaction
much more than substituents at the remote carbon atom
(B substituents, X and Y). This explains why the addition to
monosubstituted and 1,1-disubstituted alkenes occurs pre-
dominantly at the unsubstituted carbon atom, for 1,1,2-
trisubstituted alkenes at the carbon with the single substitu-
ent, and for 1,2-disubstituted alkenes and alkynes at the
carbon atom which carries the “smaller” group.

b) The reaction enthalpies (H;) range from about
—180 kJmol~! to —20 kJmol~' (see Sections 4.2,4.3). The
activation energies range from close to zero to about
42 kJmol~! and show less variation than the reaction en-
thalpies with alkene or radical substitution, as one would
expect for early transition states. Generally, they decrease
with increasing exothermicity, as expressed by the Evans—
Polanyi —Semenov!*l relation [Eq. (1)]. For exothermic proc-

Figure 2. Transition structure
for the addition of the methyl
radical to ethene (QCISD(T)/
6-31GT(d)). From refs. [12, 13].

E, = const+aH, (1)

esses, the proportionality constant (a) is thought to be
approximately 0.25,[4"] which means that about one quarter
of the variation in H, is transferred to the transition structure.

Angew. Chem. Int. Ed. 2001, 40, 1340-1371

H, includes the stabilizing or destabilizing effects of substitu-
ents on the adding radical, the alkene, and the adduct radical,
factors which were extensively noted in the earlier work.[® 7]

c) Polar substituent effects reveal themselves by particu-
larly fast additions of electron-donor-substituted radicals to
electron-acceptor-substituted alkenes and of acceptor-substi-
tuted radicals to donor-substituted alkenes. In early work,
they were loosely ascribed to contributions of charge-transfer
resonance structures to the transition state.* In the terms of
frontier molecular orbital (FMO) theory,”! the polar effects
are attributed to orbital interactions. The energy of the singly
occupied molecular orbital (SOMO) of an electron-donor-
substituted radical is relatively high, and the energy of the
lowest unoccupied molecular orbital (LUMO) of an acceptor-
substituted alkene is low. Interaction of these energetically
close orbitals lowers the energy of the transition state and
provides a partial electron transfer from the radical to the
alkene. Hence, donor-substituted radicals express a nucleo-
philic character, and this increases with the acceptor strength
of the alkene substituent. On the other hand, the low-lying
SOMO of an acceptor-substituted radical interacts favorably
with the high-lying highest occupied molecular orbital (HO-
MO) of a donor-substituted alkene. This leads to a partial
electron transfer from the alkene to the radical, and such
radicals show an electrophilic addition pattern.

Evidence for the polar effects is provided by good
correlations of rate data with polar o-substituent constants,
from which a nucleophilic character was deduced for the
methyl radical and its alkyl- or other donor-substituted
derivatives.>*7) On the other hand, radicals carrying fluoro
substituents,[® 1 or two cyano,l'¥ or two carboxy['”! groups at
the radical center were recognized as electrophilic. Giese, in
his review,[” thought that the polar effects even override the
influence of the enthalpy, the exception being for an attacking
radical with phenyl substituents. It has also been stated'¥! that
monocyano- and monocarboxy-substituted radicals react fast
with alkenes carrying strong electron-acceptor substituents
and also with alkenes carrying strong electron-donor sub-
stituents, and hence exhibit an ambiphilic addition behavior
towards alkene substitution.

Besides the steric, enthalpic (bond strength), and polar
effects, other factors have also been suggested. Thus, Szwarc
et al.l¥] argued that the activation energy should decrease
with decreasing alkene triplet-excitation energy, and this was
exemplified by additions to aromatic compounds. In addition,
an influence of the hybridization of the radical carbon atom
has been proposed. It is known that alkyl radicals with fluoro
or other lone-pair-donor substituents are pyramidally hybri-
dized at the radical carbon, whereas methyl, benzyl, and
acceptor-substituted radicals are planar or close to planar. In
the transition structure, the bonds at the initial radical carbon
atom adopt a pyramidal configuration (Figure 2). Intuitive-
ly,['> 2] this seems easier to reach when it is already present in
the radical, and therefore pyramidal radicals such as trifluoro-
methyl should have an advantage. On the other hand, radicals
with extended delocalization such as the benzyl radical and
cyano- or carboxy-substituted methyl radicals are expected to
resist pyramidalization, which by this argument may lead to
higher activation energies.?!l
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2.2. The State Correlation Diagram

In the past 20 years, a more unifying theoretical framework
for the discussion of reaction barriers in terms of the
correlation and the interaction of reactant and product
electronic configurations has been developed by Shaik and
Pross.?2 21 Tt extends earlier work?! and is based on a
valence-bond (VB) description of chemical reactivity. In
broad terms, this approach employs qualitative energy
diagrams which depict the energies of VB configurations
along the reaction coordinate. The curve-crossing model,
alternatively referred to as a valence-bond state correlation
(VB-SC) model, configuration mixing (VB-CM) model, or
state correlation diagram (SCD), has in particular been
exploited to help understand the factors influencing the
addition reactions of radicals to alkenes™ 2?1 and has been
theoretically supported by VBCI (CI = configuration inter-
action) calculations for a model system where zwitterionic
states were included and substituent effects were simulated by
a variation of nuclear charges.”® Its predictive strength is
further evaluated in this review.

To construct potential energy profiles for additions, one
considers the four lowest doublet configurations of the three-
center-three-electron system formed by the initially unpaired
electron at the radical carbon atom R* and the electron pair of
the attacked m bond of the alkene C=C bond. These are the
reactant ground-state configuration with a singlet electron
pair on the alkene (R*+ C=C'"), the excited reactant config-
uration with a triplet electron pair (R*+ C=C?), and two polar
charge-transfer (CT) configurations (R*+C=C~ and R~ +
C=C"). Spin-pairing schemes and VB arguments?>2* ¥l show
that the energies of the diabatic reactant configurations
develop along the reaction coordinate as indicated in Figure 3.
In the absence of configuration interaction (CI) and upon
approach to the product geometry, the energy of the reactant
ground-state configuration (R*+ C=C') increases because the
double bond is stretched, and because in this electronic

Reaction Coordinate —————>

Figure 3. Schematic configuration mixing or state correlation diagram
(SCD) for a radical-addition reaction showing the configuration energies as
functions of the reaction coordinate.
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configuration there is no bonding between the radical center
and the attacked carbon atom. Hence, it leads to an excited-
state configuration of the product (dotted line). On the other
hand, the ground-state configuration of the product with two
single bonds approaches an excited configuration of the
reactant geometry, the configuration R'+C=C’. At the
transition geometry, the configuration mixing yields an
avoided crossing and determines the reaction barrier, as
indicated in Figure 3 by the heavy lines.

The polar charge-transfer configurations, R+ C=C~ and
R~ + C=C" have high energies at the reactant geometry. They
are stabilized as the two reactants approach one another by
the Coulomb interaction (C) and can then potentially mix
with the other configurations. The degree of mixing will
depend on the strength of the interaction (y) which is related
to the FMO coefficients at the interacting centers. However,
as long as the energies of the CT configurations remain far
above the crossing region, the influence on the barrier is
expected to be small. It becomes large when there is sufficient
interaction and when the energy of one or both CT config-
urations, reduced by the Coulomb interaction, falls sufficient-
ly close to the crossing-region of the two lower nonpolar
configurations. Then, the adiabatic mixing of the nonpolar
configurations with the CT configurations will lower the
barrier and cause CT in the transition state.

The SCD predicts the influence of various energy param-
eters on the reaction barrier. Firstly, when polar effects are
small or absent, the barrier should decrease with increasing
exothermicity (—H,), as in the Evans-Polanyi—Semenov
relation [Eq. (1)]. Secondly, the barrier should decrease with
a decreasing singlet—triplet energy gap AErof the alkene, as
suggested by Szwarc.['”l Also, with increasing exothermicity
(— H,) and decreasing AEgr, the transition structure will lie
earlier on the reaction coordinate, so that the distance
between the reactants in the transition structure should
increase. If the energies of the CT configurations are low
and approach the crossing-region, polar effects will overlay
the effects of the reaction enthalpy and of the singlet —triplet
energy gap. Hence, the polar effects are expected to increase
with decreasing energy of either of the CT configurations,
namely E{(R) — E.,(A) and/or E;(A) — E,(R) of the reactants
reduced by the Coulomb attraction C (where E;=ionization
energy, E., = electron affinity, R =radical, A = alkene). Rad-
icals will exhibit a nucleophilic addition pattern if E;(R) —
E..(A) — Cis sufficiently small, and an electrophilic reactivity
pattern if Ej(A)— E.(R)—C is sufficiently small. If both
energies are small, the addition pattern becomes ambiphilic.
However, in all cases an influence of the exothermicity and of
AEg; should remain.

A further important point, we wish to note is that the
Coulomb interaction C and the interaction strength y are
expected to decrease if the radical electron spin and/or the
transferred charges are delocalized over the reactants. There-
fore, in comparison with less delocalizing reactants, the polar
effects should be smaller in reactions involving highly
conjugated radicals or alkenes, such as those carrying phenyl
substituents. Also, the parameters C and y need not be equal
for nucleophilic and electrophilic contributions and may differ
with radical and alkene. Finally, steric effects and/or a
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resistance to pyramidalization of the radical and/or alkene
may lead to a steeper increase in the ground-state energy
upon approach of the reactants, and may also affect the
barrier.

3. Methodology
3.1. Experimental Techniques

Up to about 25years ago, the knowledge of radical
reactivity and selectivity was essentially based only on ratios
of rate constants derived from the product distributions of
suitably chosen competing reactions. Since then, spectroscop-
ic methods have become available which follow the change in
the radical concentrations directly during the reactions in real
time and provide absolute data. Most modern techniques
employ an intermediate digital sampling and storage of the
weak signals, and use digital signal processing and analysis.
Hence, the methodology has enormously profited from the
rapid developments in computer hardware and software.
Even large sets of rate constants can now be measured within
reasonable times. The reader is referred to the literature for
details,*" and we outline only a few important methods here.

Kinetic absorption spectroscopy is probably the most
popular technique for determining the rates of radical
reactions in solution, and it originates from the flash
photolysis studies developed by Porter.®?l The radicals are
generated in a photochemical reaction during a nanosecond
laser pulse, and their optical absorption or that of the species
formed by the addition is followed in the UV/Vis spectral
range. If the reactant and product radicals do not absorb
sufficiently, the reaction of interest is run in parallel to
another reaction which yields a more easily followed indicator
radical. The observation period lasts from about 50 ns to
about 100 ps after the pulse, with the lower limit governed by
the laser pulse length and luminescence disturbances. Up to
about 50 to 100 ps there is usually little bimolecular radical
termination so that the reactions of interest are followed
under kinetic-isolation conditions. This, however, sets a lower
limit to the straightforwardly accessible rate constants of
about 10°m~!s7.

In determinations of lower rate constants, the radical
termination can not be avoided. It is often diffusion con-
trolled®! and competes with the addition process. In such
cases, the rate constants can still be obtained with confidence
if the radical signals are observed with sufficiently small noise
levels and if all competing reactions are known. This is done
by multiparameter fits of theoretical rate laws to the data.
Detection by electron spin resonancel®! is advantageous
because of the clear separation of interfering radical signals,
and the range of accessible rate constants is about 1 to
106m~ts~L

Apart from these methods, pulse radiolysis initiation,?**
modulation spectroscopy,>! and radical or product detection
by muon spin rotation®®! and electron or nucleart®! spin
polarization, respectively, have also been used in time-
resolving studies of absolute addition rates, and IR or Raman
spectroscopy have future potential.’”! Compilations of most
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of the data known for low molecular weight systems are
available.P!

In the polymer domain, the determination of precise rate
constants for the addition of a propagating-chain radical to its
monomer has been a long-standing problem. Time-resolved
techniques still await application but considerable progress
has been made through the invention of laser-pulse polymer-
ization.®®l In principle, one analyzes the distribution of the
molecular weight of the polymer produced by a repetitive
pulse initiation and its dependence on the time interval
between the pulses. Of the many radicals formed during one
pulse only a few survive. They grow by monomer addition
until they are effectively scavenged by new radicals formed in
the next pulse. Hence, the degree of polymerization shows a
peak which depends linearly on the length of the time interval,
the monomer concentration, and the propagation constant.
Most often, size-exclusion chromatography is used to obtain
the molecular-weight distribution, and calibrations and crit-
ical evaluations of the data are necessary.’]

3.2. Theoretical Procedures

An alternative to experiment as a source of quantitative
information about radical-addition reactions is provided by ab
initio molecular orbital theory.[*> 4l Since the time of the
Tedder and Giese reviews,®7! there have been substantial
increases in the power of computers and significant advances
in the algorithms used to carry out ab initio calculations. As a
result, the cost of carrying out such calculations has decreased
by a factor of approximately 100000 during this period,
allowing a much greater range of systems to be examined, and
providing a greater reliability in the predictions. The theoret-
ical approach consequently represents a useful partner to
experiment in the study of radical reactivity.

The ab initio calculations enable the type of information
displayed in Figure 1 to be obtained. The schematic potential-
energy profile in Figure 1 corresponds to the reaction between
a radical R* and an alkene CHA=CXY, proceeding via a
transition structure (TS) to give the product radical
RCHA-CXY". Properties that may be calculated include
complete geometries (i.e. bond lengths, bond angles, and
torsional angles) and vibrational frequencies of all species
including the transition structure. The vibrational frequencies
rigorously characterize stationary points on the potential
energy surface as minima or first-order (or higher) saddle
points and they are also useful (after scaling)*? in thermo-
chemical and kinetic analyses. Because the determination of
experimental geometries and vibrational frequencies is diffi-
cult for radicals and virtually impossible for transition
structures, theory is playing a particularly useful role here.
Theory can also be used to determine thermochemical
quantities such as the reaction barrier and exothermicity. It
also provides information on the direction and extent of
charge transfer. An important feature of the ab initio
calculations is that the properties of interest, for example,
extent of charge transfer, reaction barrier or reaction
enthalpy, can be obtained explicitly and directly.
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We note that there are a broad variety of ab initio
calculations, ranging from cheap and (potentially) nasty to
expensive and very accurate. The quality of an ab initio
calculation depends on two factors, namely the size of the
basis set used in the calculation and the extent of incorpo-
ration of electron correlation. Better calculations are more
expensive. In choosing the level of theory at which the
calculations are to be performed, it is necessary to strike a
compromise between the accuracy that is required and the
computational expense that can be afforded. An important
factor is that the computational cost of an ab initio calculation
increases very rapidly with the size of the system that is being
examined, roughly between the 2nd and 7th power of the
number of electrons (for a given basis set).

It is beyond the scope of the present article to go into details
concerning the theoretical procedures but it is appropriate to
comment on various broad features, beginning with basis sets.
Among commonly used basis sets developed by Pople and co-
workers,* STO-3G is a small basis set, 6-31G(d) (also called
6-31G*) is a medium-sized basis set, while large basis sets
have names such as 6-311 + G(3df,2p). For a given system, the
cost of the ab initio calculation increases rapidly as the basis
set size increases.

Theoretical procedures that are in common use, listed in
order of increasingly refined treatment of electron correlation
(and cost), include Hartree — Fock (HF), Mgller - Plesset per-
turbation theory truncated at second (MP2), third (MP3), or
fourth (MP4) order, quadratic configuration interaction
including single, double, and (perturbatively calculated) triple
excitations (QCISD(T)), and coupled cluster theory
(CCSD(T)). Density functional theory (DFT)¥ is an attrac-
tive approach that is often highly cost effective, popular
variants being B-LYP and B3-LYP. DFT offers the prospect of
applicability to quite large systems because of the recent
development of algorithms with so-called linear scaling with
respect to the size of system or basis set.[*]

There is an additional degree of freedom for calculations on
open-shell systems such as the radicals involved in radical-
addition reactions.””] The calculations may be carried out
using either a wavefuntion restricted, in terms of the electron
spins, (restricted HF; RHF) or unrestricted (unrestricted HF;
UHF) starting point. In the RHF procedure, the a and
orbitals are constrained to be the same. This has the
advantage that the resultant wave function is a pure doublet,
characterized by the spin-squared expectation value (S?) =
0.75. On the other hand, if the a and j orbitals are allowed to
be different, leading to the UHF procedure, the energy
becomes lower. However, the wave function is no longer a
pure doublet but is contaminated by states of higher spin
multiplicity, as reflected in an (S?) value greater than 0.75. It is
not clear beforehand which out of RHF or UHF is better.

When electron correlation is introduced, the procedures
can be based on either UHF or RHF starting points. For
example, Mgller— Plesset perturbation theory can be based on
UHF and is then denoted UMP. If there is severe spin
contamination, there can be poor convergence in the Mgller—
Plesset expansion so that it may be inadvisable to use the
UMP procedure (see, for example, references [46, 47]). There
is generally a significant improvement with the use of
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restricted Mgller—Plesset theory (RMP)*! or projected
Mpgller —Plesset theory (PMP)™) in such circumstances. For
more sophisticated procedures, such as quadratic configura-
tion interaction® or coupled cluster,5! the difference be-
tween the unrestricted (UQCI, UCC) and restricted (RQCI,
RCC) approaches is generally much smaller.”? DFT calcu-
lations also appear to show less spin contamination in the
wave function.[l It has been argued that calculations using
DFT should be carried out in the unrestricted form, for
example, UB-LYP and UB3-LYP.*

An ab initio calculation requires the specification of a
correlation procedure and a basis set, and this defines the
level of theory that is being used. For example, HF/STO-3G
represents a very low level of theory. B3-LYP/6-31G(d) or
MP2/6-31G(d) represent intermediate levels of theory while
QCISD(T)/6-311+G(3df,2p) and CCSD(T)/6-311+G(3df,2p)
represent high levels of theory. The ultimate level of theory,
yielding the exact solution to the nonrelativistic Schrédinger
equation, corresponds to full electron correlation with an
infinite basis set. Unfortunately, this is not accessible in
practice for normal systems, so an appropriate compromise is
therefore necessary. In this connection, an essential element
in the application of ab initio procedures is to assess the
performance of a particular method in cases where the answer
is known (either from experiment or high-level theory) before
using that method to probe the unknown.

A number of theoretical methods attempt to obtain higher
quality results from lower quality calculations (and hence to
more closely approach the exact solution of the Schrodinger
equation at lower cost) by taking advantage of additivity or
extrapolation procedures. For example, the assumption of
additivity of the basis set and correlation effects often holds
reasonably well, and therefore lends itself to such an
approach. Composite procedures of this type relevant to the
present work include variants of the G2 and G3 procedures of
Pople and co-workers,5! the CBS (complete basis set)
procedures of Petersson and co-workers,”® and the extrap-
olation procedures (e.g. W1) of Martin.]

4. Monosubstituted and 1,1-Disubstituted Alkenes
4.1. Experimental Results

4.1.1. Rate Constants

As described in Section 2.2, the addition of alkyl radicals to
monosubstituted and 1,1-disubstituted alkenes is directed by
the substituents to occur predominantly at the unsubstituted
carbon atom and therefore should not be strongly affected by
the individual steric demands of the alkene substituents.
Therefore, we first discuss experimental data for this simplest
situation and select radicals (Figure 4) which allow a case
study for the action of enthalpy and polar effects alone.
Besides the methyl radical,®! we include the resonance-
stabilized benzyl radical,?"* and three other primary radi-
cals, two with an electron-acceptor substituent (cyanometh-
yl® and fert-butoxycarbonylmethyll®) and one with an
electron-donor substituent (hydroxymethyl®)), four tertiary
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CH,
CH, C(CHa)s (CHz),COH
Me Bn tBu POH
CH,0H  (CH3)3COCOG(CHa), (CH),CCN (CH3)sCOCOCH,
MOH PEst PCN MEst

o_._0

CH,CN 0_0O CFsCOCH,
HsC CHy

MCN cMal FAc

Figure 4. Radicals included in Tables 1 and 2 and in Figures 7, 8, and 12—
15.

species, two with only donor substituents (zert-butyl3> 362621
and 2-hydroxy-2-propyl®® 1) and two with two donor and
one acceptor substituent (2-fer-butoxycarbonyl-2-propyll®4
and 2-cyano-2-propyl!®!). There are also two radicals with
stronger electron-acceptor substitution, namely the cyclic
malonyl radical, 2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl, de-
rived from Meldrum’s acid,® and the trifluoroacetonyl
radical.l®l

Table 1 gives absolute rate constants measured at or close
to room temperature for the addition of these radicals to a
variety of monosubstituted and 1,1-disubstituted alkenes in
solution. The alkene substituents include electron-donating
and electron-accepting groups with a wide range of radical-
stabilizing properties, and the rate constants are believed to
be accurate to better than a factor of two. For many systems, it
was ascertained that the addition occurs, as expected, at the
CH, group only. Table 1 clearly shows the enormous varia-
bility in the rate constants. They range from 14 to 2.7 x
108Mm~1s71, that is, they vary by more than seven orders of
magnitude. To structure the data, the alkenes are listed
according to increasing rate constants for the methyl radical
additions, with the exception of the phenyl-substituted
alkenes which are placed at the end, and the radicals are
ordered according to the different polar effects. Loosely the
reactions can be characterized by the following groupings.

Methyl and benzyl radicals do not exhibit strong polar
effects. With alkene substitution their rate constants vary by a
factor of 200 and in a similar manner. Benzyl reacts 100 -
1000 times (average 470) more slowly than methyl, and much
of this difference may be a result of the radical stabilizing
effect of the phenyl group.

tert-Butyl, 2-hydroxy-2-propyl, and hydroxymethyl are the
most selective radicals in the series, since their rate constants
vary by three to five orders of magnitude. In comparison to
methyl, these electron-donor-substituted species react more
slowly with electron-rich alkenes but much faster with
electron-deficient alkenes. Moreover, their rate constants
increase strongly with the electron-accepting power of the
alkene substituents. Clearly, these radicals exhibit a strong
nucleophilic polar effect, and they react faster with alkenes
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bearing strong acceptor groups than with the phenyl-substi-
tuted alkenes, despite the exothermicity of addition being
larger with the latter systems.

The radicals of the next group carry a carboxy or cyano
substituent which should cause an electrophilic rate enhance-
ment. Indeed, with most alkenes the primary species react
faster than the methyl radical. Their tertiary counterparts
react much more slowly (440 times for the carboxy-substitut-
ed and 210times for the cyano-substituted radical, on
average), but the reactivity pattern is similar. All four radicals
are about equally selective as the methyl radical. The cyclic
malonyl and trifluoroacetonyl radicals react much faster than
methyl with electron-rich alkenes but slower with alkenes
bearing strong electron-acceptor groups, which means that
these radicals are certainly electrophilic. However, they are
less selective than methyl, because their rate constants for the
non-phenyl-substituted alkenes vary only by factors of 10 to
100. For the electrophilic trifluoromethyl and perfluoro-n-
alkyl radicals, the same trends have been observed.?% ']

4.1.2. Frequency Factors and Activation Energies

For many but not all additions, the activation parameters
have been determined from rate constants obtained at several
temperatures, and the frequency factors are also presented in
Table 1. For a given radical reacting with the various alkenes,
these constants and factors center around a mean value. There
are large deviations from the averages, but a comparison of all
the data appears to show no systematic dependence on the
alkene substitution. Instead, the large deviations often occur
when the frequency factors and the activation energies are
both either exceptionally low or high. This suggests that the
scatter is mainly because of the known error correlation of the
activation parameters, for which the y-surface over Ig(A) and
E, has an extended minimum valley. Hence, we believe that
the large deviations are accidental.

The frequency factors for the primary radicals center
around lg(AM~'s7')=8.5, and for the tertiary radicals they
center around lg(AM~'s™!) =7.5. The frequency factor for the
cyclic malonyl radical is larger, Ig(AM~'s71)=8.7, and the
corresponding open-chain di-fert-butylmalonyl radical (not
included in Table 1) has an intermediate value, lg(AM s~ 1) =
8.2.[61 Apart from this trend, there appears to be no systematic
variation with specific radical substituents. The narrow ranges
of the frequency factors are consistent with earlier notions!®!
and with the similar transition structures obtained theoret-
ically for various additions (Figure2 and Section 4.2.3).
Moreover, the differences in Ig(A) appear qualitatively
reasonable. Tertiary radicals should show lower values than
the primary radicals because they experience increased
hindrance of the internal methyl rotations in the transition
structure. By the same reasoning, the frequency factor of the
open-chain secondary malonyl radical should be intermediate
and that of the more rigid cyclic malonyl should be larger.
Based on these findings we suggest that average frequency
factors can be used to calculate satisfactory activation
energies from rate constants observed at a single temperature,
though the averages adopted and given below for the different
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Table 1. Absolute rate constants [M~!'s~'] and experimental frequency factors ((Ig(AM~'s™!) in parentheses) for the addition of carbon-centered radicals to
monosubstituted and 1,1-disubstituted alkenes CH,=CXY in solution at or near room temperature. Radicals: Me = methyl, Bn =benzyl, rBu = tert-butyl,
POH = 2-hydroxy-2-propyl, MOH = hydroxymethyl, PEst = 2-tert-butoxycarbonyl-2-propyl = iso-butyryl, PCN = 2-cyano-2-propyl, MEst = tert-butoxycar-
bonylmethyl, MCN = cyanomethyl, cMal = 2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl (a cyclic malonyl radical), FAc = trifluoroacetonyl (see Figure 4).

CH=CXY Radical
XY nonpolar —nucleophilic nucleophilic ambiphilic —electrophilic electrophilic
Me/ tBu POH/ PEst/ MEst/ cMal/
Bn MOH PCN@ MCND! FAc
H,H 3500 1250(7.9) 1.1 x10*
410(7.9) 33x10° 2.0 x 10*
H,Me 4300 920(7.4) 7.5 x 10*(8.9) 1.7 x 10°
270(7.5) 1.2 x10* 1.9 x10°
H,Etld 7600 1100(7.5) 5.4 x10*(7.9) 22 x10°
33 300(7.5) 34 1.1 x10* 2.8 x10°
Me,Me 8500 740(7.7) 1.8 x 10° 38 x10°
240(8.0) 1.1 x 10* 4.0 x 10°
Me,OMe 1.2 x 10* 220 1080 50 1.4 x10°(8.1) 4.0 x 105(8.6)
21(8.9) 230(8.1) 82 3.5x10*(8.9)
Me,OAc 1.2 x 10* 1700 4850 58 8.8 x10*(9.1) 5.8 x105(8.7)
46(7.7) 680(7.4) 79 1.2 x10* 3.0x10°
H,OEt 1.4 x 10* 390(7.7) 320 75 1.5 x103(8.3) 3.0 x 105(8.6)
14(10.2) 180(8.3) 108 43 x10*
H,O0Ac 1.4 x 10%(8.4) 4200(7.2) 7500 18 6.5x10*(8.1) 4.0 x 105(8.8)
15(5.9) 590(7.7) 41 1.3x10* 2.0 x10°
H,Cl 2.0 x 10* 1.6 x 10 7.1 x10*(8.4) 1.1 x10°
5000(8.3) 1.2 x 104 9.5 x10*
H.SiMe; 2.3 x10%(8.1) 9600 (7.0) 2.5x10* 75 8.9 x10%(8.3) 22 x10°(8.5)
33(8.4) 2060(7.8) 75 1.3 x10*(8.4) 1.0 x10°
Me,Cl 3.5x10* 1.1 x 10 2.2 x10* 150 1.6 x 10°(8.4) 9.2 x10°(8.8)
43 2110(7.9) 120 1.6 x 10*(8.9) 5.0x10°
CLCl 3.2 x10°(8.9) 3.5 x10°(8.0) 1.3 x 10° 1170(6.9) 2.7 x10° 3.9x105(8.9)
460(8.5) 5.3 x10%(8.1) 603 3.3 x10*(8.8) 33x10°
H,CO,Me 34 x10° 1.1 x 10° 3.5 %107 1150 (6.6) 49 x10° 1.1 x10°(8.7)
430(7.7) 7.1 x105(8.7) 370 1.1 x 10° 1.3 x10°
Me,CO,Me 4.9 x10°(8.9) 6.6 x 10° 1.6 x 107(9.0) 3710 1.3 x10° 1.1 x 10°(8.9)
2100(8.1) 6.0 x 103(8.6) 1590 24 x10° 1.2 x 106
H,CN 6.1 x 10° 52 x10° 1.5 x 108 2640(7.2) 54 x10° 1.5x10°(8.9)
2200(8.9) 1.1 x 10°(8.3) 2020 1.1 x10°(8.4) 3.5x%x10*
H,CHO 74 x10° 2.8 x 10¢ 2.7 %108 1810 3.8x10° 1.1 x10°(8.5)
2500(8.5) 2.1x10°(8.4) 1200 2.5x10*(8.5) 6.4 x10*
Me,CN 7.9 x 10°(8.9) 1.7 x 106 4.5x107(8.9) 4460 9.1x10° 6.0 x 10°(8.7)
6600 (8.4) 6.7x10°(8.2) 1060 1.7 x 10° 1.9 x10°
H.Ph 2.6 x 10°(8.9) 1.3 x 10°(7.6) 7.3 x105(7.5) 5500 (6.7) 1.9 x 10° 1.2 x 10%(8.8)
1100(8.6) 2.3 x10*(8.4) 2410(7.7) 3.8x10° 6.3 x10°
Me,Ph 3.1 x 10°(8.8) 5.9x10* 2.0 x 105(7.5) 6030 3.9 x10° 1.3 x 10%(8.7)
850(9.6) 2.8 x 10*(8.6) 2310 6.6 x 10° 7.7 x10°
Ph,Ph 7.8 x10°(7.9) 1.0 x 10° 7.1 x105(6.9) 1.0 x104(7.0) 1x107 2.4 x10°(8.6)
4100(8.5) 1.4 x10°(8.3) 7010 2.4 x10° 6.9 x 10°
1g(A), ¢! 8.6+0.4 73+04 8.0+£0.9 6.9+0.3 8.4+03 8.7+0.1
8.6+0.3 8.1+0.1 7.1 8.7+£0.3

[a] 315 K. [b] 278 K. [c] Per CH, group, that is, the measured rate constants are divided by 2. [d] Also valid for H, n-alkyl. [e] Average including data for other

alkenes not listed in the Table.

classes of radicals clearly need further experimental and
theoretical verification.

Table 2 shows the activation energies for the reactions listed
in Table 1, as calculated from the rate constants using the
average values of 1g(AM~'s')=8.5 for methyl, benzyl, tert-
butoxycarbonylmethyl, cyanomethyl, and trifluoroacetonyl, =
8.2 for hydroxymethyl and di-fert-butylmalonyl, = 8.5 for the
cyclic malonyl radical, and =7.5 for all tertiary radicals. The
activation energies range from about 42 kJmol~! down to
values close to or set to zero.[%! For the later analysis and for
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comparisons with theoretical data, we also display the
ionization energies (E;) and the electron affinities (E.,) of
the radicals and the alkenes, taken from refs. [58, 66], the
reaction enthalpy (H,(Me)) for the addition of the methyl
radical to each alkene and the differences (AH,) between the
reaction enthalpies for the addition of methyl and for the
other radicals. The reaction enthalpies H,(Me) are only
available for a very few methyl additions. Hence, the data
given in Table 2 were deduced from other known quanti-
tiesl® 7 and have considerable uncertainties®®l because of the
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Table 2. Activation energies E, [kJmol~!] for the addition of carbon-centered radicals to monosubstituted and 1,1-disubstituted alkenes CH,~CXY in
solution, ionization energies E; [eV], and electron affinities E., [eV] of radicals and alkenes, heats of addition H(Me) [kJ mol~!] for the methyl radical, and
differences AH,= H(R) — H.(Me) for the addition of the other radicals R to ethene. All activation energies were calculated from the rate constants of
Table 1 using average frequency factors (see text). For radical abbreviations, see Table 1 and Figure 4.

Radical
nonpolar-nucleophilic nucleophilic ambiphilic-electrophilic electrophilic
Me Bnl?l Bu POH/ PEst/ MEst/ cMal®  FAc
MOH PCN MCN

Ei(R) 9.8 7.2 6.7 6.5/7.6 7.7€8.5 9.8[¢/10.3 11 10.96l
E..(R) 0.1 0.9 0.0 0.3/0.1 1.31111.0 1.71.5 1.8 2.63
AH(R) 0 56 16 18/14 32/55 26/30 42 40
XY
E/E./H (Me)
HH 282 25.3 24.8 24.0
10.5/—1.8/-99 33.6 26.5
H.Me 27.7 26.1 20.2 19.8 18.4
9.7/ -2.0/ - 97 34.6 235
H,Et 26.3 394 25.6 21.0 19.2 17.4
9.6/ —1.9/-99 344 352 23.7
Me,Me 26.0 26.6 18.1 17.8 10.9
9.2/ —-22/-98 349 23.7
Me,OMe 25.1 40.5 29.6 253 33.1 18.7 17.7
8.6/ — 2.5/ — 94 35.0 33.0 21.1 14.8
Me,OAc 25.1 38.6 245 21.7 327 19.8 16.8 15.6
9.1/-1.5/-109 323 33.1 20.1
H,OEt 24.8 41.5 28.2 28.4 32.1 18.5 184
8.8/ —2.2/ —100 35.6 323 20.6
H,OAc 24.8 414 223 20.6 35.6 20.5 17.7 18.3
9.2/-1.2/-101 327 347 233
H.Cl 23.9 18.9 20.3 20.9 20.1
10.0/ — 1.3/ — 106 274 235
H.SiMe; 235 39.4 20.2 17.7 321 19.8 19.2 18.1
9.5/-1.1/-101 29.6 332 233 16.5
Me,Cl 22,5 38.8 19.8 17.9 304 18.3 15.6
9.8/ — 1.4/ —99 295 320 22.9
CLCl 17.0 33.0 11.2 9.4 253 17.1 17.7 17.0
9.8/ - 0.8/ —125 21.5 279 21.2
H,CO,Me 16.9 33.1 8.4 Qe 253 15.6 20.9 194
9.9/-0.5/-117 26.0 15.1 29.1 18.4 16.7
Me,CO,Me 16.0 29.2 9.7 2.6 224 13.3 152 13.8
9.5/—0.4/ - 119 23.0 15.5 254 16.6
H,CN 15.4 29.1 4.5 0Otel 233 154 20.1 22,6
10.9/-0.2/-139 235 14.0 24.8 18.4 16.3
H,CHO 15.0 28.8 6.0 el 242 16.2 20.9 21.1
10.1/0.0/ — 122 12.4 26.1 21.8 153
Me,CN 14.9 26.4 73 el 220 141 16.7 18.4
10.3/—-0.2/-130 15.3 264 17.4
H.,Ph 17.5 30.8 13.7 10.2 215 8.3 15.0 9.7
8.4/ —0.3/—-150 25.0 23.6 243 15.5
Me,Ph 17.1 31.5 15.7 13.1 21.2 10.6 14.8 9.2
8.2/—0.2/—144 23.1 24.4 14.3
Ph,Ph 14.8 28.9 8.6 7.4 20.0 14.5 132 9.5
8.0/0.4/ — 153 22.1 19.1 21.6 11.3

[a] Where two values are given, the second refers to the cumyl radical (rate constants not included in Table 1).*”! [b] Where two values are given, the second
refers to the di-fert-butylmalonyl radical (rate constants not included in Table 1).1! [c] Calculated values, A. P. Scott, personal communication. References to
all other ionization energies and electron affinities are given in ref. [58—66]. [d] Data for the di-fert-butylmalonyl radical. [e] The rate constants are higher
than the average frequency factor of A (107 m's™!) for tertiary alkyl radicals. Hence, the activation energy of the addition step was set to zero.l! [f] Also
valid for H, n-alkyl.

imprecision in the available C—H bond dissociation energies. 4.1.3. Phase and Solvent Effects

The increments AH,"Y are also subject to uncertainties, and

their use for all alkenes assumes that the effect of y In the course of this review, we will compare experimental
substituents on the bond dissociation energies is independent activation energies with theoretical reaction barriers. The
of the a substituents. experimental data refer to liquid solution at ambient pressure
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while the theoretical results are obtained for isolated reaction
systems. Hence, a consideration of possible phase and solvent
effects is appropriate.

Table 3 shows experimental rate constants and activation
parameters for several addition reactions in the liquid and in
the gas phase. The gas-phase data were obtained at pressures
high enough to disperse the excess heat of reaction very
rapidly. At room temperature, all listed gas-phase rate
constants are smaller than the liquid-phase values, by an
average factor of ten, but the variation with radical and
substrate structure are generally rather similar. As in the
liquid phase (Table 1), the frequency factors of the gas-phase
reactions scatter considerably, which again suggests effects of
the error correlation of the activation parameters. Interest-
ingly, for the additions of the methyl radical to monosubsti-
tuted and 1,1-disubstituted alkenes, the average gas-phase
frequency factor is Ig(AM~'s71) =8.50 £0.75, and practically
identical to the mean reaction-in-solution value. On average,
the experimental gas-phase activation energies are higher
than their solution counterparts by 2.1 kJ mol~!, however, when
considered in detail larger differences are noticed. The close
similarity of the mean frequency factors suggests that the
average values found above for solutions may be adopted also
for the gas phase. Using these, the reported rate constants lead
to somewhat more unified gas-phase activation energies which
are also shown in Table 3. Their variation with radical and sub-
strate structure closely parallels that established for solutions.

On average, the recalculated activation energies are larger
by 6.5+ 2.3 kImol~! for the gas than for the liquid phase, and
the same trend was previously recognized in the analysis of a
larger data set.’8! However, the straightforward conclusion
that there is a significant, general difference, between gas-
phase and liquid-phase rate constants caused mainly by
different activation energies, not frequency factors, is subject
to considerable uncertainty. Firstly, all gas-phase data date
back many years and have been determined relative to other
rate constants that are not yet firmly established. Secondly,
the difference is also not explained easily because there is no
generally accepted theory which relates gas-phase to liquid-
phase rate data. A simple explanation of a larger gas-phase
activation energy is based on the Eyring equation and the

difference of the thermal expansion coefficients of the two
phases.”* %l It leads to the prediction that reaction barriers
calculated for isolated systems should be larger than liquid-
phase activation energies by RT=2.5kJmol™' at room
temperature and the frequency factors should also be higher
so that the rate constants remain equal. This is not the case in
practice. Another possible explanation is suggested by the
negative activation volume of the addition reactions (AV*=
—11 to — 17 cm®*mol!). This is known from polymerizations
in solution!” and leads to an increase in the rate constants
with increasing pressure, as expected from Le Chatelier’s
principle.”l In liquids the molecules are held together by
cohesive forces, and these will operate on the reactants and
the transition state. These forces are equivalent to consid-
erable internal liquid pressures of many thousand bars, and it
has been suggested that this internal pressure influences the
reaction rates as an external pressure.[’®><l With this assump-
tion, a general difference of the activation energies between
the gas and liquid phase can, in fact, be obtained, and it is even
of the correct order of magnitude.l’”)

Further evidence for effects of molecular interactions, in
the liquid phase, on rate constants of radical addition
reactions is given by the small but noticeable dependence of
these constants on solvent polarity.” An increase in the rate
constant with increasing solvent polarity would generally be
expected if the transition structure is more polar than the
parent reactants. This pattern is observed for the addition of
the hex-5-enyl radical to the electron-deficient alkenes,
methylacrylate and acrylonitrile,®® and to nitroso and
nitrone spin traps,®®! and for the addition of the zert-butyl
radical to acrylonitrile.[® These alkyl radicals exhibit some
nucleophilic character in such reactions so that there is charge
transfer in the transition state. For the addition of the tert-
butyl radical to acrylonitrile, the rate constant increases by a
factor of 3.6 upon replacement of the nonpolar solvent
tetradecane by the much more polar solvent acetonitrile, from
this result the transferred charge was estimated as 0.23
elementary charges.’ For the addition of thiyl radicals to
alkenes, opposite solvent polarity effects are known, and these
are presumably because of the partial loss of the large radical
dipole moment during formation of the transition state.d

Table 3. Rate constants k [M~'s7!] at 298 K,l*I frequency factors A [M~'s™!], and activation energies E, [kJmol~']® for the addition of carbon-centered
radicals to unsaturated molecules in the liquid (1) and the medium-pressure gas phase (g).[!

Reaction K ke k'/ke 1g(AY) lg(A¢®) ELl Eglb]

‘CH; + CH,=CH, 7000051 85017 82 9.0l 8.0l 31.4/28.2 30.8/33.5
‘CH; + CH,=CHCH; 430015801 500731 8.6 9.3 7.9 32.3/27.7 29.7/33.1
‘CH; + CH,=CHGC,H; 760015801 5301731 14 7.8 8.0 22.5/26.3 30.1/33.0
‘CH; + CH,=C(CHs;), 850015801 1400731 6.1 8.9 8.2 28.1/26.0 28.9/30.5
‘CH; + CH,=CHF 460015801 560731 8.2 - 9.2 —/27.6 36.8/32.8
‘CH; + CH,=CHCI 2000015801 110002 18 - 9.7 —/23.9 38.1/31.1
‘CH; + CH=CH 480015801 14000721 34 9.4 8.5l 34.3/33.2 32.2/36.2
‘CH; + CH=CCH; 220015801 1801731 12 8.8 8.7 31.1/33.4 36.8/39.6
“C(CHa), + CH,=CH, 25001621 30031 83 7.9 7.0 27.6/25.1 33.4/36.1

[a] Liquid-phase values were taken from Table 1 or calculated from the activation parameters. For vinyl fluoride and vinyl chloride, k333 was converted into
kyos using the recommended frequency factor 1g(A/[M~'s™']) =8.5 for additions of primary alkyl radicals to CH, groups (see text). Gas-phase values were
calculated from the reported activation parameters. [b] The first entry is the reported experimental activation energy. The second value was calculated from
the rate constants of columns 3 and 4 with the frequency factors recommended in this work of lg(A/[M~'s~!']) = 8.5 for additions of primary alkyl radicals to
individual CH,= groups, lg(A/[M~'s7'])=9.2 for additions of primary alkyl radicals to individual CH= groups, and lg(A/[M~'s~!]) =7.5 for additions of
tertiary alkyl radicals to individual CH,= groups (see text). [c] Where more than one set of gas-phase data are available, the most recent data are used. For

vinyl chloride, a second available data setl” gives an unreasonably large ratio k'/k& =1800. [d] Per CH,= or CH= group.
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In summary, radical addition rate constants appear to be
about one order of magnitude larger in solution than in the
gas phase, probably because of a smaller activation energy.
However, the rate constants and activation energies in the two
phases vary similarly with radical and substrate structure.
Changes in solvent polarity cause only small rate variations.
Hence, theoretical reaction barriers which are calculated for
isolated systems may exceed the barriers of liquid-phase
reactions by a few kJ mol~.

4.2. Theoretical Results

4.2.1. Reaction Barriers

A number of studies have shown that it is not straightfor-
ward to obtain a reliable theoretical description of radical
addition.®! It is important therefore to assess which theoret-
ical methods are suitable for studying such reactions.['> 13- 82 83]

The pattern of results obtained is exemplified by the
barriers for methyl radical addition to ethene, calculated with
a wide variety of theoretical procedures (Table 4).01% 13.821 The
experimental barriers with which to make comparison,
obtained from the observed activation energies after back-
correcting for temperature and zero-point energy effects,® 34
are either 25.7 kJmol~' from the gas-phase studies’? or
21.3 kImol~" from the liquid phase results.’® The calculated
barriers show a massive dependence on the level of theory
used. They range from 7 kJmol~! for the widely used AM1

Table 4. Effect of level of theory on calculated barriers E, [kJmol~!] for
the addition of a methyl radical ("CH;) to ethene (CH,=CH,).[2

Level E, Level E,
AM1 7.1 UB3-LYP/6-311+G(d,p)ld<] 25.0
UHF 394 UQCISD(T)/6-311+G(d,p)led 30.0
UMP2 60.1 UCCSD(T)/6-311+G(d,p)te 30.8
UMP4 53.7 URCCSD(T)/6-311+G(d,p)led! 29.5
PMP2 20.1 UMP2/6-311+G(3df,2p)le!] 57.5
PMP4 21.5 PMP2/6-311+G(3df,2p)let] 20.9
RHF 89.7 RMP2/6-311+G(3df 2p)le 34.4
RMP2 40.3 UB-LYP/6-311+G(3df,2p)><] 20.7
RMP4 38.2 UB3-LYP/6-311+G(3df,2p)l<! 25.6
UB-LYPD! 13.2 G2(MP2,SVP)led 28.6
UB3-LYPl! 14.6 G3(MP2)//B3-LYPled! 283
UB3-LYPld<l 183 G3(MP2)-RADed 272
UQCISD 355 G3//B3-LYPld 26.6
UQCISD(T) 31.7 CBS-RADIed 20.5
UQCISD(T)kefl 33.8 CBS-RADIef 20.9
UCCSD(T)led! 32.7 CBS-QB3ld 20.7
URCCSD(T)ledl 314 Wleh] 27.0
URCCSD(T)lefl 33.7 exp.l 213
exp.ll 25.7

[a] 6-31G(d) basis set, UHF/6-31G(d) geometries, from ref. [12], unless
otherwise specified. Calculated in all cases without the inclusion of zero-
point vibrational energies. [b] UB-LYP/6-31G(d) geometry. [c] From
ref. [13]. [d] UB3-LYP/6-31G(d) geometry. [e] From ref. [82]. [f]| UQCISD/
6-31G(d) geometry. [g] UB3-LYP/6-311G(2d,d,p) geometry. [h] UB3-LYP/
cc-pVTZ+1 geometry. [i] Solution-phase value at 298 K (28.2 kJ mol™')
from ref. [58], back-corrected to 0 K (+2.2 kJmol™') and for zero-point
vibrational energy (ZPVE ; 9.1 kJmol™'). Corrections from ref.[82].
[j] Gas-phase value at 403 K (33.1 kJmol™") from ref. [72], back-corrected
to 0K (+1.7kJmol™") and for ZPVE (9.1 kJmol~"). Corrections from
ref. [82].
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semiempirical procedure to nearly 90 kJmol~! for RHF. The
commonly used UMP2 procedure also gives a very high
barrier of 60 kJmol-%. The best levels of theory include
variants of the G2(MP2,SVP),i® G3,8 G3(MP2),%” %1 CBS-
RAD,®I CBS-QB3," and W17l procedures and give barriers
in the range 20.5-28.6 kJmol™, respectably close to the
experimental values. The UB3-LYP DFT procedure also gives
satisfactory results, including values of 18.3 kJmol~!' (UB3-
LYP/6-31G(d)) and 25.0 kJmol~! (UB3-LYP/6-311+G(d,p))
for small- to moderate-sized basis sets that would be practical
to use for calculations on large systems. We note that UB3-
LYP and other DFT procedures are found to be less successful
in describing hydrogen-addition reactions, significantly under-
estimating the reaction barriers.[!> 81°]

The results in Table 4 indicate that the calculated barriers
are very sensitive to the choice of theoretical procedure but
less sensitive to the choice of basis set. Changes in going from
the smallest (6-31G(d)) to the largest (6-311+G(3df,2p)) basis
set are typically less than 7 kJmol~!. Barone and co-work-
ers®!Y have reported that the B3-LYP results with small basis
sets can be further improved by consideration of basis set
superposition errors (BSSEs). The effect of the different
choice of geometries in the calculations is also relatively small,
generally amounting to less than 5 kJmol~!, though some
instances have been encountered where there are larger
variations, with UMP2 geometries in particular giving poor
results.'”] Use of the B3-LYP procedure, even with a basis set
as small as 6-31G(d), is very cost-effective for geometry and
frequency calculations.

The theoretical results do not fully answer the question of
whether or not there is a systematic difference between the
gas-phase and condensed-phase barriers beyond the correc-
tion factor of RT (that has been applied here for back-
correction purposes). Some of the high-level theoretical
procedures (G2(MP2,SVP), G3(MP2)//B3-LYP, G3(MP2)-
RAD, G3//B3-LYP, and W1) give barriers in the range
26.6—28.6 kImol~!, close to the value of 25.7 kY mol~! derived
from older gas-phase experimental data.”? On the other
hand, other high-level theoretical procedures (CBS-RAD and
CBS-QB3) give barriers in the range 20.5-20.9 kJ mol !, close
to the barrier of 21.3 kJ mol~! derived from recent condensed-
phase experimental data.P® Although it is not possible to
settle on a precise gas-phase barrier at the present time, it is
satisfying that all the high-level theoretical barriers and the
experimental barriers lie within the relatively narrow range of
20-29 kImol-".

Because the primary interest in chemical studies is often
concerned with trends rather than absolute quantities, it is
desirable to examine whether trends are predicted well with
the simpler levels of theory. A selection of the results that
enable us to examine the performance of theory in predicting
relative barriers is shown in Table 5.1 8 The results obtained
with the CBS-RAD method are taken to be the most reliable
and the substituents are arranged in Table 5 with the CBS-
RAD calculated barriers in decreasing order. We can then
examine results at the other levels to see how they compare.
AM1 is very poor. UMP2 is also very poor. The trend, that is,
steadily decreasing barriers, is not reproduced at all. If
anything, it goes the other way. The results from UHF
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Table 5. Effect of level of theory on calculated activation energy barriers [kJmol~'] for the addition of a methyl radical (*CH;) to alkenes (CH,=CHX).l?]
X AM1 UHF UB-LYP!! UB3-LYPled UMP2 PMP2 RMP2 UQCISD UQCISD(T) CBS-RADId¢l
OH 33 50.3 13.1 20.0 62.8 24.7 40.4 36.5 322 21.7

F 0.3 43.6 13.2 19.1 62.4 222 40.8 35.8 31.8 214

H 7.1 39.4 13.2 18.3 60.1 20.1 40.3 355 31.7 20.9

CH; 5.5 422 13.4 18.8 60.6 21.0 383 34.8 30.7 19.9

NH, 0.3 482 9.9 16.9 59.4 21.9 371 33.7 292 19.1

SiH; 7.3 36.9 9.6 14.7 55.6 17.2 33.5 294 25.6 14.9

Cl 2.9 345 9.0 13.9 56.6 15.8 333 294 25.5 13.8

CHO 2.5 21.6 1.3 6.4 73.8 9.6 237 233 18.8 7.5

CN 2.1 19.9 1.1 54 68.6 6.8 21.3 20.6 16.7 6.6

R 0.02 0.89 0.95 0.98 0.35 0.96 0.98 0.99 0.99 1.00

[a] 6-31G(d) basis set, UHF/6-31G(d) geometries, from ref. [12], unless otherwise specified. Calculated without the inclusion of ZPVEs. [b] UB-LYP/6-
31G(d) geometries. [c] UB3-LYP/6-31G(d) geometries. [d] From ref. [82]. [e] UQCISD/6-31G(d) geometries. [f] The R? values refer to the correlation with

CBS-RAD calculated activation energy barriers.

calculations are not particularly good but are much better
than those from UMP2. The other procedures—UB-LYP,
UB3-LYP, PMP2, RMP2, UQCISD, and UQCISD(T)—are
very respectable in reproducing the trends, even though the
absolute values are sometimes quite poor. These qualitative
observations are mirrored in calculated correlation coeffi-
cients, also included in Table 5. The regression factor values
(R?) listed are for correlations of barriers calculated with the
simpler methods against barriers calculated by CBS-RAD.
QCISD and QCISD(T) are very good with R? values above
0.99. RMP2, UB3-LYP, PMP2, and UB-LYP are all reason-
ably good,” with R? values in the 0.95-0.98 range while AM1
is hopeless, with a correlation coefficient of 0.017. UMP2 is
also very bad.

The assessment work touched-on here but described in
detail elsewhere,['> 13 82 suggests standard levels of theory that
might be useful in theoretical studies of radical-addition
reactions and it suggests other levels of theory that should be

avoided. For small systems, CBS-RAD and G3(MP2)-RAD
are attractive levels of theory, while for larger systems, B3-
LYP/6-31G(d), B3-LYP/6-311+G(d,p), or B3-LYP/6-
311+G(3df,2p) would all be expected to perform satisfacto-
rily. B3-LYP/6-31G(d) geometries and (scaled) vibrational
frequencies (for calculating zero-point energies and thermal
enthalpy corrections) are recommended for general use. At
the other end of the scale, the UMP2 procedure can be very
unreliable because of spin contamination.

The performance of some of the preferred levels of theory
can be tested against the experimental results from Table 2 in
cases for which both theoretical and experimental data are
available (Table 6). The experimental liquid phase barriers at
298 K are back-corrected to 0 K in these comparisons. It can
be seen that CBS-RAD and UB3-LYP/6-31G(d) give results
in good agreement with experiment barriers, with mean
absolute deviations from experiment of 1.7 and 2.6 kI mol~},
respectively. G3(MP2)-RAD, UB3-LYP/6-311+G(d,p), and

Table 6. Comparison of theoretical® and experimental activation energy barriers [kJmol~'] at 0 K for the addition of a methyl radical (*CH;) to alkenes
(CH~=CXY).

X Y UB3-LYP/ UB3-LYP/ UB3-LYP/ CBS-RAD G3(MP2)-RAD exp.l”
6-31G(d) 6-311+G(d,p) 6-311+G(3df.2p)
H H 27.41 34,16 34,76 29.7 36.2 30.4
H Me 27.0¢l 33,7 34,50 276 348 29.0
H Et 26.9 33.6 344 26.8 345 275
Me Me 262 23 332 253 2.8 26.8
Me OMe 295 35.6 36.7 36.8 282
H OFEt 30.0 36.5 374 383 283
H OAc 24.6 303 313 3.4 29.9
H cl 2220l 28.3 29,3 22 292 252
H SiH, 231 29.9 302 231 29.9 24.814
Me cl 22 28.0 28.7 204 27.8 23.1
cl cl 173 22.7 232 16.7 22 174
H CO,Me 145 205 21.0 211 17.6
H CN 13.1¢ 18.9 19.51¢ 138 21.1 16.4
H CHO 14.3 20.16 20,76 14.6 22.6 16.0
Me CN 142 19.8 205 207 15.3
MOHI! 258 34,20 35.41¢l 27.6 34.1 36.9
MCNI! 32,31 39.61 40.4% 28.8 35.7 30.0
MAD!s 2.6 47 53 1.7 54
R 0.77 0.81 0.83 0.87 0.82

[a] UB3-LYP/6-31G(d) geometries, from ref. [13] unless otherwise specified. [b] Experimental values from Table 2, back-corrected to 0 K using thermal
temperature corrections from refs. [13, 82]. [c] From ref. [82]. [d] Experimental barrier is for the SiMe; substituent. [e] Barrier for the addition of MOH
(*CH,OH) to ethene. [f] Barrier for the addition of MCN (*CH,CN) to ethene. [g] MAD = mean absolute deviations from experiment. [h] The R? value refers
to the correlation with experimental barriers.
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UB3-LYP/6-311+G(3df,2p), on the other hand, appear to
overestimate the liquid-phase barriers but the differences
appear to be quite systematic, and the R? correlation
coefficients when compared with the experimental barriers
are 0.82, 0.81, and 0.83, respectively. That the B3-LYP
deviations from experiment increase with increasing basis-
set size indicates that the very good agreement observed for
B3-LYP/6-31G(d) is partly fortuitous. Although the B3-LYP/
6-31G(d) method seems to represent a potentially very cost-
effective means of obtaining satisfactory barriers for radical-
addition reactions, further work is required to see whether the
good performance holds more generally.

4.2.2. Reaction Enthalpies

The calculated reaction enthalpies for the addition of
methyl radical to ethene are less sensitive than the barriers to
the level of theory used (Table 7). The high-level procedures
give values from —105.6 to —111.5 kJmol~!, compared with
the corrected experimental value of —113.1 kJmol~!. The
UB3-LYP/6-311+G(3df,2p) method gives one of the poorest
results of -99.0 kJ mol .

The variation in reaction enthalpy with substitution on the
alkene is examined in Table 8. Assuming again that the CBS-
RAD results are the most reliable, we can see that AMI1 is
very poor, UMP?2 is also poor in several instances while the
other procedures give quite reasonable results. UHF and B3-
LYP underestimate the exothermicity while the other meth-
ods, particularly RMP2, overestimate the exothermicity. The
deviations in the calculated reaction enthalpies from the
experimental estimates are, however, quite systematic and the
correlation coefficients with CBS-RAD are very reasonable
(for methods other than AM1 and UMP2), with R? values of
0.93 for UHF and in the range 0.98-0.99 for the other
procedures.!

The performance of the standard procedures in calculating
reaction enthalpies is compared in Table 9 with the estimates
derived from experimental data (taken from Table 2 and
back-corrected to 0 K). As has been pointed out above, there
are considerable uncertainties in the experimental values
because of the imprecision of the C—H bond dissociation
energies and possible deviations from additivity assumed in
their derivation. We can see that B3-LYP/6-31G(d) system-

Table 7. Effect of level of theory on calculated reaction enthalpies
[kJ mol~'] for the addition of a methyl radical (*CH;) to ethene (CH,=CH,).!

Level Enthalpy Level Enthalpy
AM1 —1575 UB3-LYP/6-311+G(d,p)!¢<! —101.5
UHF -107.7 UQCISD(T)/6-3114+G(d,p)l=)  —110.5
UMP2 —123.6 UCCSD(T)/6-311+G(d,p)led! —110.4
UMP4 —116.9 URCCSD(T)/6-311+G(d,p)=Y  —110.5
PMP2 —123.8 UMP2/6-311+G(3df 2p)lefl —116.4
PMP4 —117.0  PMP2/6-311+G(3df2p)le! —~116.9
RHF -107.4 RMP2/6-311+G(3df,2p)!e! -117.0
RMP2 —1242 UB-LYP/6-311+G(3df,2p)!><! -85.5
RMP4 —1170  UB3-LYP/-311+G(3df2p)ld<] —99.0
UB-LYPI —107.1 G2(MP2,SVP)lefl —106.5
UB3-LYPU —120.1 G3(MP2)//B3-LYPled] —105.6
UB3-LYPldl —119.8 G3(MP2)-RADI —105.7
UQCISD —115.6 G3//B3-LYPledl —-107.4
UQCISD(T) —~1144  CBS-RADId ~111.0
UQCISD(T)l  —112.7 CBS-RAD —111.5
UCCSD(T)led! —112.8 CBS-QB3letl —111.2
URCCSD(T)ldl —112.9 exp.[t! —113.1
URCCSD(T) —112.7

[a] 6-31G(d) basis set, UHF/-31G(d) geometries, from ref. [12], unless
otherwise specified. Calculated in all cases without the inclusion of ZVPEs.
[b] UB-LYP/6-31G(d) geometry. [c] From ref. [13]. [d] UB3-LYP/6-31G(d)
geometry. [e] From ref. [82]. [f] UQCISD/6-31G(d) geometry. [g] B3-LYP/
6-311G(2d,d,p) geometry. [h] Gas-phase value at 298 K (—99 kImol™!)
from Table 2, back-corrected to 0K (+5.7kJmol™') and for ZPVE
(—19.8 kImol™!). Corrections from ref. [82].

atically overestimates the exothermicity while the larger basis
set B3-LYP procedures significantly underestimate the exo-
thermicity. G3(MP2)-RAD generally slightly underestimates
the exothermicity while CBS-RAD appears to perform best.
The differences between theory and experiment are quite
systematic again for all five procedures, with correlation
coefficients in the range 0.91-0.93.

4.2.3. Geometries

One of the properties that is not accessible from experi-
ment, at least at the present time, is the geometry of the
transition structure for the radical-addition reactions (Fig-
ure 2). On the other hand, this can be obtained straightfor-
wardly by ab initio methods and we comment here on some of
the more interesting findings.

The first point is that the angle of approach (¢) of the
radical to the alkene lies within a narrow band of values for a

Table 8. Effect of level of theory on calculated reaction enthalpies [kJmol~!] for the addition of a methyl radical (*CH;) to alkenes (CH,=CHX).[?

X AM1 UHF UB-LYPM UB3-LYPled UMP2 PMP2 RMP2 UQCISD UQCISD(T) CBS-RADI4
OH —168.5 —101.8 —106.7 —118.0 —1225 —121.7 —123.7 —118.8 —117.6 —1152
F —185.1 —109.9 —111.6 —123.4 —127.6 —126.7 — 1285 —121.7 —120.4 —116.2
H —157.5 -107.7 —-107.1 —119.8 —123.6 —123.8 —1242 —115.6 —114.4 —111.5
CH; —166.1 —105.6 —106.8 —118.7 —-122.0 —122.4 —123.0 —116.7 —115.6 —1134
NH, —185.1 —107.0 —1154 —127.1 —129.9 —1293 —131.4 —126.3 —125.6 —123.6
SiH; —156.5 —-113.7 — 1185 —130.1 —130.2 —130.1 —131.4 —126.3 —124.8 —121.8
Cl —-172.0 —118.9 —121.5 —134.2 —135.1 —135.7 —136.7 —130.4 —129.5 —129.9
CHO —169.1 —144.1 —142.8 — 1542 —123.1 —153.1 —157.5 —1522 —151.3 — 1484
CN —1723 —143.7 —147.6 —158.1 —122.6 —154.8 —160.0 —153.0 —151.4 —150.5
RA 0.02 0.93 0.98 0.98 0.00 0.98 0.98 0.99 0.99 1.00

[a] 6-31G(d) basis set, UHF/6-31G(d) geometries, from ref. [12], unless otherwise specified. Calculated without the inclusion of ZPVEs. [b] UB-LYP/
6-31G(d) geometries. [c] UB3-LYP/6-31G(d) geometries. [d] From ref. [82]. [e] UQCISD/6-31G(d) geometries. [f] The R? values refer to the correlation with

the calculated CBS-RAD reaction enthalpies.
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Table 9. Comparison of theoretical® and experimental reaction enthalpies [kJmol~'] a 0K for the addition of a methyl radical ("CH;) to alkenes

(CH~=CXY).
X Y UB3-LYP/ UB3-LYP/ UB3-LYP/ CBS-RAD G3(MP2)-RAD exp.l®
6-31G(d) 6-311-+G(d,p) 6-311+G(3df2p)
H H —100.0 —81.7¢ — 793k —913 —863 —933
H Me ~100.8 —825 —80.1 936 —86.7 —922
H Et ~100.8 828 — 804 —946 —87.1 942
Me Me —96.5 —786 —757 —916 —829 —936
Me OMe —89.6 —~72.0 —68.7 —892
H OEt 998 —83.0 —80.0 —86.7 —951
H OAc —105.7 —89.1 —86.0 —92.7 —959
H cl — 11230 —93.90 — 92,01 ~107.1 —98.8 ~100.8
H SiH, —108.5 ~90.6 —885 —100.6 —950 — 95,804
Me cl ~1105 —91.8 — 897 ~1083 ~96.9 —936
cl cl 1277 ~109.0 ~107.5 — 1246 —114.1 ~1196
H CO,Me —1237 ~105.8 ~1033 ~107.4 —1115
H CN — 1363 ~1175 —1154 ~1304 ~ 1187 ~1333
H CHO —131.10 —112.79 ~110.1¢ 1229 1124 ~116.0
Me CN —138.1 ~120.0 ~117.6 ~120.7 ~1250
H Ph —1345 — 1164 ~ 1440
MOHF! —80.0 — 647 —612 —826 ~79.6 —815
MCNIY —576 —444 —414 —69.1 —64.7 — 657
MADI! 8.0 109 12.9 43 5.6
R 091 0.92 0.93 0.93 0.93

[a] UB3-LYP/6-31G(d) geometries, from ref. [13] unless otherwise specified. [b] Experimental estimates from Table 2, back-corrected to 0 K using thermal
temperature corrections from refs. [13, 82]. [c] From ref. [82]. [d] Experimental value is for the SiMe; substituent. [e] Reaction enthalpies for the addition of
MOH (*CH,OH) to ethene. [f] Reaction enthalpies for the addition of MCN (*CH,CN) to ethene. [g] MAD = mean average deviation from experimental

values. [h] The R? value refers to the correlation with experimental reaction enthalpies.

wide variety of radical additions. Thus, for the additions of the
methyl, hydroxymethyl, cyanomethyl, and fert-butyl radicals
to a variety of substituted alkenes, ¢ lies between 106° and
112° (UHF/6-31G(d)).2?) Calculations show that ¢ is not
particularly sensitive to the level of theory, with the range of ¢
values for methyl additions changing from 107.5-111.0°
(UHF/6-31G(d)) to 109.2-111.0° (UB3-LYP/6-31G(d))
and 108.2-110.6° (QCISD/6-31G(d)).[*?

The second geometric parameter of particular interest is the
length of the partially formed C—C bond. This lies between
2.173 and 2.313 A (UHF/6-31G(d)) and is found to correlate
very nicely with the reaction enthalpy across a wide variety of
radical-addition reactions (Figure 5).2%2% 81 This result has

24 7

r/A

2.2 A

2.1 T T T 1
-140 -120 -100 -80 -60
H./kImol' —®

Figure 5. Plot of C—C bond length r [A] in the transition structure (UHF/
6-31G(d)) against reaction enthalpy H, [kJmol~'] (QCISD/6-311G(d) +
ZPVE,) for the addition of ‘CH; (e), “CH,OH (m), and ‘CH,CN (a)
radicals to alkenes CH,CHX (X =H, NH,, F, Cl, CHO, CN). Taken from
ref. [28]. The solid regression line is given by r[A]=2.03 —2.21 x
103 H, [kJ mol~!] with R?>=0.953.

1354

been rationalized, using the curve-crossing model, as indicat-
ing that the location of the transition structure is determined
primarily by the intersection of reactant and product config-
urations while the energy of the transition structure may be
strongly influenced by contributions from charge-transfer
configurations.?s This then leads to the observation of a good
correlation between r(C—C) with the reaction enthalpy for a
range of radicals and alkenes but not for the barrier with the
reaction enthalpy. Calculations at other levels of theory show
that there is a small but not negligible dependence on the level
of theory for this bond length. Thus for the methyl radical plus
ethene reaction, r(C—C) takes the values 2.246 A (UHF),
2261 A (UMP2), 2365 A (UB3-LYP), 2.273 A (UQCISD),
and 2.281 A (QCISD(T) (all with the 6—31G(d) basis set).!
An even larger variation of r(C—C) is found for the methyl
radical plus acrylonitrile reaction.?!

4.2.4. Charge Transfer

Another property that is more directly accessible from
theoretical calculations than from experiment is the direction
and extent of CT in the transition structure (Table 10).°! This
is clearly useful in assessing the amount of polar character in a
radical-addition reaction. A direct theoretical measure of CT
comes from the calculated charges in the transition structures,
while a less direct measure, which is also available from
experimental data, is the relative energy of the CT states, for
example, CH;"/CH,=CHX~ and CH; /CH,=CHX". In the
case of the addition of the methyl radical to alkenes, it is found
that for most substituents (including H) the methyl radical
carries a negative charge. It carries a positive charge only for
X =CHO, NO,, and CN. In addition, in most cases (H again
included), the energy of the CT state CH;/CH,=CHX" is
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Table 10. Energies Ecp of CT states and the charge ¢ on CHj; in the
transition state of the reaction of a methyl radical (*CH;) with alkenes
(CH,=CHX).lal

X Ecr[eV]P q'
CH,"/CH,=CHX" CH,/CH,=CHX"

F 11.4 10.3 —0.012
H 11.6 10.5 —0.017
OH 11.5 9.2 —0.029
CH; 11.6 9.8 —0.024
NH, 11.7 8.1 —0.039
SiH; 10.7 10.1 —0.009
Cl 11.0 9.9 0.000
CHO 9.7 10.2 -+ 0.006
NO, 9.0 11.8 +0.030
CN 10.0 10.9 +0.012

[a] From ref. [26]. [b] G2(MP2) values. [c] Bader charges calculated at the
UHF/6-31G(d) level.

lower than the CT state CH;"/CH,=CHX-, once again
showing that methyl generally prefers to be an electron
acceptor rather than an electron donor. It is an electron donor
only when there are strong electron-withdrawing substituents
on the alkene. Thus the calculations indicate that methyl
radical does not display general nucleophilic behavior, in
contrast to previous conventional wisdom. It is nucleophilic
only with alkenes such as acrolein and acrylonitrile that bear
strong m-electron-withdrawing substituents.

The calculated energies for the possible CT states formed
from the radicals (R) *CH,OH and "CH,CN with a number of
alkenes (A) is shown in Table 11.2%1 Tt can be seen that the

Table 11. Calculated energies [eV] of CT states related to the addition of
*CH,OH and "CH,CN to alkenes (CH,=CHX)."l

X “CH,0H “CH,CN
R*A- RA* R*A- RA*

F 9.1 10.5 11.8 8.8

H 9.3 10.7 12,0 9.0

NH, 9.4 83 12.1 6.6

al 8.7 10.1 114 8.4

CHO 75 10.4 10.1 8.6

CN 77 11.1 10.4 9.4

[a] G2(MP2) values from ref. [28].

*CH,CN radical is always electrophilic, the R“A* state being
low in energy in an absolute sense and always lying below the
R*A~ state. On the other hand, ‘CH,OH is generally
nucleophilic, the CT RTA~ state being low in energy in an
absolute sense and lying below the R~A* state. The CT states
involving the methyl radical (Table 10) are considerably
higher in energy. In agreement with experiment, these results
suggest that polar effects in the addition reactions of the
*CH,0OH and *CH,CN radicals should be considerably greater
than for the methyl radical, where they might generally be
expected to be relatively unimportant.

4.2.5. Solvent Effects

Because the ab initio calculations refer to isolated mole-
cules in the gas phase whereas most of the experiments with
which comparisons are being made were carried out in
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solution, for example 1,1,2-trichloro-1,2,2-trifluoroethane
(e =2.4, "CHj; additions), methanol (¢ =32.6, *CH,OH addi-
tions), or acetonitrile (¢ =37.5, "*CH,CN additions), it is of
interest to examine the effect of solvent.[®'t 821 This has been
achieved by using the self-consistent isodensity polarizable
continuum model (SCIPCM)P with dielectric constants (e)
of 2 (for a nonpolar solvent) and 40 (for a polar solvent) for a
selection of radical-addition reactions.[®?!

The predicted effect of solvent is generally not large,
leading generally to small increases in the barrier (+0.5 to
+1.1kJmol™! for e=2, +1.1 to +2.8kJmol™! for £=40)
except for the CN and CHO substituents (in the alkene or the
radical) for which there are small decreases in the activation
energy (—0.2to — 1.1 kJmol~! for e =2, — 0.6 to —3.0 kI mol~!
for e =40). There predicted lowering of the activation barrier
in solvent is a larger (4.7 kJmol™!; ¢=40) for ‘CH,OH +
CH,=CHCN relative to ‘CH,OH + CH,=CH,, which is
consistent with the significant polar character predicted for
the "CH,0OH + CH,=CHCN reaction (Table 11).

It is found that the effect of solvent (with ¢ =40) on reaction
enthalpy lies between +2.4 and +4.3 kImol~! for methyl
radical additions, except for X=NH, (+5.9 kImol").[5
Larger effects are seen for the "CH,OH additions. For
nonpolar solvents (¢=2) the solvent effect is reduced by
about 60 %.

4.3. Discussion

4.3.1. General Aspects and Linear Correlations

In general, the trends associated with changing the radical
and alkene substitution obtained with the more advanced
theoretical procedures agree well with those observed exper-
imentally. Therefore, the two sets of data do not justify
separate discussions of the substituent effects, and we base the
following analysis of the factors influencing the addition rates
on the experimental data only. The possible, but small, phase
and solvent effects are ignored. Furthermore, the analysis is
restricted to the activation energies because the frequency
factors have already been covered in Section 4.1.2.

4.3.1.1. Steric Effects of  and Radical Substitution

The data in tables 1 and 2 nicely confirm the earlier viewP-7]
that bulky alkene 3 substituents (X,Y, Figure 1) have little
effect on the rate constants. In fact, for all the radicals the
addition to the very bulky 1,1-diphenylethene is always one of
the fastest reactions. Also, depending on the radical and the
other S substituent, the replacement of a f-hydrogen atom by
a methyl group changes the rate constant in either direction
but not greatly, and seldom by more than a factor of two.
Primary and tertiary radicals behave similarly, that is, there is
also no clear indication of hindering steric interactions
between the methyl substituents of the radicals and the
alkene f3 groups. Two methyl groups at the radical center
decrease the rate constants markedly if the third radical
substituent is a cyano or a carboxy group but lead to an
increase for the hydroxy-substituted radical. Furthermore, the
tert-butyl radical reacts faster than the methyl radical with all
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strongly acceptor-substituted alkenes. Clearly, any steric
retardation of the rates by f-alkene or radical substituents
must be so small that it is completely masked by the other
more dominating factors.

4.3.1.2. Characteristic Energy Quantities

Guided by the state correlation diagram (Figure 3) we now
seek correlations between the activation energies for the
addition with the energy quantities which change with the
substitution pattern of the alkenes and the radicals, namely,
the reaction enthalpy, the alkene triplet energy, and the
relative energies of the CT configurations and the strength of
the interactions with these.[?l

The reaction enthalpy for the addition of a specific radical
R to an alkene A follows from the data in Table2 as
H.(R,A)=H.(Me,A)+ AH,(R).

Triplet excitation energies AEgr are known for only a few
monosubstituted and 1,1-disubstituted alkenes.” They range
from 2.55 eV for diphenylethene to 3.65 eV for ethene, and
correlate very well linearly with the differences in the vertical
alkene ionization energies and electron affinities. Since the
latter are more widely known (Table 2), this correlation was
used to predict AEgy for the other alkenes. They fall between
AEs=2.55-2.80eV for phenyl-substituted alkenes and
AE¢r=3.10-3.65 €V for all other species.l”]

According to the discussion in Section 2.2, polar effects
should become important when the energy of at least one of
the CT configurations for the separated reactants is reduced
by the Coulomb interaction C in the transition structure, that
is, when Ei(R) — E.,(A) — C or E{(A)— E.(R)— C lies near
or below AEgr. For two point charges at the theoretical
reaction distance of about 2.2 A (Figure 5), the Coulomb
attraction energy is 6.5 eV. This is an upper limit since in many
cases the charges will be delocalized to some extent over both
the radical and the alkene substitutents. Estimates based on
semiempirical calculations lead to values for C between
2.8 eV (for benzyl reacting with phenyl-substituted alkenes,
i.e. a system in which a large charge delocalization is
expected) and 5.3eV (for hydroxymethyl with ethene, a
system with small charge delocalization).ll Hence, one may
expect considerable polar effects if the energy gaps Ei(R) —
E..(A) or E(A)— E.(R) are smaller than about 7-8 eV.
However, the interaction parameters y between the various
configurations are also important, and a large y value will
increase the polar effects. Unfortunately, there is presently no
means to address this aspect with any confidence.

4.3.1.3. Enthalpic Effects

A natural and frequently used procedure to search for
specific correlations is the construction of plots of the
activation energies against the characteristic energy quanti-
ties. An E, versus H, plot is given in Figure 6 for the addition
of methyl and benzyl radicals to a variety of alkenes. For
both radicals the data are reasonably well described by one
linear Evans-Polanyi—Semenov relation, and this is not
unexpected: methyl has a high ionization energy and a low
electron affinity, which yields large energy gaps of Ej(R)—
E.,(A)>95eV and E(A)—-E.,(R)>8¢eV for all alkenes
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Figure 6. Activation energies for the addition of methyl (m) and benzyl (e)
radicals versus the reaction enthalpy. The solid regression line is given by
E,=49.7(1.3) + 0.244(0.013) H, with (errors are given in parenthesis, R>=
0.89).
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(Table 10). Therefore, the polar effects should be of minor
importance in methyl additions. The benzyl radical has a low
ionization energy and a substantial electron affinity. Nucle-
ophilic polar effects could consequently be expected. How-
ever, they should be diminished by the lower Coulomb term
and the lower interaction strength. Hence, for both radicals a
dominant influence of the reaction enthalpy is quite natural.
Moreover, the common regression of benzyl and methyl
means that the lower reactivity of benzyl is because of the
lower exothermicity which is caused by resonance stabiliza-
tion. Hence, a previous explanation of the low benzyl
reactivity®! as being the result of a particularly large
resistance to pyramidalization is now abandoned.

However, Figure 6 also shows some noticeable deviations
from the linear regression: for methyl additions to several
electron-deficient alkenes the activation energies lie below
the line. In agreement with the direction of the charge transfer
given in Table 10, methyl seems to exhibit a noticeable
nucleophilic polar effect in these cases, and earlier it was
precisely the high reactivity of methyl towards such alkenes
which led to its classification as nucleophilic.* © For benzyl,
small accelerating nucleophilic polar effects towards strongly
electron-deficient alkenes are also visible. These are also
suggested by the extremely facile addition to the very
electron-deficient superalkene Cy) (E., =2.65 €V, kyg=1.4 x
10’m's!, E,=13.5 kJmol!).’’l Overall, however, the nucle-
ophilicity of benzyl is also rather modest, and this explains
why para substitution of the benzyl group by electron-donor
or -acceptor groups does not change the addition behavior of
benzyl markedly, even though these substitutions strongly
affect the E, of the radical.?!l Hence, one would conclude from
Figure 6 that for the additions of methyl and benzyl radicals
the reaction enthalpy is the dominating factor, and the slope
of the linear regression is also close to the generally accepted
a~0.25.

Interestingly, but also disturbingly, reasonable linear corre-
lations between the activation energies and the reaction
enthalpy are also found for radicals which are thought to have
electrophilic or ambiphilic character, such as tert-butoxycar-
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bonylmethyl (E,=32.4+0.17H,, R®*=0.67), cyanomethyl
(E,=35.1+0.17H,, R>=0.73), 2-tert-butoxycarbonyl-2-prop-
yl (E,=479+0.24 H,, R*=0.80), and 2-cyano-2-propyl (E,=
43.3+0.21H,, R*=0.87). Linear E, versus H, relations
also hold even for the strongly nucleophilic radicals hy-
droxymethyl (E,=82.5+0.59 H,, R>=0.82), tert-butyl (E,=
74.5+0.60H,, R*=0.77), and 2-hydroxy-2-propyl (E,=
78.0+0.69 H,, R>=0.72), but not for the strongly electrophilic
radicals cyclic malonyl (E,=18.0—0.01H,, R*?=0.01) and
trifluoroacetonyl (E,=12.0 — 0.07 H,, R?=0.02).

The comparison of all these Evans-Polanyi-Semenov
relations reveals remarkable trends. For the donor-substituted
hydroxymethyl, tert-butyl, and 2-hydroxy-2-propyl radicals,
both the intercepts and gradients are much larger than for
methyl and benzyl, whereas for the acceptor-substituted tert-
butoxycarbonylmethyl, cyano-methyl, 2-tert-butoxy-carbonyl-
2-propyl, and 2-cyano-2-propyl radicals the gradients are
smaller. For cyclic malonyl and trifluoro-acetonyl they are
even negative. Clearly, the correlations found so far point to
an influence of the reaction enthalpy on the activation
energies but do not allow the specification of a general
dependence which could be valid for all radicals and alkenes.

4.3.1.4. Nucleophilic Polar Effects

The nucleophilic polar effect should be large for the tert-
butyl, hydroxymethyl, and 2-hydroxy-2-propyl radicals which
have very small ionization energies (Table 2). For these
radicals AH,(R) is similar, and thus the enthalpic effects
should also be similar. For nearly all the alkenes examined,
the activation energies decrease in the order hydroxy-
methyl > tert-butyl > hydroxypropyl. This agrees with the
order of the radical ionization energies and supports the
importance of nucleophilic polar factors. Also, for most of the
alkenes the energy Ei(R)— E.,(A) of the CT configuration
R*A~ is smaller than 8eV. The energy of the second CT
configuration R“A™" is greater than 8 eV for all the alkenes,
and this renders electrophilic polar effects for these radicals
unlikely.

Figure 7 shows that the activation energies of the three
radicals correlate in a common way with the energy differ-
ences Ei(R) — E.,(A), and this correlation is even better than
that with the reaction enthalpy. The alkenes form two classes:
the activation energies of alkenes without phenyl substituents
fall into a rather narrow band (width<7kJ mol™') and
decrease from high values when the E;j(R) — E.,(A) energy
difference is high (9-10eV) to values close to zero for
E(R) — E.(A)~6.0-6.5 eV. The latter value is close to the
Coulomb interaction C~5-6¢V estimated above for non-
delocalized systems and, according to Figure 3, E;(R)-—
E.,(A) =~ C could mean very low or even vanishing activation
energies. For the phenyl-substituted alkenes, the activation
energies are higher but they also decrease with decreasing
energy gap and tend to zero at Ej(R) — E.,(A)~5 eV. This is
reasonable, because the Coulomb term should be smaller for
the phenyl-substituted alkenes as a result of the delocalization
effect. Hence, one can conclude that for the donor-substituted
radicals the nucleophilic polar effect is important, at least for
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Figure 7. Activation energies for the addition of hydroxymethyl, tert-butyl,
and 2-hydroxy-2-propyl radicals versus the relative energies of the CT
configurations R*A~ (measured by Ej(R)— E.(A)). Several data points
are labeled with the corresponding alkene substituents. The solid regression
line is given by E, [kI mol~'] = — 63.0(4.6) + 10.1(0.6)(Ei(R) — E.,(A)) [eV]
(errors are given in parenthesis, R> =0.86).

energy differences E;(R) — E.,(A) <9 eV, and that in Figure 7
the influence of the reaction enthalpy is masked.

Surprisingly, however, radicals such as methyl and benzyl
with small nucleophilic polar effects also give rise to
reasonable correlations of the activation energies with the
energy gap Ei(R)— E.,(A) and/or with the alkene electron
affinity (R?=0.86 and R?>=0.84, respectively). Even the
electron-acceptor-substituted  radicals, 2-cyano-2-propyl
(R?=0.76), 2-tert-butoxycarbonyl-2-propyl (R?>=0.75), tert-
butoxycarbonylmethyl (R?=0.51), and cyanomethyl (R?>=
0.52), behave similarly, only cyclic malonyl and trifluoroace-
tonyl do not. Hence, as noted for the enthalpy effect, linear
correlations such as those presented in Figure 7 seem not to be
of general and predictive significance.

4.3.1.5. Electrophilic Polar Effects

The trifluoroacetonyl and cyclic malonyl radicals have large
electron affinities (Table 2). This suggests searching for a
correlation of the activation energies with the energy E;(A) —
E.(R) for the CT configuration R-A". Figure 8 shows that
the Ei(A) — E.,(R) values are indeed low for most alkenes, so
that electrophilic polar effects are likely. As expected, the
activation energies are lower at lower E;(A)— E.,(R) ener-
gies. However, the gradient of the common correlation is
much smaller than that found for the nucleophilic radicals
(Figure 7), and very low activation energies are approached
only for Ei(A) — E.,(R) <6 eV.

For all the other potentially electrophilic radicals, the plots
of the activation energies versus the energy separation
E{(A) — E.(R) and/or the alkene ionization energies E;(A)
show large scatter and negative gradients. An electrophilic
behavior should give a positive slope since the activation
energies should decrease with decreasing alkene ionization
energy, so that at first sight all four monocyano and mono-
carboxy substituted radicals appear not to be electrophilic.
This is not consistent with intuition and the theoretical results
(Table 11) nor with the low activation energies of the primary
species, and suggests that other forces are at work.
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Figure 8. Activation energies for the addition of cyclic malonyl (m) and
trifluoroacetonyl (e) radicals versus the relative energy of the CT
configuration R-A* (determined by E;(A) — E.,(R)). The solid regression
line is given by E, [kJmol™']=—6.1(3.4) + 3.1(0.5)(Ei(A) — E..(R)) [eV]
(errors are given in parenthesis, R?=0.57).

4.3.1.6. Correlations With the Alkene Triplet Energy

We have also searched for linear correlations of the
activation energies with the alkene triplet energy AFEgr.
Except for the radicals with the strongest polar effects, 2-
hydroxy-2-propyl, cyclic malonyl, and trifluoroacetonyl, all
species give reasonable correlations with the expected pos-
itive slopes but the scatter is large.

4.3.1.7. Interrelation of Energy Parameters and Limits of
Linear Correlations

As is evident from the discussion above, linear correlations
of the activation energies for individual radicals or specific
radical groups with the reaction enthalpy, the energies of the
CT configurations and the triplet energy appear to point to
important factors but do not lead to their specification and
straightforward separation. In the course of this analysis, we
have recognized that the energy parameters are themselves
significantly interrelated, that is, they depend on one another.

Firstly, the reaction enthalpy correlates strongly
with the triplet excitation energy: H,[kJmol™']=—309 +
0.62AEg; [kImol~!], with R*=0.68. The large and positive
slope means that the effects of H. and AEgrare not separable
by linear correlations of the activation energies or of the rate
constants with either parameter. In fact, a linear dependence
on one parameter will automatically lead to a linear depend-
ence on the other, even if the latter would have no effect if it
were operating alone. Despite an extensive search for specific
influences of the alkene triplet energy, such influences have
not been found. Therefore, we conclude that the correlations
with H, always include the effects of AEg.

Secondly, there is a correlation between H, and the alkene
electron affinity, H, [kJmol~']=—136 —0.20 E.,(A) [kJ mol~']
with R>=0.77. The negative slope means that many of the
alkene substituents that make the alkene more electron
deficient, and hence increase E.,, also stabilize the newly
formed radical, and hence decrease H,. Therefore, for a given
radical, the nucleophilic polar effect increases with decreasing
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H_, that is, favorable influences of the enthalpy and the alkene
electron affinity reinforce one another.

Thirdly, with the exception of the phenyl-substituted
alkenes, the addition exothermicities (— H,) increase with
increasing alkene ionization energies, H, [kJmol~']=35—
0.16 E(A) [kIJmol~'] with R?=0.42. This correlation is less
significant than that of H, with E,,, but it means that the
electrophilic polar substituent effect which increases with
decreasing alkene E; and the enthalpy substituent effect which
increases with increasing exothermicity partly cancel one
another in the individual plots of the activation energies
versus H, and E(A).

In total, these interrelations of the parameters shed
considerable doubt on the meaning of the individual corre-
lations and call for a more refined analysis.

4.3.2. Refined Analysis and Predictions

We start with the Evans-Polanyi—Semenov premise,
supported by the state correlation diagram, that the reaction
barriers should always decrease with decreasing reaction
enthalpy (increasing exothermicity). We note in addition that
any polar effects that are present can only serve to decrease
the barriers beyond that indicated by the enthalpy effect. If the
dependence of the activation energy on the reaction enthalpy
is the same for all radicals and if this is described by a common
Evans—Polanyi—Semenov relation, then the interrelations
between H, and the alkene FE,, and E; described in Sec-
tion 4.3.1.7 suggest alkene specific trends of the data in plots
of the activation energies versus the reaction enthalpy if polar
effects do operate. These trends are quite different for
nucleophilic, electrophilic, and ambiphilic radicals, and this
allows a discrimination.

4.1.3.2.1. Nucleophilic Polar Effects

Figure 9 represents in a pictorial way the variation in the
activation energy with the reaction enthalpy expected from
Equation (1) and from the corresponding changes resulting
from accompanying additional nucleophilic polar effects

Nucleophilic Polar Effect

Evans-Polanyi-Semenov Line

0

<«——  Exothermicity, -H, 0

Figure 9. Schematic plot of the activation energy versus reaction exother-
micity (— H,) for systems showing negligible polar effects and increasing
nucleophilic polar effect (increases from a to b to c).
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which increase from curve a to curve c. The lines were drawn
with the restriction that activation energies can not become
negative but will approach zero if Ej(R)— E.(A)—C be-
comes sufficiently small. Because E.,(A) generally increases
with decreasing H, the deviations from pure enthalpy control
will be larger for additions with higher exothermicity. They
will set in when E;(R) — E.,(A) — C falls below a critical value,
and they are also influenced by the strength (y) of the
interaction between the CT configurations and the nonpolar
configurations. From Figure 9 one predicts that radicals
exhibiting both enthalpic effects and nucleophilic polar effects
are generally more selective and more reactive than radicals
lacking the polar effects. Normally, the accessible range of H,
is limited, and, under such circumstances, this will lead to a
more or less linear dependence of the activation energies on
the reaction enthalpy. Then, as seen in Figure 9, the slopes of
the linear correlations are expected to be particularly large for
radicals with considerable nucleophilicity. Indeed, this is
observed for the nucleophilic hydroxymethyl, fert-butyl, and
2-hydroxy-2-propyl radicals.

4.3.2.2. Electrophilic Polar Effects

For electrophilic radicals, the expected variation in the
activation energy with the reaction enthalpy is schematically
displayed in Figure 10. The deviations from the Evans—
Polanyi—Semenov line are largest for small E;(A), and since

Electrophilic Polar Effect

Evans-Polanyi-Semenov Line

<«——  Exothermicity, -H, 0

Figure 10. Schematic plot of the activation energy versus reaction
exothermicity (— H;) for systems showing negligible polar effects and
increasing nucleophilic polar effect (increases from a to b to c).

Ei(A) and the exothermicity are positively correlated, the
deviations are largest for additions with low exothermicities.
Hence, one predicts from Figure 10 that radicals exhibiting
enthalpic and electrophilic effects are generally more reactive
but may be less selective than radicals without electrophilicity.
Again, the limited range of H, will lead to a more or less linear
dependence of the activation energies on the enthalpy, and
now the slopes of the correlations will be smaller than that
given by the enthalpy effect alone. For very large electro-
philicity even a negative slope can result (line c). Small slopes
are, in fact, encountered for the acceptor-substituted radicals
tert-butoxycarbonylmethyl, cyanomethyl, 2-tert-butoxy-car-
bonyl-2-propyl, and 2-cyano-2-propyl, and for cyclic malonyl
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and trifluoroacetonyl the slopes are negative. Hence, all these
acceptor-substituted radicals do show an appreciable electro-
philicity.

4.3.2.3. Ambiphilic Polar Effects

For radicals with sufficiently low ionization energies and
sufficiently large electron affinities, the energy of the CT
configuration R*A~ is small for reactions with strongly
electron-deficient alkenes, and the energy of the other CT
configuration R-A* is small for additions to electron-rich
alkenes. In this case, one expects an ambiphilic reaction
behavior. It gives rise to the deviations from the enthalpy
correlation shown in Figure 11. One now predicts that

Ambiphilic Polar Effect

Evans-Polanyi-Semenov Line

E{A)- Eca(R) small

E{(R) - Ecs(A) small

0

0

-<«—— Exothermicity, -H,

Figure 11. Schematic plot of the activation energy versus reaction exo-
thermicity (— H,) for an ambiphilic reactivity.

ambiphilic radicals will be rather reactive but not very selective.
In these cases, the linear correlation of the activation energy
with the reaction enthalpy may show nearly the correct slope
but it gives an intercept that is too low. Hence, the effects of
the reaction enthalpy can become more evident for ambiphilic
radicals than for purely nucleophilic or electrophilic species,
and this was noticed earlier by Giesel'®l. Tt will be seen later
that several of the radicals we employed are indeed ambi-
philic.

4.3.2.4. Consequences

The interrelation of the energy parameters explains the
observation of linear correlations of the activation energies
with the polar energy quantities for cases where such
correlations should not exist, this was noted in Section 4.3.1.
If the additions are mainly controlled by the reaction
enthalpy, the activation energies will always seemingly
decrease with increasing alkene electron affinity as if the
radicals were substantially nucleophilic. This deceptive ten-
dency holds for the carboxy- and cyano-substituted species
but was not recognized in earlier work. On the other hand,
because of the enthalpy effect the slopes of the correlations
between E, and E;(A) for electrophilic radicals will always
appear too small, and they may even become negative. The
latter is contrary to intuition, but it is observed for some
acceptor-substituted species. However, a correlation of E,
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with E;(A) with a positive slope always means an electrophilic
addition behavior, especially if the radical follows line c in the
E, versus H, plot of Figure 10.

4.3.2.5 Predictive Equations for the Activation Energy:
A Common Evans— Polanyi— Semenov Relation

Our considerations, which, for the first time, include a
detailed analysis of the mutual interdependence of the energy
parameters, have implicitly assumed the existence of a
common dependence of the reaction barriers on the reaction
enthalpy. From the sizes of the energy gaps it can be
concluded that most of the radicals reported herein should
exhibit only weak or negligible polar effects with at least a few
alkenes. Therefore, a plot of all the activation energy data
against the reaction enthalpy should lead to an upper limiting
line. This line should represent the true enthalpy dependence
from which the polar effects are expected to cause only
negative deviations. Figure 12 demonstrates that the upper
limit does exist. It is even close to linear and thus provides
strong support for the Evans —Polanyi— Semenov relation.
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Figure 12. Activation energies for the full set of reactions versus the
reaction enthalpy. The solid line is given by E,=50.0+0.22 H,.

The line is described by Equation (2). With very few
exceptions, the activation energies for all radicals approach

E, = 50+022H, 2

the upper limit for specific alkenes, and this further rules out
significant steric effects of the radical substituents on the
activation energies. The line in Figure 12 [Eq. (2)] accommo-
dates the experimental errors in the activation energies and in
the estimated reaction enthalpies, and the resulting parame-
ters are reasonable. Not unexpectedly, they are very similar to
those given in Figure 6 for the rather nonpolar methyl and
benzyl radicals. A closer inspection of Figure 12 also reveals
that the deviations from the upper limiting line for methyl,
benzyl, and the strongly donor-substituted radicals increase
with increasing exothermicity, as expected from Figure 9, that
is, the nucleophilicity of these radicals with electron-deficient
alkenes is confirmed. The other radicals conform as expected
to Figures 10 and 11, that is, all acceptor-substituted radicals
show an electrophilic to ambiphilic behavior.
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4.3.2.6. Effects of Polar Interactions on the Activation Energy

The new general Evans —Polanyi — Semenov relation allows
amore quantitative analysis of the effects of polar interactions
on the activation energies. We propose that the enthalpy
effects are covered by Equation (2) and that the polar effects
are described by superimposing multiplicative polar factors
and not additive terms on this equation. Hence, we write the
activation energies as Equation (3).°* %! The nucleophilic

E, = (50+0.22H,)F,F, 3)

factor F, depends on E;(R) — E.,(A) — C, and an interaction
parameter y,, and its electrophilic counterpart F, depends on
E(A)—-E,(R)—C, and a corresponding interaction param-
eter y.. Both F, and F, are restricted to values between 0 and
1. Figure 13 shows a plot of the activation energies E, divided
by the enthalpic term (50+0.22 H,) for the radicals methyl,
hydroxymethyl, tert-butyl, and 2-hydroxy-2-propyl versus the
energy of the charge-separated configuration R*A-, E(R) —
E..(A). These radicals should exhibit only nucleophilic polar
effects, and hence the ratio E,/(50 + 0.22 H,)should represent
F,.

02 T T T T T T
7 8 9 10 11 12

(E(R) - Eca(A))/eV

Figure 13. Nucleophilic polar factors for the methyl (m), hydroxymethyl
(a), tert-butyl (@), and 2-hydroxy-2-propyl (¥) radicals. Open symbols (o,
A, 0, V) refer to the same radicals reacting with phenyl-substituted alkenes.
The solid lines correspond to a) F, =1 —exp(— ((x — 6.5)/3.2)?),b) F,=1—
exp(— ((x—6.2)/1.7)%), and ¢) F,=1 — exp(— ((x — 5.7)/1.0)?).

Also displayed are heuristic functions of the type (4) which
accommodate the data. The term C, is the value of Ej(R) —
E..(A) for which the activation energy reaches zero, and vy,

Fy = 1-exp(=[(E(R) - Ea(A) = C)yn)’] “

denotes the value of Ej(R)— E.(A)— C, where the nucleo-
philic factor F, reduces the activation energy by a factor of
1—e7}, that is, to 63% of the value given by the enthalpy
effect alone. As is evident from Figure 13, with the exception
of phenyl-substituted alkenes, the polar effects of the strongly
nucleophilic radicals can be described by one common F, with
a reasonable Coulomb attraction (6.2 €V) and one interaction
term (1.7 eV). The nucleophilic effect of methyl requires the
insertion of a larger Coulomb term (6.5¢V) and a larger
interaction term (3.2 eV). For the phenyl-substituted alkenes,
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the Coulomb and interaction parameters of all four radicals
appear to be smaller (C,=5.7 ¢V, y,=1.0eV), and this also
holds for the benzyl radical (not shown, C,=6.0¢eV, y,=
1.0 eV). Clearly and as expected, the parameters C, and vy,
are related to the charge and spin delocalization in the
transition state.

Similar functions F, accommodate the polar effects of the
strongly electrophilic cyclic malonyl and the trifluoroacetonyl
radical. This is shown in Figure 14 for the non-phenyl-
substituted alkenes. Though the variations are less convincing

1.2 9

0.2+

0.04

0.2 T T T T T T T
6 7 8 9 10 11 12

(Ei(A)- Eaa(R))eV
Figure 14. Electrophilic polar factors for the cyclic malonyl (e) and
trifluoroacetonyl (e) radicals. Open symbols (o, <) refer to the same
radicals reacting with phenyl-substituted alkenes. The solid lines corre-
spond to a) F,=1—exp(—((x —4)/4.3)?), and b) F,=1—exp(— ((x —4)/
2)?).

than those in Figure 13, the phenyl-substituted species are
again the exceptions and call for weaker polar effects. In
comparison to the values given above for the nucleophilic
radicals, the Coulomb terms in Figure 14 are smaller, possibly
because the carboxy- and cyano-acceptor substituents deloc-
alize charge more easily than methyl or hydroxy groups, yet
the interaction parameters of these strongly electrophilic
radicals appear to be relatively large.

The activation energies of the remaining tert-butoxycarbon-
ylmethyl, cyanomethyl, 2-tert-butoxycarbonyl-2-propyl, and
2-cyano-2-propyl radicals are smaller than those given by the
general Evans-Polanyi—Semenov relation, and this holds
both for the electron-deficient and for the electron-rich
alkenes. This suggests an ambiphilic reaction behavior, that is,
both polar factors are important. A detailed analysis shows
similar parameters to those found for the purely nucleophilic
and purely electrophilic radicals, and again smaller values for
C and y are needed for the phenyl-substituted alkenes.

To provide an overview of the results of our approach, in
Figure 15 we compare the experimental activation energies
(Table 2) with values calculated from Equations (3) and (4)
and with a unified set of polar Coulomb and interaction
parameters.'! The agreement is very satisfying and lends
support to the interpretation and to Equation (3). The
deviations between experimental and calculated data obey
the most probable Gaussian distribution, and the largest
deviations of 7 kJmol™! may even be a result of the
experimental errors. Of course, the polar parameters and
Equation (4), especially the interactions y and their variation
with radical structure, call for theoretical explanations.
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Figure 15. Experimental versus calculated activation energies for the
addition reactions covered in Table 2, except cumyl and di-fert-butylma-
lonyl additions, with different symbols for different radicals. The solid line
corresponds to E, ., = E, e and describes the 206 data points with the
standard deviation of 2.4 kJ mol .

4.3.2.7. Tests of the Predictions

The polar parameters used for Figure 15 depend on the
structures of the radicals and on the alkenes but do not vary
extensively.'] Therefore, they should allow the prediction of
unknown activation energies for additions of similar species.
Unfortunately, there are not many absolute rate constants
against which such predictions can be checked. However,
amongst some other scattered single values, the absolute rate
constants are available for the addition of trifluoromethyl and
perfluoro-n-alkyl radicals,® ¢ the n-hexenyl and n-heptyl
radicals,'® the cumyl radical,*! and various p-substituted
benzyl radicalsP! to several alkenes at room temperature.
These serve as test cases here. Using the general Evans —Po-
lanyi—Semenov relation with estimated reaction enthalpies,
and the average frequency factors and polar parameters which
are close to or equal to those found for the related radicals
from our series,'”1% we arrive at the comparison of
experimental and predicted rate constants shown in Figure 16.

Cumyl

p-Cyanbenzyl

Hexenyl

Perfluor-n-alkyl

Trifluormethyl .

“
1
" O e p O

5
lg(kep/M's ")
4

T T T T T T T
i 2 3 4 5 6 7

% -

lg(kye/M's") ——

Figure 16. Experimental versus predicted rate constants for the addition of
several radicals to alkenes in solution at room temperature with different
symbols for different radicals. The solid line corresponds to lg(key,) =
lg(k.qeq) and describes the 29 data points with the standard deviation of
0.54.
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The data cover about seven orders of magnitude. There are
a few deviations of about one order of magnitude, but the
average standard deviation between the experimental and the
predicted rate constants is only 0.54 units of Ig(kM~'s™!),
which means a factor of 3.5 for the rate constants. Hence, our
refined analysis of the experimental data has not only
provided additional insight on the action of the enthalpic
and polar factors but also appears to allow predictions of rate
constants for the addition of carbon-centered radicals to
monosubstituted and 1,1-disubstituted alkenes to within one
order of magnitude. We show in Section 5 that the operating
principles also hold for related addition reactions. The most
serious limitation to a widespread application of our pre-
dictive equations is currently the restricted availability of
reliable reaction enthalpies.

5. Related Addition Reactions

5.1. 1,2-Disubstituted and 1,1,2-Trisubstituted Alkenes—
The Steric Factor

5.1.1. General Observations

It is well established™ that substitution of one or both
methylene hydrogen atoms of a monosubstituted or 1,1-
disubstituted alkene CH,=CXY by other atoms or groups
changes the overall rate constant of a radical addition
considerably and can also change the regioselectivity of the
attack. In most cases, substitution at the attacked site (named
C,) lowers the rate constants. This is commonly attributed to a
steric substituent effect which hinders the approach of the
radical. As a rule, the effect increases with the steric demand
of the substituent and of the attacking radical but it depends
also on the size of the substituents at the nonattacked
carbon. It may be diminished by favorable polar a-substituent
effects.

In terms of activation parameters, a pure steric substituent
effect should diminish the frequency factor because it means
additional motional constraints on the transition structure.
Further, both for bulky radicals R* and bulky a-substitu-
ents A, the newly formed C—C bond of the adduct radical
R-CHA-CXY" will be strained, that is, upon substitution of H
by A the reaction should generally become less exothermic
and have a higher activation energy. There are not enough
experimental data currently available for a large-scale anal-
ysis. Therefore, we address here only some of the more
important points for a representative reaction series.

Table 12 allows a comparison of the absolute rate constants
and the activation parameters for the addition to alkenes
CHA=CXY and CH,=CXY. In the chosen examples, the
attack at the less-substituted carbon atom is always strongly
preferred. As expected, a substitution lowers the rate
constants for most additions, and the decrease is larger for
bulkier vicinal substituents (A and X,Y) and it is larger for the
bulkier fert-butyl radical than for the smaller methyl radical.
Moreover, the frequency factors for addition to the 1,2-
disubstituted and 1,1,2-trisubstituted alkenes are lower than
the average frequency factors established in Section 4.1.2 for
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Table 12. Rate effects of a-alkene substituents. Ratios of absolute rate
constants per CH, group of monosubstituted and 1,1-disubstituted alkenes
CH,=CXY, or per CH group of 1,2-disubstituted and 1,1,2-trisubstituted
alkenes CHA=CXY at 298 K, frequency factors A* [M~!'s7'] for the
addition to CHA=CXY per CH group and differences in activation
energies E2 — EM [kJmol™!] for the addition of methyl (Me) and ferz-butyl
(tBu) radicals.

Radical X Y A KMER 1g(Ad)  EA — EH
Mel*! H Me (E)-Mel 021 74 24
H Me (Z)-Mel?) 0.11 7.1 —-2.6
Me Me Me 0.291°!
H Ph (E)-Me 0.121°]
H Ph (Z)-Me 0.055[01
H Ph (E)-Ph 0069 80 39
H Ph (Z)-Ph 0018 7.9 6.6
Ph Ph Ph 46 7.4 3.3
H CO,Me  (E)-Me 0.0220°
H CO.Et (E)}COEt 226 66 128
H COJEt (Z)COEt 022 74 ~25
Bub 6l H Me (Z)-Me 0.033 6.1 -53
Me Me Me 0.11 71 2.8
H (E)-Cl 023 7.0 0.6
H Cl (2)-C1 0.085 7.4 5.3
Cl Cl Me 0.005 6.0 5.1
Cl Cl Cl 0.048 7.3 6.6
H Ph (E)-Me 0.014
H Ph (E)-COMe 1.1
H Ph (E)-CN 2.8
H COMe (E)-COMe 0.8
H COMe (2)-COMe 0.070

[a] E and Z isomers. [b] 338 K. [c] Calculated using k(CH,~CHCO,Me).

CH~=CXY, namely Ig(A/M!s!)=8.5 for methyl and
lg(A/M~'s™") =75 for tert-butyl additions, and this decreases
the rate constants by a factor of about 5 to 15. With few
exceptions, the activation energies are larger for the a-
substituted alkenes than for the unsubstituted alkenes, and
this suggests a lower exothermicity for the former reaction.['”’]
As is evident from the Table 12 this effect of the steric strain
on the activation energy may lead to an additional rate
decrease by a factor similar to that originating from the
frequency factor difference.['*®]

Polar effects of a-substituents are also noticed. Firstly, in
comparison the addition to methylacrylate, the additions of
the methyl radical to diethylfumarate and to diethylmaleate
are considerably faster than expected from the rate-diminish-
ing steric substituent effect, and have lower activation
energies. As shown before (Figure 6), the addition of the
methyl radical to strongly acceptor-substituted alkenes such
as methylacrylate is facilitated by the nucleophilic polar
effect, and for diethylfumarate and diethylmaleate this
appears to be enhanced by the second ester group. Secondly,
the tert-butyl radical adds faster to 2-carboxystyrene and
2-cyanostyrene than to styrene, thus, in these cases the polar
effect of the a substituent even overrides the steric substituent
effect. In this context, it has to be mentioned that the
somewhat lower activation energies for additions to 2-butene,
when compared with propene, may not be significant and may
be a result of error compensation effects in the activation
parameters. For methyl additions the difference is small, and
for tert-butyl the experimental frequency factor is suspiciously
low.
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5.1.2. The Isomer Effect

Generally, Z-1,2-disubstituted alkenes react considerably
more slowly than E-1,2-disubstituted alkenes (Table 12). The
different reactivity of isomers was noticed long ago,!”! and
constituted very early evidence for the now established
transition structure in which the alkene moiety in the
transition state resembles the parent alkene (Figure 2).
However, the direction of the effect is not easily explained.
One contribution to different reactivities is likely to come
from enthalpy effects because the different isomers have
different enthalpies of formation whereas the product radicals
that result from additions are energetically identical. How-
ever, the direction of the effect is often contra to thermody-
namics. In the case of the stilbenes, the relative reactivities
were attributed to the E isomer having a structure closer to
planarity than the Z isomer, and it was suggested that these
arrangements could be retained in the transition structure.
Hence, the newly-formed benzyl-type radical could gain some
of its resonance stabilization for the E but not for the Z isomer
already at an early stage of the reaction, and this would lower
the barrier for the former compound.['”! The same reasoning
may also explain the higher reactivity of fumarates compared
with maleates. An additional possibility is that, because the
isomers have different ionization energies and electron
affinities, different polar effects may operate. In fact, this
isomer effect has been found to explain the addition of the
strongly nucleophilic tert-butyl radical to the 1,2-dichloro-
ethenes.??] It seems that the isomer effect may have
different origins for different cases, and the very limited
amount of data currently available precludes a closer analysis.

5.1.3. Regioselectivity

For a multiply substituted alkene C(1)AB = C(2)XY, the
regioselectivity of addition is given by the ratio of the rate
constants for addition to C(1) and C(2), k/k,, and this is
strongly dependent on all the factors mentioned before.
Firstly, for different motional constraints on the different
transition structures, the frequency factors of k, and k, will be
different, and addition to the less-crowded carbon atom
should be favored. Secondly, the reaction enthalpies of the
two additions differ by the difference in the enthalpies of
formation of the adduct radicals R—CAB—CXY" and
R-CXY—CAB-". Therefore, from the enthalpy effect one
expects the lower activation energy and a higher rate constant
for the addition leading to a new R—C bond that is stronger or
less strained, and to a more stabilized radical. Thirdly, it has
been argued that radical attack is directed towards the alkene
carbon which possesses the highest spin population in the
alkene triplet state.?” This effect normally favors attack at the
less substituted carbon, and thus coincides with predictions
from steric considerations. Finally, for reactions with polar
effects, the correction factors F, and F, of the activation
energies involve the same energy gaps to the CT configu-
rations E;(R) — E,,(A) and E;(A) — E.(R) for both pathways.
However, the Coulomb and the interaction terms may differ,
that is, the polar effects may also not be equal for the additions
to C(1) and C(2). When the enthalpy and spin population or
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steric effects reinforce one another, addition at the less
substituted carbon ensues. However, when they oppose one
another, a regioselectivity crossover, as in the case of methyl
radical addition to CHF=CF,, may be observed.!

The experimental data indicate that the decrease in the
frequency factor caused by increasing steric substituent
effects often goes in parallel with an increase in the activation
energy but there are noteworthy exceptions. Tedder et al.l® 110
have shown that a variety of fluorine-substituted methyl
radicals add preferentially to the less-substituted carbon atom
of fluoroethenes. The frequency factors are larger and the
activation energies are smaller than for the addition to the
more-substituted site, and from the above arguments this is as
expected. In contrast, the methyl radical adds preferentially at
the disubstituted carbon atom of trifluoroethene, and this
reaction has a lower activation energy than the addition to the
monosubstituted site. For 1,1-difluoroethene, the regioselec-
tivity of methyl addition is also relatively low. The seemingly
anomalous behavior of the methyl radical towards these
compounds can simply be explained in terms of the enthalpic
effect. It is known that CH,—CF,, bonds are unusually strong
(n, m>2),2% and this facilitates the addition of methyl to the
substituted carbon of CH,=CF,8'> "l whereas for trifluoro-
methyl and other fluorine-substituted radicals it facilitates the
addition to the less-substituted site.''? The same should also
hold for trifluoroethene and would lead to the anomalous
regioselectivity for methyl and the lower activation energy for
addition to the more-substituted site. This explanation has
also been offered by others and is supported by ab initio
calculations.?> 81 112]

5.2. Homopolymerization Rate Constants,
Copolymerization Parameters, and the Penultimate Unit
Effect

In radical polymerizations, the repeated addition of alkyl
radicals to alkene monomers gives rise to the polymer chains.
Hence, one might expect that the rate constants of chain
propagation should be subject to the same factors that control
the rates of addition of small radicals to alkenes.”! This is
supported by the following comparisons.

5.2.1. Homopolymerization

Table 13 lists recent homopolymerization rate constants
and their activation parameters, together with the corre-
sponding rate data for reactions of structurally related small
radicals as taken from Tables 1 and 2. With the exception of
ethene propagation, for which the addition of the methyl
radical to ethene may not be an adequate model, the
propagation constants are about 10- to 60-fold smaller than
the rate constants for the model systems. Both sets of
constants vary with radical and alkene substitution by nearly
three orders of magnitude and in a similar way. The activation
energies of the propagations are generally slightly higher. This
may be a result of a slightly larger steric effect for the
polymeric species which should decrease the reaction en-
thalpy and increase the activation energy (see Section 5.1.1).
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Table 13. Rate data for the homopolymerization of vinyl monomers and
for the corresponding addition of small alkyl radicals. For radical notation,
see Table 1 and Figure 4.

Homopolymerization monomer ks lg(Am's7Y)  E,

a

model Reaction [M~1s71] [kJ mol~']
ethenel!'®! 20 727 34.3
Me + ethene 7000 8.5l 282
methacrylonitrilel!%] 18 643 29.7
PCN + methacrylonitrile 1060 7.5Ml 26.4
styrenel> 93 7.63 325
Bn + styrene 1100 8.51ab] 30.8
methylmethacrylatel** 345 6.43 224
PEst + methylmethacrylate 3710 7.50 224
methylacrylatel!!3 19000 7.3 17.0
MEst + methylacrylate 490000 8.5 15.6

[a] Average frequency factors, see text. [b] For a secondary radical,
lg(AM~1s71) =8.0 is expected, see text.

However, the similarity in the activation energies strongly
suggests that the major influences of the enthalpic and polar
substituent effects on the addition rates are similar for long-
and short-chain carbon-centered radicals. On the other hand,
the frequency factors of the propagation constants are
considerably smaller than those established for the model
systems. In view of the larger conformational and motional
complexity of the propagating species and the constraints on
the transition structure, this is not surprising. In total, the
lower frequency factor lowers the rate constant by a factor of
about ten for polymeric radicals in comparison with related
small-radical additions, and an additional smaller decrease
may be a result of the increased activation energy. Probably
the same factors explain why propagation rate constants tend
to decrease with the increasing chain length of the polymeric
radicals.[t14-116]

5.2.2. Copolymerization

As a further test for the similarity of the dominant factors,
we compare copolymerisation parameters with ratios of rate
constants of model systems. For a propagating radical R
adding to its parent monomer M and a second monomer M’,
the copolymerization parameter r, is defined as r; = krp/kryr s
and for a given monomer feed such ratios determine the
copolymer composition. Figure 17 shows experimental co-
polymerization parameters for styrenel''”] and ratios of rate
constants, 7y, of the model benzyl radical adding to styrene
relative to the addition to other alkenes calculated from our
absolute data.””! The frequency factor difference between the
secondary polystyryl and the primary benzyl radical should
not affect the ratios, and therefore one expects a good
correlation between the observed copolymerization parame-
ters and those calculated from rate constants for the small
radical if the additions of polymeric and small radicals
experience similar enthalpic and polar factors. Figure 17
shows an excellent linear correlation, with a slope close to
one and a small intercept value, and this confirms the
similarity of the operating factors. Excellent correlations
were also found for the cyanomethyl radical as a model for the
propagation radical of acrylonitrile,[® for the ters-butoxycar-
bonyl methyl radical as a model for methylacrylate,®l and for
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Figure 17. Experimental and predicted copolymerization parameters for
styrene. The solid regression line corresponds to 1g(7; caeq) = 0.07+0.92 X
1g(71xp) and describes the 16 data points with R?=0.90.

the methoxycarbonyl-2-propyl radical as a model for meth-
ylmethacrylate. [’

5.2.3. The Penultimate Unit Effect

Studies of copolymerization rates have recently revealed
that the rate constant for the addition of a polymeric radical to
a monomer does not only depend on the monomer and on the
terminal structure of the radical but also to some extent on its
penultimate unit"®! and possibly on even more remote
groups. That is, the rate constants k;; for the addition of a
radical of type P-M;-M;°, where P is a polymer chain, to the
monomer M; is different from the rate constant k;; for the
addition of the radical P-M;-M;* to the same monomer. The
selectivity ratio s; = ky/kj; is difficult to determine from the
polymerization rates and depends on the analysis method.
Values ranging from about 0.2 to about 5 have been extracted,
and they agree with the results of selectivities obtained for
small model systems.'"”] Hence, the penultimate unit effect is
small, and this complicates its explanation. Ab initio studies
indicatel"® that modest changes in the reaction enthalpy and
in polar effects may be involved and affect the activation
barriers, but changes in the frequency factors could also play a
rOle.[ll6C’ 121]

A recent detailed analysis has compared alternative models
for free-radical copolymerization kinetics.'?l The simplest
“terminal” model assumes that the reactivity is determined
entirely by the nature of the monomer and the terminal unit of
the polymeric radical. In the “implicit penultimate” model, it
is assumed that the penultimate unit of the polymeric radical
also plays a role but that it affects the composition but not the
rate of the copolymerization processes. The most general
“explicit penultimate” model assumes that both the compo-
sition and the rate of copolymerization are affected by the
penultimate unit. The recent theoretical study concludes that
the explicit penultimate model should be adopted as the basis
for analyzing free-radical polymerization kinetics.!??

Table 14 shows experimental absolute rate constants!'?%] for
the addition of radicals R—CH,—CXY", derived by reaction of
small radicals R* with methylmethacrylate and methylacry-
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Table 14. Absolute rate constants for the addition to monomers
CH,=CXY and ESR hyperfine coupling constants (+0.05 G) of radicals
R—-CH,—CXY" at 295 K. MA = methylacrylate, MMA = methylmethacry-
late, tBu=tert-butyl, POH = 2-hydroxy-2-propyl, Ph=phenyl, MOH =
hydroxymethyl.

Reaction k 3Hg, H, 2H, 3H,(CO,Me)
s [G] [G]  [G]
Bu-MMA* + MMALI 600 21.88 1171 132
POH-MMA"* + MMA[ 1205 22.09 1193 1.35
Ph-MMA* + MMA! 2640 22.05 14.03  1.29
MOH-MMA* + MMA 3290 2217 1443 1.36
Bu-MA* + MAL 6120 19.83 21.09  1.50
POH-MA" + MAL 3290 20.03 2128 155
Ph-MA* + MAD! 22400 20.34 2144 140
MOH-MA" + MAl 18110 20.41 2232 1.50

[a] Solvent: 2-propanol. [b] Solvent: 1,1,2-trifluoro-1,2,2-trichloroethane.
[c] Solvent: methanol.

late, to their monomers, that is, for the second step in a
polymerization. The rate constants do depend on the penulti-
mate unit (R), that is, there is a significant y-substituent effect.
They represent the first direct kinetic data providing evidence
for the penultimate effect, and they support the explicit
penultimate model. In particular, for methylmethacrylate, the
second-step additions are faster than the homopropagation
(345m7!s7!), and they decrease with the increasing steric
demand of R (primary alkyl < phenyl < tertiary alkyl) by a
factor of about five. The adducts of tertiary radicals R* also
add to methylacrylate more slowly, by up to a factor of seven,
than the adducts of the sterically less-demanding hydroxy-
methyl and phenyl radicals. However, adducts of tertiary
radicals add more slowly to this monomer than its homopro-
pagation radical (19000m~'s7!). Thus, in these cases, the
propagation constant does not decrease but increases with
increasing chain length. For both monomers, the reactivity
ratios s; are in the usual range.

Table 14 also presents hyperfine coupling constants for the
adduct radicals. In accord with abundant ESR studies'* on
radicals of the type R—CH,—CXY" with polyatomic groups R,
they indicate planar radical centers with very similar spin
populations and two equivalent equilibrium conformations
with non-zero dihedral angles ¢ < 45° between the C;~R bond
and the 2p,axis of the radical center (Figure 18). The
equilibrium angle ¢ is smaller for the methacrylate than for
the acrylate-derived radicals and decreases with the increas-
ing size of R. There is an exchange between the equilibrium
conformations, and line-broadening effects point to a faster
exchange for the acrylate than for the methacrylate radicals
and a slower exchange for bulkier groups R. This all means
that the radicals with smaller groups R have more rotational
freedom about the C4-R bond, and that this motion is less
hindered for acrylate than for methacrylate radicals, as might
have been expected from simple steric considerations.['>’]

These structural features provide some indications as to the
origin of the penultimate unit effect.?! We first note that,
according to the theoretical calculations, the dihedral angle
must be close to zero in the transition structure (Figure 2); for
the radicals presented here this is not the case. Hence, upon
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Figure 18. Equilibrium conformations of adduct radicals R—-CH,—CXY".

approach to the transition structure for the next addition they
have to reach higher energy conformations and will lose
motional freedom. This will be energetically and entropically
more costly for the radicals with bulkier groups R, and will
increase the activation energy and lower the frequency factor
of the addition. Both effects lead to a decrease in the rate
constants with increasing size of R, as is observed. They also
explain why the methacrylate radicals with tertiary penulti-
mate groups R add more slowly to their monomer than the
homopropagation radical for which R is a less sterically
demanding secondary group. Moreover, the attacking radical,
as suggested by the theoretical findings, is bent considerably
in the transition structure (Figure 2). For the radicals R—CH,—
CXY", this bending requires an approach of the a-substituents
X and Y to the f-substituent R which will again be more
costly for the larger groups R. Calculations are under way
which should allow the importance of these effects to be
addressed.[230]

5.3. Other Unsaturated Compounds

In addition to the rate data discussed so far, there are
numerous individual absolute and relative rate constants and
activation parameters for additions of carbon-centered rad-
icals to other molecules with unsaturated carbon-carbon
bonds such as polyenes, allenes, alkynes, aromatic compounds,
and heteroaromatic compounds, both for the liquid and for
the gas phase.’72 7 1271 Of particular diagnostic value are the
large series of so-called radical affinities reported by Szwarc
and others.'"””! These are ratios of the addition constants
versus the rate constants for hydrogen abstraction by the same
radical from suitable solvents. The methyl affinities were
recently converted into absolute constants.’*! A complete
analysis is not yet possible because the heats of reaction and
the energies of the CT configurations which determine the
enthalpic and polar factors can not be reliably estimated for
most cases. However, for a few examples predictions are
possible.

Table 15 lists experimental rate parameters®® for the
addition of the methyl radical to 1,3-butadiene, 1,2-butadiene
(i.e. an allene), benzene, and ethyne in solution. They should
not be subject to strong polar effects, and hence the activation
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Table 15. Experimental and predicted rate constants at room temperature,
frequency factors, and activation energies for the addition of the methyl
radical to several unsaturated molecules. Predicted rate data are given in
italics.

Compound K300 lg(AM1s™h) E

[M~'s71] [k‘J mol~']
1,3-butadiene 6.4 x 10%/1.1 x 10° 9.6/8.512 21.8/20.0™
1,2-butadiene 43 x10%2.8 x 1(° 8.3/8.512 26.8/29.0"
benzene 46/34 8.2/8.51l 37.2/40.0"
ethyne 53 x10%1.1 x 10° 9.7/9.414 34.3/25.0"

[a] As for the addition of the methyl radical to monosubstituted and 1,1-
disubstituted alkenes. [b] Estimated as described!®! from reaction enthal-
pies derived from available heats of formation and bond dissociation
energies and using Equation (3). [c] Estimated from Ig(A/M~'s™!)=8.5 for
the addition of the methyl radical to monosubstituted and 1,1-disubstituted
alkenes with a downward correction of about 0.5 for the steric effect of
o substitution and an upward correction for the increased number of
addition sites. [d] As for the addition of various radicals to other alkynes,
see text.

energies should follow an Evans — Polanyi — Semenov relation.
Using the best available enthalpies of formation and bond-
dissociation energies to estimate the reaction enthalpies as
before,® and applying Equation (2), we arrive at the
predicted activation energies which are also listed in Table 15.
The frequency factors should not vary grossly, and therefore
they can be estimated from the values observed for other
reactions presented above. The activation energies and
frequency factors then yield the predicted rate constants. As
is evident from Table 15, the agreement between the exper-
imental and predicted rate parameters is very satisfactory for
the first three cases, where the observed and predicted rate
constants agree within one order of magnitude. This indicates
that the basic Evans —Polanyi —Semenov relation is also valid
for more than just the monosubstituted and 1,1-disubstituted
alkenes, at least approximately, and it supports the general
and strong influence of the reaction enthalpy on the activation
energies. A consideration of the terms leading to the reaction
enthalpy reveals that, in comparison with ethene, the methyl
radical adds faster to 1,3-butadiene because a more stabilized
radical is formed. It adds faster to allene because the parent
compound is less stabilized than the products, and to benzene
it adds more slowly because the aromatic resonance stabiliza-
tion is lost. Data for additions to electron-acceptor-substituted
polyenes, benzenes, condensed aromatic compounds, and
heterocycles also clearly confirm the weak nucleophilicity of
the methyl radical.>$!

For ethyne, the prediction is not satisfactory because the
estimated activation energy is too low by nearly 10 kJmol ',
and the estimated rate constant exceeds the experimental
value by more than one order of magnitude. Of course, this
may be because of a failure in our enthalpy estimation
procedure. However, methyl adds more slowly to ethyne than
to ethene (Table 16), even though the reaction is more
exothermic by an estimated 15 kJmol~!, an ab initio calcu-
lation gave an increased exothermicity of 34 kJmol 102
Hence, additions to alkynes deserve special discussion. In
fact, the slower addition of carbon-centered radicals to
alkynes in comparison with similarly substituted alkenes is a
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Table 16. Rate constants at room temperature, frequency factors, and
activation energies for the addition of methyl (Me),**! fert-butyl (1Bu),
and tert-butoxycarbonyl methyl!®?d (MEst) radicals to alkynes and alkenes.

Reaction Koo lg(AM~1s™) E,
[M~ts7] [kImol]

Me + HC=CH 53x10° 9.7 343
Me + H,C=CH, 7.0 x 10° 8.5 28.2
Me + HC=CCH; 2.4 %103 8.8 31.1
Me + CH,~CHCH, 43 % 10° 85 27.7
Me + HC=CPh 4.9 x10* 9.2 259
Me + CH,=CHPh 2.6 x 10° 8.5 17.5
Me + PhC=CPh 1.5x10° 10.5 4.1
Me + (E)-PhCH=CHPh 9.7 x 10° 8.2 24.2
Bu + HC=CSiMe; 2.4 %103 8.9 30.8
Bu + CH,=CHSiMe; 9.6 x 103 7.5 20.2
tBu + HC=CPh 2.1 x 10* 8.7 23.8
tBu + CH,=CHPh 1.3 x10° 7.5 13.7
tBu + HC=CCO,Me 1.8 x 10°

tBu + CH,=CHCO,Me 1.1 x 10°

MEst + HC=CSiMe, 2.2 x10* 9.4 31.7
MEst + CH,=~CHSiMe; 8.9 x 10* 8.5 19.8
MEst + HC=CCO,Et 5.1 x10* 8.5 21.6
MEst + CH,=CHSiMe, 4.9 x10° 8.5 15.6

general feature,?* 1?7l and it is again demonstrated by the
results given in Table 16. The rate constants for the addition of
the three radicals to alkynes are all lower than for the addition
to the corresponding alkenes. Also, the substituent effects
appear to be less pronounced, that is, the enthalpic and the
polar substituent effects are smaller though they show the
same direction for alkenes and alkynes. For the alkynes the
frequency factors are higher, and from a larger series an
average lg(A/M's71) =9.2 + 0.4 was deduced.[®?Yl Presumably,
this is because of the linear alkyne structure and the
correspondingly missing degree of freedom of rotation about
the alkyne triple bond. The lower alkyne entropy suggests a
smaller entropy loss upon formation of the transition struc-
ture for the alkynes than for the alkenes, and this is confirmed
by calculations.['”®! Since the frequency factors are higher, the
lower rate constants are caused by the considerably higher
activation energies. The additions to alkynes are more
exothermic than the additions to alkenes, thus the higher
activation energies are contra thermodynamics. A consider-
ation of the state correlation diagram points to possible
reasons. Firstly, for alkynes the electron affinities are smaller
and the ionization energies are larger than for the corre-
sponding alkenes. This diminishes the polar effects, and makes
the alkyne reactions less selective and increases the activation
energies. Secondly, the triplet energies are higher for alkynes
than for alkenes, and this should also increase the barriers. In
Sections 4.3.1.6 and 4.3.1.7 for the additions to alkenes we did
not find a clear influence of the location of the triplet state,
and thought it was incorporated in the enthalpic effect.
However, in principle, variations of the triplet energy should
cause changes in the activation energy independent of the
reaction enthalpy, and we suggest that the slower additions to
alkynes are partly a manifestation of this effect. It implies that
the parameters in the Evans—Polanyi—Semenov relation
[Eq. (2)] are smaller for alkyne additions than for alkene and
other closely related additions.
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6. Synopsis and Perspective

Rate constants for the addition of carbon-centered radicals
to alkenes and other compounds with unsaturated carbon -
carbon bonds can presently be measured to rather high
precision, that is, with errors <50%. They vary with radical
and substrate substitution by many orders of magnitude from
values close to zero to the upper diffusion- or collision-
controlled limit of about 10°-10""m~!s~!. Because of error
correlation, the frequency factors are usually precise only
within a factor of two and the activation energies to +4—
6 kJmol-.

The frequency factors for additions to structurally related
systems span a limited range, and the often much larger rate
variations are primarily because of variations in the activation
energy associated with radical and substrate substitution.
Excursions of the frequency factors from the established
ranges often go parallel with unusual activation energies. This
deviation points to error compensation effects of the Arrhe-
nius parameters and calls for advanced error analyses.'*]
Both for the gas and the liquid phase, the frequency factors
of radical addition to monosubstituted and 1,1-disubstituted
alkenes CH,=—CXY are insensitive to the 3-alkene substituents
X and Y, are in the range 6.5 <lg(AM~'s7!) < 9.0 and decrease
with the increasing steric demand of the attacking radical. As
a rule, one has Ig(AM~'s™') =7.0 4 0.5 for polymeric, 7.5 4 0.5
for tertiary, 8.0 £0.5 for secondary and 8.5+£0.5 for primary
small alkyl radicals. Because of steric effects, alkene substi-
tution at the attacked carbon atom lowers the frequency
factor by about one order of magnitude. For the addition to
polyenes, allenes, and aromatic compounds, similar frequency
factor ranges and steric substituent effects apply but for
alkynes a larger frequency factor of Ig(AM~'s™1)=9.2+£0.5 is
recommended. If the reaction rate approaches that for
diffusion-controlled reactions, the frequency factor increases
to lg(AM~1s71) =9-10. Enthalpic, polar, and solvent effects
appear to have only a minor influence on the frequency
factors.

The activation energies of additions follow the same pattern
for gas and liquid phase systems but, in general, the gas-phase
activation energies seem to be higher by several kJmol™!
which leads to rate constants that are about ten times lower.
High-level ab initio calculations can provide barriers and
reaction enthalpies within the experimental precision, if the
phase effect is taken into account. Suitable high-level
theoretical methods include CBS-RAD and G3(MP2)-RAD,
while less costly techniques like B3-LYP/6-31G(d) can still be
usefully employed for larger systems. The popular UMP2
procedure often gives quite unreliable results.

The state correlation diagram provides an excellent basis for
the discussion of the activation energies which, depending on
the reaction, are dominated by enthalpic and polar substituent
effects. Steric effects on the activation energies should gen-
erally be considered as part of the enthalpic effect, and it
should be noticed that diffusion sets a lower limit to the
activation energy of about 10 kJmol~".

The reaction enthalpy H, has a general and often dominating
influence on the activation energy which for many alkyl
radical additions to monosubstituted and 1,1-disubstituted
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alkenes is well described by a linear Evans — Polanyi—Semenov
relation, specifically E, [kJmol~'] =50+0.22 H, [k) mol~!].
This relation is also approximately valid for other additions.
The enthalpy contribution seems to incorporate an expected
effect from the location of the excited triplet state of the
reactants, with the possible exception of additions to alkynes
where a higher constant term in the Evans—Polanyi—Seme-
nov relation may apply. Hence, the reactivities of alkynes are
remarkably low.

Polar substituent effects reflect contributions of the CT
configurations to the transition state. They become noticeable
when the energies of the CT configurations are less than about
10 eV higher than the reactant ground-state energy. For
nucleophilic radicals with low ionization energies (E;<8-
9eV) this is the case for additions to electron-deficient
alkenes, while for electrophilic radicals with high electron
affinities (E., >?2 eV) it holds for additions to electron-rich
alkenes. Radicals with borderline ionization energies and
electron affinities often show an ambiphilic behavior.

The polar substituent effects decrease the activation
energies below the enthalpy contribution by multiplicative
factors (0 < F,, < 1). Besides depending on the energy location
of the CT configurations, these depend also on the Coulomb
attraction and the strength of the interaction between the
polar and nonpolar configurations at the transition structure.
The polar factors can not be separated into radical and alkene
contributions.'*! As a rule, substituents which are capable of
strongly delocalizing the transferred charges lead to smaller
decreases in the activation energies by polar effects. Because
of the combination of enthalpy and polar effects, nucleophilic
radicals are usually more selective and more reactive in
reactions with different substrates than non-nucleophilic
radicals, electrophilic radicals are less selective but more
reactive, and ambiphilic radicals are as selective as radicals
without polar effects but more reactive. Recommended
ranges for the Coulomb and the interaction parameters are
given in the text and footnotes for the additions to mono-
substituted and 1,1-disubstituted alkenes. For other additions,
the same principles operate but accurate parameters can not
yet be given.

To predict the magnitude of the enthalpy contribution to
the activation energies, one needs to know the reaction
enthalpy H,. This can either be calculated by quantum
chemical methods or estimated. The latter procedure requires
the knowledge of the enthalpies of formation and bond
dissociation energies for the molecule and radical. To predict
the size of the polar factors one needs CT energies and a
reliable estimate of the Coulomb and interaction energies.

Linear correlations of rate constants or activation energies
with energy parameters such as the reaction enthalpy and the
electron affinities and ionization energies of the reactants are
of limited value because these parameters are mutually
interrelated, and such an approach may even lead to wrong
conclusions.®? The analysis presented herein avoids this
difficulty and takes the nonadditive operation of the various
effects into proper account. For a variety of cases, it has
allowed the prediction of addition constants correct to within
one order of magnitude of the experimental data. The
predictive power of the present analysis greatly exceeds that
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of the previous qualitative rules. In contrast to these, we
conclude that the reaction enthalpy has a large influence in all
cases. We believe that our rationalization of addition rates and
the factors controlling them can be extended to many more
reactions than covered so far, with the increasing availability
of more reliable radical heats of formation, bond dissociation
energies, molecular electron affinities and ionization energies
and with a better understanding of the Coulomb and
interaction terms from either experiment or theory.
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