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ABSTRACT: High-level ab initio calculations have been used to construct linear free-energy relationships
describing the kinetics and thermodynamics of the combination and dissociation reactions between alkyl
radicals and nitroxides in terms of easily accessible parameters that quantify the electronic, steric and radical
stabilization characteristics of the coreactants. For the gas-phase equilibrium constant (K.q = k¢/kq) of the
combination reaction at 298 K, the following equation was obtained: log (K,,) = —0.10IP — 0.177RSE —
0.130RSE,,,.; + 38.3. In this equation, IP is the vertical ionization potential of the alkyl radical, RSE is the
standard radical stabilization energy the alkyl radical, while RSE,,., is a new descriptor for the nitroxide
radical, related to the standard radical stabilization energy, but measuring in this case the flexibility of the
nitroxide to the geometric changes associated with formation of an alkoxyamine. The equation was successful
for combinations of substituents not included in the original fitting and can thus be used to predict the
behavior for larger systems for which direct calculation is impractical. Similar equations were also fitted to
available experimental data for k., at 298 K and k,, at 393 K, both in tert-butyl benzene, to allow the
prediction of rate constants. The equation-determined rate constants, k. ., and k4., are given by log (k. .,) =
—0.408IP — 0.0597RSE — 0.103RSE,,,;, + 14.5 and log (ks.,) = 0.794IP + 5.680 + 0.0873RSE +
0.0821RSE,,,; — 27.7. For the decomposition rate, an additional parameter, Tolman’s cone angle 6, which
measures the steric bulk of the attacking alkyl radical, was found to improve the fit to the data. The equations
could in principle be fitted to experimental or calculated rate and equilibrium constants under a variety of
reaction conditions. On the basis of our analysis, it appears that the stability of the alkyl radical has the largest
effect on the kinetics and thermodynamics of the combination and dissociation reactions, with smaller but

significant contributions from the remaining parameters.

1. Introduction

Quantitative relationships between the structure, properties
and reactivities of molecules are well-known, and linear free-
energy relationships comprising quantitative steric and electronic
descriptors have been used to predict the kinetic and thermo-
dynamic properties of many types of organic,"* inorganic,” > and
biological® reactions. Typically these relationships take the form

property = aE +bS + ¢ (1)

where a, b, and ¢ are constants and E and S are quantitative
measurements of electronic and steric effects, respectively. For
reactions involving radicals, the stabilization energies of these
species are also expected to play a role.

Recently, linear free energy relationships have been investi-
gated in the design of optimal control agents for nitroxide-
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mediated polymerization (NMP).”~? Since its discovery, NMP'?~ '

along with the other controlled radical polymerization process
such as ATRP" and RAFT,' has become a widely used
technique for controlling the molecular weight and architecture
of the polymer produced in free radical polymerization. These
methods have become increasingly popular due to their simplicity
and robustness combined with their ability to create designer
architectures for use in nanotechnology and biotechnology appli-
cations. Control is achieved through the reversible combination of
the growing alkyl polymeric radical by a nitroxide radical species
so as to form a dormant alkoxyamine (eq 2)

k
RRNO® + P == RRNO-P, ®)
o~
M

The rate constants of combination and dissociation, k. and k,
and their relationship described by K = k./k,, are important
parameters in determining the success of the control reaction and
hence the properties of the polymer produced.”>~"7 If K is too
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small, especially in the case that k. is small, not enough of the
growing polymer will be trapped at any one time to afford
control, resulting in polymers with high molecular mass dispersity
(i.e., high M,/ M, values). On the other hand, if K'is too large, too
much of the growing polymer will remain trapped in a dormant
form and the polymerization will occur sluggishly, also resulting
in poor control. Kinetic analyses by Souaille and Fischer for
generic living polymerizations controlled by a reversible combi-
nation reaction showed that, for efficient control, the equilibrium
constant, K, should vary roughly from 10 to 10'' L mol '."*°
It should also be noted that the success of NMP depends
on additional factors including the dynamics of the exchange
between the active and dormant species, as well as the stability
of the nitroxide and alkoxyamine toward side reactions, such
as the formation the corresponding hydroxylamine and alkene
species via hydrogen transfer, which occurs in the case of
methacrylate polymerization.”® Provided these additional fac-
tors are also taken into account, it is clear that an understanding
of the effects of the chemical structure of the propagating radical
and nitroxide on the equilibrium constants can greatly assist in
the selection and design of improved control agents for this
process.

Several investigators have observed that the forward and
reverse rates of the control reaction are affected by the structure
of the nitroxide radical, including its ring size, steric bulk,
potential for intramolecular hydrogen bonding, and the polar
effects from groups attached to the ring.>'~>* These effects have
been quantified using parameters such as bond dissociation
energies, radical stabilization, polar, and steric factors.? Equa-
tions to predict combination and dissociation rate constants for
the reaction between various nitroxide radicals with the styrene
unimeric radical have been determined.”” In these equations k.
and k, are expressed in terms of the Hammett parameter for
polar/inductive field (0, and the Taft parameter for steric
effects (E,),>”~*’ for substituents on the nitroxide.

Separately, the stability, polarity and steric bulk of the leaving
alkyl radical were found to affect the rate of the dissociation
reaction in a similar way.®*' Equations describing the dissocia-
tion rate constants for various 2,2,6,6,-tetramethylpiperidin-1-
yloxyl (TEMPO) and N-tert-butyl-N-[1-diethylphosphono-2,2-
dimethylpropy)] nitroxide (SG1) type alkoxyamines have been
determined.” In these equations, the dissociation rate constant
has been expressed in terms of the Charton parameters for polar/
inductive field (o,)*° and steric effects (v),° as well as a para-
meter quantifyin% the radical stability (ogs), as determined by
Riichardt et al >

Although successful, the equations determined previously to
describe the combination and dissociation reactions of nitroxides
and alkyl radicals are not general. They describe the rate
constants of the reactions for the variation of either the nitroxide
radical or the alkyl radical separately, but are not applicable for
the variation of both simultaneously. They also use various
experimentally determined parameters, and in many cases these
are not available in the literature and must be instead estimated
by additivity approximations.’®**~** These approximations do
not account for the influence of penultimate units and other
remote substituents; however, there is growing evidence that
these effects are significant in nitroxide mediated polymeriza-
tion,>>* and indeed in other conventional’” and controlled
radical polymerization processes.”®*’

To address these problems, in the present work, we design and
test a new equation to describe the thermodynamics and kinetics
of nitroxide combination reactions in terms of easily accessible
parameters representing polar, steric and radical stability factors,
and generalized for all combinations of nitroxide controlling
agents and monomers. To this end, we examine and assess the
suitability of the various alternative parameters that have been
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proposed in the literature for describing these properties of the
propagating radical, before repeating the assessment process for
the nitroxide radicals. Our primary criteria for selecting our final
computational descriptors are that they are chemically intuitive,
reasonably well correlated with the well-known empirical para-
meters utilized in the original equation, and easily accessible, even
for larger and/or unusual species. Using our selected parameters,
we then design, fit, and test our new equation against rate and
equilibrium constants for a variety of propagating radical and
nitroxide combinations.

2. Theoretical Methods

Standard ab initio molecular orbital*’ and density functional®'
calculations in this work were carried out using GAUSSIAN 03+
and MOLPRO 2000.6.* It should be noted that all radicals and
all closed-shell species considered in this study were true (local)
minimum energy structures (i.e., having no imaginary fre-
quencies). Determination of correlation coefficients, best-fit
parameters and associated test statistics for our various equations
were performed using standard linear regression techniques
integrated into Microsoft Excel.

Geometries of all species were optimized at the B3-LYP/
6-31G(d) level of theory, with conformations systematically
screened to ensure that species were global minimum energy
structures. Frequency calculations were performed at the same
level and scaled via the appropriate factors.** Mulliken spin
densities and dipole moments are both based on optimized
geometries at the B3-LYP/6-31G(d) level of theory. The thermo-
dynamics of combination reactions as well as other reaction
based descriptors such as gas-phase vertical ionization potentials
(IP) and radical stabilization energies (RSE) were then obtained
at the G3(MP2)-RAD™ level of theory. This high-level ab initio
molecular orbital theory method is designed to reproduce
CCSD(T) calculations with a large triple- basis set via additivity
approximations. It has been shown to reproduce a large test set of
experimental gas-phase thermochemical data to within a mean
absolute deviation (MAD) of 5.17 kJ mol'.*> Gas-phase elec-
tron affinities (EA) were calculated using a variant of G3(MP2)-
RAD in which calculations with the 6-31G(d) basis set were
replaced with corresponding calculations with the 6-31+G(d)
basis set, so as to allow for better treatment of anionic species. For
larger species, we made use of an ONIOM approximation in
which the core of the reaction (chosen to include full polymeric
radical while truncating the nitroxyl fragment at the S sub-
stituents) was studied at G3(MP2)-RAD and the remaining
substituent effects of the full system were studied at the RMP2/
6-311+G(3df,2p) level of theory. We have previously demon-
strated that this approach approximates full G3(MP2)-RAD
calculations to within chemical accuracy for a large test set of
radical reactions including those directly relevant to the present
work.*

As part of this work, we carry out a small assessment study in
which we compare our calculated equilibrium constants with
available experimental data. In order to make direct compar-
isons, equilibrium constants of the various combination reactions
were calculated at the same temperatures and in the same solvent
medium. Solution phase free energies were obtained by a thermo-
dynamic cycle in which gas-phase energies were obtained using
high-level ab initio methods as described above and then added to
free energies of solvation, as calculated using the polarized
continuum model PCM*” at the B3-LYP/6-31G(d) level. The
PCM calculation was carried out using the united atom topolo-
gical model with the recommended optimization of radii (i.e., the
UAKS keyword in the GAUSSIAN calculation). These methods
have previously shown success in the calculation of solution phase
equilibrium constants of the control reactions of ATRP*
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Scheme 1. Nitroxide and Alkyl Radicals
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and RAFT* and in determinations of the one-election oxidation
and reduction potentials of nitroxide radicals in both water and
acetonitrile.”'>?

To study the steric properties of alkyl radicals, the mole-
cular volume (V), anchor volume (V*), and cone volume (CV),
Tolman’s cone angle (0), and solid angle (€2) of these species were
also calculated on the B3-LYP/6-31G(d) optimized geometries of
the TEMPO alkoxyamines, using the Bondi’s van der Waals
radii*> and Cambridge Structural Database (CSD) covalent
radu The anchor volume is defined as the volume within a
0.3 A radius around the anchor atom.” The solid angle was
calculated using the program “Steric”, which is available for
download.™

3. Results

Nitroxide and alkyl radical species included in this study are
shown in Scheme 1. Specifically, we define two training sets,
which are used to parametrize our equation, and a fest set, which
is used to test its predictive capabilities. Training set I comprises
combination reactions of 2,2,6,6-tetramethyl-piperidin-1-yloxyl
(TEMPO, B) with a broad range of alkyl radicals, including ethyl
(2), propyl (3), isopropyl (5) and tert-butyl (6) radicals, “CH,OH
(7), "CH,F (8), “CH,CN (9), “CH(CH;)CN (10), *C(CHj3),CN
(11), *CH,Ph (12), "“CH(CH3)Ph (13), *C(CH;),Ph (14), "CH,-
COOCH; (15), "CH(CH3;)COOCH; (16), *C(CH;),COOCHj;,
(17) "CH(CH3)OC(O)CH; (18), and *CH(CHj3)Cl (19). These
were chosen to include common polymeric unimers, as well as
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several additional species chosen to cover a broad range of
electronic and steric properties. Training set II includes combina-
tion reactions of the methyl radical with 6-membered cyclic
derivatives of TEMPO (B), 1,1,3,3-tetramethyl-2,3-dihydro-2-
azaphenalene-2-yloxyl (TMAO, S), S-membered cyclic deriva-
tives of 2,2,5,5-tetramethyl-pyrrolidin-1-yloxyl (PROXYL, I),
2,2-dimethylindolin-1-yloxyl (T), 1,1,3,3-tetramethylisoindolin-
2-yloxyl (TMIO, P), and the acyclic species ditert-butyl nitroxide
(DBN, A) and N-tert-butyl-N-[1-diethylphosphono-2,2-dimethyl-
propy)] nitroxide (SG1, V). Our test set comprises various
combinations of these alkyl radicals and nitroxides not included
in the training sets and is designed to be representative of more
practical polymerization systems. These include combinations
of unimers for styrene ("CH(CH3)Ph (13)), acrylic acid ("CH-
(CH3)COOH (20)) methyl acrylate ("CH(CH;3)COOCH; (16)),
methyl methacrylate ("CH(CH;)COOCHj; (17)), and acrylamide
("CH(CH;)CONH, (23)) with DBN (A), TEMPO (B), PROXYL
(), and TMIO (P). The 298 K gas-phase equilibrium constants for
combination reactions of these species were obtained in the
present work using high-level ab initio molecular orbital theory
calculations and are shown in Table 1, along with values of their
relevant polar, steric and radical stabilization descriptors; details
of these parameters are provided in the next section. Complete
optimized geometries are provided in Appendix S1 of the Sup-
porting Information.

4. Discussion

In what follows we examine the physical basis of a wide variety
of computed electronic (u, EA, IP and w), steric (—E’s, Eg, V, V*,
CV, order, 0, and Q) and radical stabilization parameters (RSE,
p, and p%), and compare them with the empirical alkyl radical
descriptors oy, v, and ogg used in the origina]8 linear free energy
relationship for combination reactions of alkyl radicals and
nitroxides. On this basis, we then select suitable parameters for
modeling the effect of the alkyl radical on combination reactions
with a specified nitroxide. We then design a new nitroxide radical
parameter RSE, ., which quantifies the effect of the nitroxide
radical on combination reactions with a fixed alkyl radical.
Finally, the computed parameters are combined into general
equations to describe the thermodynamics and kinetics of the
combination reaction for any combination of alkyl radical and
nitroxide. Before proceeding to this analysis, we first evaluate the
accuracy of our computational chemistry calculations against
available experimental data.

Assessment of Computational Methods. Computational
chemistry has previously been used to study structure—
reactivity trends in the bond dissociation energies of alkoxy-
amines.””>® The density functional theory methods used
were able to reproduce the qualitative trends when compared
to experimental data, but showed some systematic errors. In
this work, we utilize a high-level methodology that has been
both quantitatively and qualitatively successful in predicting
the redox potentials of nitroxides in aqueous and nonaqu-
cous solution,’’>? as well as the kinetics*>**® and thermo-
dynamics® %! of a wide range of radical reactions in
solution including those directly relevant to conventional
and controlled radical polymerization processes.®® In this
section, we carry out further testing of our methodology
through direct comparison of our calculated equilibrium
constants for nitroxide combination reactions with corre-
sponding experimental values, as obtained from measured
rate coefficients.

Calculated solution-phase equilibrium constants for radi-
cal combination reactions of various carbon-centered radi-
cals with nitroxides are shown in Table 2, along with
available experimental data. The experimental equilibrium
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Table 1. Calculated log (K.,;.) Values (298 K)“ and Descriptors for Combination Reactions of Alkyl Radicals with Nitroxides Making up the
Training and Test Sets

alkyl descriptors

nitroxide descriptor

species 1og (K ate) u (D) IP (eV)* 0 (deg) 0! RSE (kJ mol ™) RSE, . (kJ mol ™)
Training Set I
B1 28.0 0.00 9.88 1.85 1.16 0.0 —43
B2 28.6 0.25 8.63 2.05 1.09 14.1 —43
B3 29.2 0.23 8.49 2.04 1.09 12.6 —43
B5 27.0 0.20 7.80 2.26 1.02 24.0 —43
B6 24.6 0.19 7.22 2.47 0.96 29.7 —43
B7 30.9 1.55 8.21 1.98 0.93 31.5 —43
B8 34.7 1.25 9.61 1.98 0.99 12.4 —43
B9 224 3.35 10.31 2.04 0.89 31.9 —43
B10 21.6 3.89 9.36 2.25 0.84 47.3 —43
B11 17.7° 4.13 8.64 2.46 0.80 59.0 —4.3
B12 20.7 0.13 7.39 2.06 0.79 59.0 —43
B13 19.8” 0.38 7.03 2.37 0.77 68.0 —43
B14 17.6" 0.65 6.73 2.67 0.75 69.9 —43
B15 24.0 1.75 991 2.13 0.97 21.5 —43
B16 22.1° 1.65 8.92 2.34 0.89 41.2 —43
B17 18.9" 1.97 8.27 2.58 0.83 54.9 —43
B18 31.1° 1.85 7.65 2.11 0.98 24.4 —43
B19 28.7 1.65 8.27 2.26 0.96 27.0 —43
Training Set 11
Al 26.7 0.00 9.88 1.85 1.16 0.0 0.0
C1 28.5 0.00 9.88 1.85 1.16 0.0 -5.6
D1 28.3 0.00 9.88 1.85 1.16 0.0 —6.5
E1 28.6 0.00 9.88 1.85 1.16 0.0 —8.2
F1 28.9° 0.00 9.88 1.85 1.16 0.0 —10.4
Gl 29.5" 0.00 9.88 1.85 1.16 0.0 —13.3
H1 25.6" 0.00 9.88 1.85 1.16 0.0 3.3
1 25.8 0.00 9.88 1.85 1.16 0.0 9.9
J1 26.3 0.00 9.88 1.85 1.16 0.0 7.8
K1 26.9 0.00 9.88 1.85 1.16 0.0 5.0
L1 26.8 0.00 9.88 1.85 1.16 0.0 7.7
M1 26.2 0.00 9.88 1.85 1.16 0.0 6.9
N1 26.7 0.00 9.88 1.85 1.16 0.0 3.8
01 24.5" 0.00 9.88 1.85 1.16 0.0 15.6
P1 26.3 0.00 9.88 1.85 1.16 0.0 7.2
Q1 26.5” 0.00 9.88 1.85 1.16 0.0 49
R1 26.9° 0.00 9.88 1.85 1.16 0.0 2.4
S1 28.3 0.00 9.88 1.85 1.16 0.0 -3.3
T1 27.6 0.00 9.88 1.85 1.16 0.0 0.3
Ul 28.8° 0.00 9.88 1.85 1.16 0.0 —11.4
\%1 25.9° 0.00 9.88 1.85 1.16 0.0 5.8
Test Set
Al13 17.2° 0.38 7.03 2.37 0.77 68.0 0.0
Al6 20.2° 1.65 8.92 2.34 0.89 41.2 0.0
A17 17.2° 1.97 8.27 2.58 0.83 54.9 0.0
A20 19.5° 1.64 8.50 2.29 0.89 41.2 0.0
A23 21.7 3.49 8.79 2.60 0.91 41.0 0.0
B20 21.5" 1.64 8.50 2.29 0.89 41.2 —43
B23 243" 3.49 8.79 2.60 0.91 41.0 —43
113 18.3” 0.38 7.03 2.37 0.77 68.0 9.9
116 20.8° 1.65 8.92 2.34 0.89 41.2 9.9
117 17.5° 1.97 8.27 2.58 0.83 54.9 9.9
120 20.4" 1.64 8.50 2.29 0.89 41.2 9.9
123 2.5" 3.49 8.79 2.60 0.91 41.0 9.9
P13 18.9” 0.38 7.03 2.37 0.77 68.0 7.2
P16 20.8" 1.65 8.92 2.34 0.89 41.2 7.2
P17 18.3" 1.97 8.27 2.58 0.83 54.9 7.2
P20 20.4° 1.64 8.50 2.29 0.89 41.2 7.2
P23 22.6" 3.49 8.79 2.60 0.91 41.0 72

“G3(MP2)-RAD//B3-LYP/6-31G(d) values except where noted. > ONIOM approximation with the full system calculated at the RMP2/6-311+
G(3df,2p) level. ¢ Vertical ionization potential. ¢ Spin density on the radical center.

constant, K = k./k, was obtained by combining indepen-
dently measured values of the rate coefficients for the
forward, k., and reverse, k,, combination reactions. Since
the experimental measurements were performed at 393 K in
tert-butyl benzene (1BB), the ab initio equilibrium constants

were also calculated at 393 K from the solution-phase
reaction free energies of the individual species determined
in the closely related solvent toluene. Figure 1 compares the
calculated equilibrium constants of the combination of alkyl
radicals with nitroxides, and the experimentally determined
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Table 2. Calculated and Experimental Equilibrium Constant for Nitroxide Combination Reactions Measured at 393 K in tert-Butyl Benzene

Except Where Noted”
. . . k393,88 R Experimental Calculated K393 toluene
Nitroxide Radical (LmOl_IS_l) kd,393,tBB (s7) Ksox=holky (Lmol'l)'
N-O —) An 2.1 x 108 1.9 x 10%¢ 1.1x 10" 4.1 x 10"
—) B2 3.5 x 10%° 11x105°¢ 32x 10" 7.8 x 10"
) B3 2.5%10%¢ 52x10%¢ 4.8 x 10" 2.6x 10!
{ No »{) B4 55x107° 8.5x 107° 6.5x 10° 4.5%10°
o] .
-J<0_ BI5 23 x10°4k¢ 8.1x10%¢ 2.8x 10 4.8x 10"
o]
}—(O_ B17  59x10°%"  22x102°%¢ 2.7 % 10" 4.7 % 10"
;i ) pi3 1.5x 10%¢ 22x 10" 6.8x 10" 23x 10"
N-0
) pu 1.5 x 10%° 4.1 %102 37x10° 3.0x10°

“Values at 393 K were obtained by extrapolation from data points measured at 297 and 323 K.%3® Measured in acetonitrile. ° Measured at 297 K.
“Measured at 293 K.” ¢ Measured at 393 K.2!/ For reaction with a “CH,COO¢-Bu radical. ¢ For reaction with a *C(CHj)>,COO1-Bu radical. ” Calculated
from estimated activation energies.”! {ONIOM approximation of G3(MP2)-RAD//B3-LYP/6-31G(d) values including (CH;),NO® and the alkyl radical
in the core system, with the full system calculated at the RMP2/6-311+G(3df,2p) level. Free energy of solvation calculated using PCM at the B3-LYP/
6-31G(d) level using the united atom topological model with the recommended optimization of radii (UAKS keyword in GAUSSIAN).

17
m acyclic
® piperidines o
15 + 1soindolines
xN
b
)
en 13 °
=
2 (]
21 +
b .
] 94
@)
7 T T T T
7 9 11 13 15 17
Experimental log (K393)

Figure 1. Comparison of experimental and calculated equilibrium
constants for combination reactions of nitroxides with alkyl radicals
(MAD = 4.5kJmol ™).

values. The mean absolute deviation in the data corresponds
to a difference in free energy of 4.5 kJ mol~', which is
excellent considering the likely level of uncertainty in the
experimental data itself. The maximum deviation is observed
for the combination of the phenyl ethyl radical, “"CH(CH3)Ph
(13), with the five-membered isoindoline derivative TMIO
(P). The calculated value for this reaction shows a deviation
from experiment corresponding to 11.1 kJ mol™ ! in free
energy. In this particular case, the larger deviation may be
due the k. value being measured at a lower temperature than
the k, value, and the fact that an estimated activation energy
was required to determine k.

Descriptors for the Alkyl Radicals. A wide variety of
parameters have been used in the literature for quantifying
the electronic, steric and radical stabilization properties of a
chemical species. Table 3 lists the principal ones alongside
the measure of their correlation with the corresponding
empirical parameters utilized in the original equation.® A
complete list of literature and computed parameters for the
radical species studied can be found in the Supporting

Information (Tables S.1—3). We now examine the electronic,
steric and stabilization parameters in turn.

Electronic Effects. The electronic (or polar) effect within a
molecule describes how electrons are distributed around the
substituents of interest. Electronic descriptors can be sepa-
rated into a localized contribution and delocalized contribu-
tion: the localized contribution comes from a field effect
through space or an inductive effect through a bond, and the
delocalized contribution can be seen as a resonance effect.
Electronic descriptors were first derived from fitting to pK,
values of ester hydrolysis by Hammett.*” This model was
then improved by Taft through the addition of a steric
parameter to better describe the reaction rates, leading to
the following polar parameter:

o* = log K —log ks (3)
kewy ) kewy ) |

Here k; is the observed rate for the acid-catalyzed ester
hydrolysis, kcp, is the rate of the reference methyl, and A4
and B stand for the acid or base catalyzed hydrolyses of
carbonyl substituted esters, respectively. Charton further
refined o* into localized and delocalized terms, where oy
represents the localized inductive term,®* and unknown polar
descriptors can be obtained from fitting equations.”
Although values for a large number of species are available
and equations can be used to fit many more, use of the oy
parameter is limited by the availability of experimental data,
particularly for the larger species relevant to radical poly-
merization processes.

There are several ways in which computationally based
parameters can be used to describe electronic effect within a
molecule. Although it is possible to compute the ester
hydrolysis on which the oy term is based, this method is
not computationally economical, particularly for large spe-
cies. The dipole moment of the molecule, u«, is a measure of
the polarity of the molecule that is computationally cheap to
determine and does not rely on chemical reaction energies.
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Table 3. Correlation” of Empirical and Computational Alkyl Radical Descriptors
property descriptor description R
electronic oy Charton parameter for polar/inductive field®* 1
u dipole moment 0.60
EA electron affinity 0.58
1P ionization potential 0.08
3 global electrophilicity® 0.48
steric v Charton steric parameter>” 1
FE Dubois steric parameter®® 0.66
Vv molecular volume 0.22
Ve anchor volume™ 0.30
CvV cone volume 0.09
Er Ligand repulsion energy’ 0.65
0 Tolman’s cone angle’ 0.77
Q solid angle® 0.36
order order of radical center (primary = 1, secondary = 2, etc.) 0.79
radical stabilization ORrs normalized values of Riichardt RSE® 1
Mulliken spin density*’ 0.91°
0% delocalization of spin density®’ 0.78"
RSE radical stabilization energy (isodesmic reaction)®® 0.92

“ R? calculated with respect to previously used empirical descriptors.® ® Show an inverse correlation.

* A -
- R2=060

o w
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Figure 2. Comparison of the computed and empirical polar descriptors.

Alternatively, the gas-phase vertical electron affinity (EA)
and ionization potential (IP) are more commonly used as
electronic descriptors, and have the advantage that they are
easily accessible from experiment as well as theory. The

global electrophilicity, w, as defined by Parr et al.®® is found
from the following combination of IP and EA:
(IP +EA)
== 4
? T R(IP—EA) )

Figure 2 shows the correlation between the various calcu-
lated electronic descriptors and Charton polar inductive/
field parameter oy; raw data are provided in Table S.1 of the
Supporting Information. It is seen that the correlations
between o and the various computed parameters are poor.
This almost certainly reflects ‘deficiencies’ in the original
Charton parameter, as well as in the alternative computed
parameters. In essence, all parameters except for the dipole
moment are based ultimately on chemical reaction energies
and will therefore almost certainly contain contributions
from other factors, such as steric effects or, in case of IP,
EA, and w, the stability of the corresponding radical species.
These additional factors are then aliased with the measured
polar factors to differing extents depending upon the reac-
tion studied. This may be an advantage when designing an
equation to model reaction energies, provided the additional
contributors to the polar descriptor are present to a related
extent in the new reaction being modeled. In this regard the
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IP is probably the most suitable of the reaction energy based
descriptors for modeling the reaction energies for combina-
tion of alkyl radicals and nitroxides, despite its poor correla-
tion with o,. This is because the IP of R* depends on the
relative stabilities of the R* and R™, and the combination
reaction energy will be influenced among other things by the
relative stability of R® and R—ONR’R”. Since the nitroxide
is a good electron acceptor, its stability in turn will be
affected by the potential for resonance with its ionic form,
RTTONR'R”, and hence the stability of R*. For this reason
the IP was selected for further consideration.

Although a reaction energy based parameter may be well
suited for modeling the energies of related chemical reac-
tions, it is less suitable for studying the relative importance of
polar, steric, and radical stabilization effects. For that pur-
pose, the dipole moment provides a much more direct
approach to measuring the polarity of a species, independent
of contributions from the stabilities of other species. It can
also be calculated accurately at a much lower level of theory,
and in that sense is more readily applied to larger species,
such as dimer and trimer propagating radicals. However, a
disadvantage of this parameter is that it reflects the polarity
of the molecule as a whole, rather than the specific ability of
the alkyl group to donate or accept electrons through the
attached carbon. Thus, in some cases, one could envisage
the polarity of an alkyl group being high due to, for example,
the presence of a highly polar remote substituent, though the
alkyl group itself is a poor stabilizer of the alkoxyamine.”""?
Despite this potential limitation, the dipole moment can
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provide the most direct measure of polar effects of the
parameters considered, and for this reason, it was selected
for further study.

Steric Effects. The steric descriptor appears to be the most
widely and diversely studied descriptor in the literature,
indicating the difficulty in modeling it accurately. Steric
effects were determined to be an important variable in
structure versus reactivity relationships after pioneering
work by Taft,! who systematically studied the connection
between steric effects and the rate constants of reactions. It
was known that polar effects were not the only influence
in Hammett’s equation, therefore, Taft proposed that the
relative rates of esters hydrolysis should also include a steric
effect.'® His first attempt to quantify the steric effect defined
the average relative rate of acid-catalyzed ester hydrolysis as

ks

where k, is the observed rate for the acid-catalyzed ester
hydrolysis and kcyy, is the rate using methyl as reference;
these k, are identical to those described in eq 3. Dubois
standardized the measurement of conditions for ester hydro-
lysis and developed an improved steric descriptor, E'.°®
Recently, the Charton steric descriptor v was designed from
van der Waals radii for MZ,, type of molecules and used to fit
E' for asymmetrical molecules.

In a similar approach to that for electronic and radical
stabilization descriptors, isodesmic reactions have also been
proposed to describe steric effect. For example, the following
reaction was studied by Riichardt and Beckhaus:!

R—Phy + CH, = R—H + H;C— Phy (6)

This method proved unsuccessful due to intramolecule
hydrogen transfer contamination from resonance effects.
Recently, Bohm and Exner”® proposed a similar approach
to evaluate the steric effect by calculating the reaction energy
of a different isodesmic reaction:

AVARRVZ V4

However, steric constants calculated via this method
also differ distinctly from Charton steric parameters, parti-
cularly when we re-evaluated them for a subset of species
in the present work using high level ab initio molecular
orbital theory methods in place of density functional
theory.

Spatial parameters offer a more direct approach to mod-
eling the steric bulk of the system. In the field of organo-
metallic chemistry, steric effects are often quantified through
various molecular volume means. While molecular volume
(V) can be very poor descriptor for steric effect, the Tolman’s
cone angle, 8, of the molecule (shown in Figure 3a) has been
shown to be more successful.® Its value can be easily calcu-
lated using the van der Waals radius of the relevant atoms.
Since the cone angle does not measure the overlap in
molecules with congestion, the solid angle Q was proposed.>®
Q can be understood as the projection of the ligand onto a
sphere at the origin of the bond-breaking site (see Figure 3b).
For small molecules, the solid angle can be calculated easily,
but for larger systems (such as those relevant to polymer or
biological chemistry), this becomes computationally expen-
sive, and the importance of congestion in describing steric
effect is in any case arguable.* Since only the volume close to

t-Bu

+ \V4 ©)

t-Bu

—_—
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Figure 3. Tolman’s cone angle and solid angle of an alkyl substituent.

the reaction center has an appreciable effect on the steric
hindrance, anchor volume V“ and cone volume CV were also
investigated as steric descriptors in the present work.

Other approaches to quantifying the steric effect of a
substituent include the ligand repulsion energy Eg, as pro-
posed by Brown.® This computes the steric effect for a
substituent in a prototypical environment, and measures
the size of the group within the context of its interactions
with a specific molecular entity. It is based on the gradient of
the van der Waals potential in relation to bond distance. In
addition, we have also considered in this work the simplest
possible steric quantifier, the order of the radical center. The
radical order counts the number of non-hydrogen substitu-
ents bound to the radical center, giving methyl radical a value
of zero, monosubstituted radicals one, secondary radicals
two, and tertiary radicals three.

Literature values of the Charton steric descriptor (v),
Dubois steric parameter (E’;) and ligand repulsive energies
(ER), and computed values of molecular volume (¥), anchor
volume (V“), cone volume (CV), Tolman’s cone angle (6),
solid angle (L), and radical center order were used to
determine the correlation between each of these parameters
and the Charton steric descriptor (see Figure 4; raw data in
Table S.2 of the Supporting Information). The correlation
between E'; and v is reasonably high (R* = 0.66) since these
parameters are determined by similar methods. The correla-
tion between Ex and v is quite high (R*> = 0.65) as well,
however Ex cannot be calculated easily. The various volume
parameters offer a more direct approach to modeling the
steric bulk of the alkyl radicals. The molecular volume V'is a
poor descriptor (R*> = 0.22), as is the cone volume CV (R> =
0.09). The anchor volume, V“ shows only a slightly higher
correlation with v than V' (R* = 0.30).

As Tolman’s cone angle 6 was originally designed for use
in inorganic chemistry, the distance between the radical
center and cone center is normally specified as 2.28 A, which
is the typical metal ligand bond length. To estimate 6 for our
alkyl radicals, it is necessary to consider their geometries in
compounds more relevant to chemical reactions under study.
To this end, values of 6 were calculated for the alkyl frag-
ments R in corresponding series of optimized R—X com-
pounds, for X = TEMPO, Br, Cl, and SC(CH3)=S. In each
case, the value 0 obtained for a given R group was largely
independent of X (see Tabe S.4 of the Supporting In-
formation), indicating that any of these compounds might
be used for generating the steric parameters. In this study, we
selected 6 computed from optimized R—Cl geometries,
as providing the most computationally efficient access to
Tolman’s cone angles. The 6 values calculated in this way
show high correlation (R> = 0.77) with v. Although the solid
angle Q is designed to avoid interligand meshing, it shows
low correlation (R? = 0.36) with v. It is likely that congestion
is not a problem for these small alkyl radical groups and the
direct cone angle therefore gives a better description of steric
effect than the solid angle.
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Figure 4. Comparison of the computed and empirical steric descriptors.

Finally, the radical order provides very simple way to
measure steric effects. It shows a high degree of correlation
(R? = 0.79) with v and is easily accessible since it requires no
calculation, only the counting of non-hydrogen substituents
around the radical center. However, from a chemical per-
spective, this does not appear to be a satisfactory way to
measure steric effects. For example, it requires that groups
such as 7-Bu and cumyl ("C(CHj3),Ph) are described by the
same descriptor. It is possible that its good correlation with
other steric parameters may be caused by a very small
variation in size of the second substituents in the training
set (in our set, nearly all secondary radicals contain methyl
groups and all tertiary radical contain two methyl groups).
As a result we cannot rule out the possibility that the
observed correlation may break down for larger tertiary
radicals such as ("CPhs). Given this risk, the other promising
steric parameter studied, Tolman’s cone angle 8, was selected
for further consideration.

Radical Stability. Traditionally, radical stability is mea-
sured using the radical stabilization energy (RSE).®® This is
defined as the enthalpy change of the following reaction:

R*+CH;, = R—H+"CHj (8)

In essence, one compares the stabilities of R radical to a
reference point, *CHj, balancing the reaction with C—H
bonds. In attributing substituent effects on RSEs to the
differing stabilities of the radical species, one must implicitly
assume that corresponding substituent effects on the C—H
bonds of the closed shell species are negligible.”* While this
assumption is likely to be reasonable at a qualitative level for
the C—H bonds in most carbon-centered radicals, it is an
assumption and may potentially break down in some situa-
tions.

Alternative measures of relative radical stability have been
also been proposed. In particular, the original linear free
energy relationship for nitroxide combination reactions
made use of Riichardt®® radical stabilization parameters
(0rs)- These are based on a semiempirical scheme in which
radical stabilization energies of various R® radicals are
obtained from corrected R—R BDEs. The advantage of
using R—R in place of R—H is that polar effects in the
closed-shell compound are eliminated; the disadvantage is
that corrections for steric strain in R—R (in this case
obtained from MM2 force field calculations) are instead
required. These RSE“"" values are then scaled according to
the order of the radical center into primary, secondary and
tertiary radicals and by the formation enthalpy of the methyl
radical to give ogg values.® More recently, alternative
schemes based on use of polar terms to correct various types
of bond energies have also been developed.”
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A more direct approach to measuring relative radical
stability is through examination of the extent of delocaliza-
tion of the unpaired electron in a radical; the more deloca-
lized the unpaired electron, the more stabilized the radical is
likely to be. Experimentally, this radical stabilization effect
can be measured using electron spin resonance (ESR) data,
where spin-coupling constants are correlated with the extent
of electron delocalization (at least for planar radicals).*>’¢
Spin density distributions can also be easily calculated
directly by applying an electron localization scheme to the
wave function obtained via a quantum-chemical calculation.
This has the advantage of being applicable to both planar
and nonplanar radicals. In this work, we examine the
absolute value of Mulliken spin density®® of the radical
center, p; the higher the value of p, the more localized the
radical and the less stabilized it is expected to be.

We also calculate the ratio of the spin density on the
selected radical center to the sum of the absolute value of
spin densities on the other non-hydrogen atoms in the
molecule to give the delocalization of the spin density,
0%.%" In doing this, we summed the contributions of hydro-
gen atoms into their corresponding non-hydrogen centers, as
per standard practice.

|p(nominal radical center)]

p%

~ Y |p(all other non-hydrogen centers)| ©)

Iwao and co-workers have previously defined this as the
ratio of spin density over carbon atoms only.®” However, as
some other heavy atoms can also bear large electron spin, the
definition of the delocalization of the radical center above
includes all other atoms.

Figure 5 shows the correlations between literature ogg
values and Mulliken spin densities, p, delocalization of the
spin density, p%, and calculated RSEs; raw data are pro-
vided in Table S.3 of the Supporting Information. Values of
the RSE were found to agree with the literature values
published by Zipse,”” calculated at the same level of theory.
Correlation between p and ozgis very hi%h (R* = 0.91), asis
the correlation between RSE and oz (R™ = 0.92), while the
correlation between the delocalization of the spin density,
0%, and ogs is not quite as high (R* = 0.78).

The high degree of correlation between the reaction-based
parameters and spin densities provides confidence that the
former are measuring the correct trends in radical stability
for carbon centered radicals, and that either may be used in
the linear free-energy relationship. We selected two descrip-
tors for further study in the present work. The spin density p
was chosen as the most direct measure of radical stability,
independent of reaction energies. It also had the advantage
that spin densities can be obtained accurately at relatively
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Figure 5. Comparison of the computed and empirical radical stabilization descriptors.

low levels of theory, making them more easily calculated for
larger species. We also selected the traditional RSE as it is
easily obtained from experimental bond dissociation ener-
gies, as well as theoretical calculation. The RSE, as a reaction-
energy-based measure, does contain a contribution from the
relative stabilities of R* and R—H, which will be influenced by
the steric cost associated the hybridization change from sp” to
sp>. The high correlation between RSE and spin is an indica-
tion that this steric effect is either relatively small or aliased
with the same factors that affect the stabilization of the
unpaired electron, but this effect may become important for
certain bulkier radicals. Since this same steric effect is likely to
be important in combination reactions of alkyl radicals with
nitroxides, this may be an advantage for modeling these
reaction energies. At the same time, the spin density is likely
to provide the best parameter for establishing the rela-
tive importance of the various factors affecting the reaction
energies.

Model for Variation of the Alkyl Radical with Fixed Nitroxide.
On the basis of our examination of the available parameters
we therefore selected two sets of descriptors for further
study. The first set, which comprised u, 6, and p, were chosen
as the most direct measures of polar, steric and radical
stabilization effects on alkyl radicals, and would be expected
to be most useful in establishing the relative importance of
these factors determining the reaction energies. The second
set, which comprised RSE and IP, was chosen as the reaction
energy based parameters that collectively measured the
relative stabilities of R* to the most important valence bond
contributors of an alkoxyamine (i.e., R""ONR'R” and
R—ONR'R”, measured in the IP and RSE as the stabilities
of R* and R—H respectively). We now test each parameter
set in turn by using them to model the reaction energies for
the combination of a set of alkyl radicals with a fixed
nitroxide, TEMPO (training set I).

Considering first the descriptors u, 6, and p, we obtained
the following model by fitting to our calculated 298 K gas-
phase equilibrium constants for the combination reactions in
training set I:

log(Key) = — 0.354u —2.330 + 24.3p + 6.45 (10)

A plot of the fitted log (K4) values versus the correspond-
ing ab initio data is provided in Figure 6; corresponding raw
data is provided in Table S.5 of the Supporting Information.
As is clear from this Figure, the model generally fits the data
very well. However, the equation slightly underestimates K
for B1, the only combination reaction with a methyl radical.
This might be due to an overcompensation for steric effects
in this system. It also substantially overestimates K for the
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Figure 6. Comparison of directly calculated (K,,,) equilibrium con-
stants with (K,,) values fitted to u, 6, and p for combination reactions of
alkyl radicals with TEMPO at 298 K.

radical species “CH,OH (7), “CH,F (8), “CH(CH3)OC(O)-
CHj; (18), and *CH(CH3;)CI (19). These latter radicals all
possess a heteroatom in the position a to the radical center.
Their higher reactivity is due to anomeric stabilization® of
the product alkoxyamine species. This effect has been pre-
viously noted for TEMPO alkoxyamines derived from tetra-
hydrofuran and triethylamine,”® and also for —SPh and acyl
substituted TEMPO alkoxyamines,”> all of which show
higher energies of dissociation at the C—O bond than
expected. It has also been investigated using computational
methods.>” One of the lone pairs of the nitroxyl oxygen lies
antiperiplanar to the carbon—heteroatom bond, allowing
hyper-conjugation to occur between the lone pair and the *
antibonding orbital of the bond. Thisisillustrated in Figure 7
for the TEMPO—CH,OH alkoxyamine. In this example,
anomeric stabilization results in a significant lengthening of
the NOC(H,)—OH bond while the NO—CH,OH bond is
significantly shortened and strengthened.’” It is therefore
expected that in the absence of a descriptor quantifying
anomeric stabilization the linear free-energy relationship
will not accurately describe a combination reaction in which
this effect is present in the product alkoxyamine species.
Therefore, these systems were not included in the fitting.
When these four points are excluded from the analysis, the
model fits the remaining data extremely well, with an R’
value of 0.94 and a mean absolute deviation just 4.4 kJ mol !
in free energy.

However, despite the excellent fit of the equation to the
data, it has some deficiencies as a model for these reactions.
In particular, from the coefficients of u, 6, and p, we note
that the combination reaction is favored by an increase in p
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Figure 7. The alkoxyamine product of the reaction between TEMPO
(B) and "“CH,OH, with anomeric stabilization of the NO—C bond.

(and hence a decrease in radical stability), and disfavored
by increases in € and u (and hence an increase in polarity
and steric bulk). Whereas the radical stability and steric
effects are intuitive, the influence of polar effects is not. As
explained above, given the polarity of the R-ONR’R” bond,
one would expect combination to be favored by increases
to the polarity of R through increased resonance between
R-ONR'R” and R ONR'R”. In fact when the statistical
significance of the various parameters was examined, neither
the polar nor the steric descriptors were found to be sig-
nificant at the 90% level of confidence. It is true that, for this
limited data set, their significance did rise to 95% when the
“outlier” B1 was excluded from the fitting; but when the
equation was later fitted to the most complete data set
available (i.e., training sets I and II and the test set, with
the anomeric outliers excluded) the significance of these
terms was low, and the equation was therefore unsatisfac-
tory.

The small role of polar and steric effects in the equation
was also confirmed when we analyzed the relative contribu-
tions from each of the parameters using eqs 11 and 12,%°
previously used to analyze contributions to the dissociation
rate coefficient.®

(IXcX
2oy Cy,
J

% X =100 x (12)

Here X is the value of the parameter X for the ith data; X is
the mean of the X parameter in » number of data points; v is
the degree of freedom, is defined as n — 2; oy is the weighting
coefficient and Cy the coefficient of the X parameter. From
egs 11 and 12, we calculated contributions from each de-
scriptor in eq 10 to be 12%, 13%, and 75% for the polar,
steric and radical stabilization energy, respectively.

Given the redundancy of the some of the parameters in eq
10, we then considered our reaction energy based para-
meters, RSE and IP. Equation 13 was obtained by fitting
to Training Set I, but with the four anomerically stabilized
species that were outliers in Figure 6 (i.e., B7, B8, B18, and
B19) again omitted.

log(Key) = —1.091P —0.199RSE+39.8  (13)

Figure 8 compares the fitted values, as obtained from eq
13, and the corresponding directly calculated values of the
equilibrium constant, as obtained from our ab initio calcula-
tions; raw data is provided in Table S.6 of the Supporting
Information. As is clear from this graph, the fit of the
equation to the data is excellent, with an R* = 0.94 and
MAD = 5.1 kJ mol~". The only significant outliers are the
four anomerically stabilized species that were omitted from
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Figure 8. Comparison of directly calculated (K..) equilibrium con-
stants with (K,,) values fitted to IP and RSE for combination reactions
of alkyl radicals with TEMPO at 298 K.

the fitting, all other points have deviations of 8.1 kJ mol ™" or
less.

From the coefficients of the parameters we find that
combination is favored when the values of RSE and IP
decrease, and hence as the relative stability of R* decreases
and R" increases. In other words, as expected, combination
is favored by decreases to the stability of the reactant R®,
and increases to the stability of the product alkoxyamine
through increasing resonance with its ionic configuration
R ONR'R”. On the basis of statistical testing, we find that
both RSE and IP are significant at the 99% level of con-
fidence, and have relative contributions of 78% and 22%,
respectively. Once again, the stability of the alkyl radical is
found to be the largest factor affecting the equilibrium
constant of the combination reaction, though this term
reflects to some extent the steric cost of the hybridization
change from sp” to sp> upon formation of an alkoxyamine.
The increased importance of the polar term, IP, compared
with eq 10 is probably partly due to the fact that, unlike the
dipole moment, it also contains a contribution from the
stability of the R® radical. Nonetheless, the fact that both
RSE and IP are significant is a sign that polar effects are
playing a role in this reaction, and that the IP is providing
a better measure of these than the dipole moment. For this
reason, the parameter set RSE and IP was chosen for
modeling the effect of the chemical structure of the alkyl
radical on the equilibrium constant for its combination
reactions with nitroxides.

Descriptors for the Nitroxide Radical. To model the effect
of the chemical structure of the nitroxide on the equilibrium
constant for its combination reactions with alkyl radicals one
might in principle consider adopting the same parameters
designed for the alkyl radicals, though given the polarity of
alkoxyamine bond the EA would be expected to provide a
better measure of polar effects than IP in this case. However,
during the course of our analysis we discovered that, for
nitroxides, these terms are highly correlated with one an-
other and essentially measure the same chemical properties.
We therefore adopted just one of these parameters, the
RSE, which we redefined using the following isodesmic
reaction 14.

RR'NO" + (-Bu),NOH = RR'NOH + (+-Bu),NO*  (14)

This is essentially the same as the standard RSE, reac-
tion 8, but with the values systematically shifted to more
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convenient sizes by using a nitroxide as the reference instead
of *CHj;. Reaction 14 is therefore referred to as the radical
stabilization energy of a nitroxide radical, RSE,, ;. Although
the computational expense of using dimethyl nitroxide as the
reference species would be lower, the di-ferz-butyl nitroxide
species was selected in order to make RSE, ., potentially
more experimentally accessible.

Both reactions 8 and 14 contain contributions from the
relative stabilities of the radical species and corresponding
closed-shell species.”* As shown above, for carbon centered
radicals, the contribution of the closed shell species is minor
and reaction 8 successfully models the relative stabilities of
alkyl radicals, with trends following those expected from
considering the substitution patterns on the radical, or the
level of delocalization of the unpaired electron. For nitro-
xides, however, the contribution of the closed shell species is
much more important, and Reaction 14 actually provides an
excellent measure of the flexibility of the nitrogen center
to pyramidalization upon formation of an alkoxyamine. To
illustrate this, Figure 9, shows the relationship between
RSE, «q and the spin density on the nitroxide radical center,
and between RSE,.q and the calculated formal reduction
potentials of the nitroxides in water, Ej,; which we have
previously determined.”’

As seen in Figure 9a, the RSE,,, values of the nitroxide
radicals (shown in Scheme 1) do not correlate with the trend
in spin densities, nor do they follow the trend expected based
upon radical delocalization arguments. The most notable
example is for the indoline nitroxides, which are expected to
be more stable than the isoindoline nitroxides due to radical
delocalization on the phenyl ring.®' The indolines have much
lower spin densities on the oxygen radical center than the
isoindolines, indicating that radical delocalization occurs,
however the RSE,, ., values do not reflect this stabilization.

By contrast, the correlation with the Ej,; values shown in
Figure 9b is excellent, despite the fact that reaction 14 does
not consider the ability of a nitroxide radical to accept an
electron to form the corresponding anionic species. The
reason for the excellent correlation is that both reduction
and combination reactions lead to pyramidalization at
nitrogen and, as we have discussed elsewhere,’! the trends
in reduction potentials are directly related to the flexibility of
the ring structure of the nitroxide. At the same time, as in the
case of the RSEs, the similarity of the reaction center and
immediate chemical environment in all nitroxide radicals
attenuates the influence of electronic substituent effects on
the stability of the anions formed. The only significant
outlier, H1, corresponds to the reaction of the only 2,2,6,6-
tetraethyl-substituted TEMPO derivative in the training set;

it is possible that the additional steric effects of the ethyl
groups on the combination reaction are not completely taken
into account by the RSE, 4 parameter.

The parameter RSE, 4 therefore appears to provide a
convenient measure of the ability of nitroxide radicals to
form alkoxyamines, with increases to RSE, .4 reflecting
decreases in the relative stabilities of an alkoxyamine due
to lessening ease of pyramidalization at the nitrogen center.
To explore this further, we fitted the following single para-
meter model to the methyl radical affinities of all the nitr-
oxide radicals in training set II.

10g(Keq) = — 0.159RSE, +27.3 (15)

Figure 10 shows the correlation between the logarithmic
values of directly calculated equilibrium constants for com-
bination reactions of methyl radical, log (K.4.), and the
corresponding fitted values; raw data is provided in Table
S.7 of the Supporting Information. As it is clear from this
figure, the fit of eq 15 to the data is very good (R*> = 0.90),
with an MAD equivalent to only 1.3 kJ mol ™' in free energy.
As in the case of the reduction potentials, the largest ‘outlier’
corresponds to H1. In this case, the additional steric effects
of the ethyl groups on the combination reaction are not
completely taken into account by the RSE,,y parameter,
leading the fitted K to provide an upper bound to the true K
value. Nonetheless, even here the magnitude of the deviation
(6.7 kJ mol~! in free energy) is relatively small. Although
training set II only includes methyl radical affinities, we will
show below that the equation also has good predictive value
for reactions of larger substituted radicals with nitroxides,
not included in the original training set. The use of the new
nitroxide descriptor RSE,, ., provides an improvement upon
previous descriptors,” which, although successful for most
species, remained incomplete in the description of the steric
effect for acyclic nitroxides.®?

Linear Free-Energy Relationship. Having identified our
descriptors, RSE, IP, and RSE,,,;, these were combined to
form the following equation to describe log (K.q) for the
combination reaction for various nitroxide radicals and
common polymeric unimers.

log(Key) = — 1.161P — 0.184RSE — 0.172RSE,,4 + 38.9
(16)

The scaling factors of the parameters (expressed to three
significant figures) were obtained by fitting the equation to
the ab initio values of the equilibrium constant for the
combination reaction for various nitroxide radicals and
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Figure 10. Comparison of directly calculated (K,) and fitted (K,,)
equilibrium constants for combination reactions of methyl radical with
various nitroxides.

common polymeric unimers making up training sets I and II.
For the reasons detailed above, the four anomerically stabi-
lized species were omitted from the fitting. The correlation
between the fitted values, log (K.,), and the directly calcu-
lated values, log (K,..), is shown in Figure 11; corresponding
raw data are provided in Table S.8 of the Supporting
Information. The MAD between the K. and K., values is
around half an order of magnitude, corresponding to 3.2 kJ
mol " in free energy.

Although eq 16 was derived using only the fitting of methyl
radicals with different nitroxides and larger alkyl radicals
with TEMPO, its versatility can be shown through compar-
isons of some reasonably small mixed nitroxide and alkyl
radical systems, for which direct calculation of the equilib-
rium constant is possible. The log (K,.,.) and log (K.,) values
for combination reactions of the unimeric radicals of styrene
(13), acrylic acid (20), methyl acrylate (16), acrylamide (23)
and methyl methacrylate (17) by various nitroxide species
(DBN (A), TEMPO (B), PROXYL (I) and TMIO (P)) have
been added to Figure 11; corresponding raw data are pro-
vided in Table S.9 of the Supporting Information. The
equation-calculated values show reasonably good correla-
tion with the directly calculated values, with an MAD
corresponding to 7.6 kJ mol ™" in free energy. It is observed
that eq 15 performs well for the acrylic acid (20) and
acrylamide (23) unimeric radicals, species not present in
any of the reactions in the original training sets.

Having validated the equation by testing it on species not
included in the fitting, it makes sense to refit the equation to
all available data before carrying out more detailed analyses
of the individual contributions from the various effects. To
this end, we fitted the following equation to the combined
training and test sets; omitting as before the four anomeri-
cally stabilized species.

log(Keq) = — 1.10IP — 0.177RSE — 0.130RSE, s + 38.3
(17)

As expected, the fit of the equation to the data is good,
with an R = 0.93 and an MAD of 4.5 kJ mol ! in free
energy; all fitted values are provided in Table S.10 of the
Supporting Information.

Examining the coefficients in the equation, we note that, as
in our previous equations, combination is favored by de-
creases to IP (and hence an increase in stability of R™), RSE
(and hence a decrease in stability of R*) and RSE, 4 (and
hence an increase in the stability of the alkoxyamine). The
relative contributions of the terms are 17%, 70%, and 13%,
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Figure 11. Comparison of directly calculated (K.) and fitted (K,,)
equilibrium constants for the full training and test sets of combination
reactions.

respectively, though all are significant at the 99% level of
confidence. It is therefore clear that the most important
factor affecting the equilibrium constant for the combination
reaction is stability of the alkyl radical. The smaller con-
tributions of the other descriptors no doubt reflects the fact
that all nitroxides have an identical reaction center up to at
least the gamma position. In contrast to RSE of R®, which
principally measures the stability of the isolated reactant
radical, the other descriptors relate more strongly to the
stability of the product alkoxyamine. The limited variation
in chemical structure of the nitroxides in the vicinity of the
formed bond therefore limits the influence of the other
descriptors, both on the attacking alkyl radical and the
nitroxide.

The fitted eq 17 can be used to determine gas-phase
equilibrium constants of the control reaction of nitroxide-
mediated polymerization for large systems where direct
calculation is not feasible. However, it needs to be remem-
bered that, in cases where anomeric stabilization of the
alkoxyamine is possible (i.e., those having a lone pair donor
group at the a-position), the predicted K may provide only a
lower bound to its actual value. In its current form, eq 17 is
parametrized for gas-phase equilibrium constants at 298 K
and therefore does not give log (K) values directly compar-
able to experimental values performed in a solvent medium.
It would be relatively straightforward to reparameterize the
equation under any of the wide variety of experimental
polymerization reaction conditions found in the literature.
For the present, for simplicity, the standard state equation
values are useful for comparison of the relative magnitudes
of K, which are expected to follow the same trends in
different temperatures and in common polymerization
solvents.

Linear Free-Energy Relationship for Kinetics. Previous
equations have described the combination and dissociation
reaction rate constants, k. and k, in terms of experimentally
determined empirical descriptors.”¢*83 In this work, a new
equation was derived to describe the ratio of these two rate
constants, K = k./kg, in terms of computed descriptors. The
individual rate constants can also be expressed in terms of the
same parameters in order to demonstrate the use of the linear
free-energy relationship in a more practical setting. The
available experimental values of k., at 298 K in fert-butyl
benzene (¢BB),”** and k,, at 393 K and in (BB,*%% are
shown in Table 4. These data sets were fitted using models
based on the descriptors for alkyl radicals (IP, RSE) and
nitroxide (RSE,,,). The correlation between the fitted equa-
tion values and the experimental rate constants is shown for
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Table 4. Experimental Rate Constants k&, (at 298 K in tBB) and k&, (at 393 K in tBB) for Combination Reactions of Alkyl Radicals with Nitroxides

species log (k) log (k) IP (eV) 0 (deg) RSE (kJ mol™") RSE, ., (kJ mol™")
Al12 8.3¢ —3.7¢ 7.39 2.06 59.0 0.0
Al13 -1.9 7.03 2.37 68.0 0.0
B1 —11.2 9.88 1.85 0.0 —43
B6 -5.0 7.22 2.47 29.7 —4.3
B10 -3.5 9.36 2.25 47.3 —43
B11 -0.9 8.64 2.46 59.0 —43
B12 8.4¢ =50/ 7.39 2.06 59.0 —4.3
B13 8.3¢ -3.3 7.03 2.37 68.0 —43
B14 7.7% -1.V 6.73 2.67 69.9 —43
B15 9.4%b -7V 9.91 2.13 21.5 —43
B16 —4.5 8.92 2.34 41.2 —43
B17 8.8 -1.7 8.27 2.58 54.9 —4.3
B25 —4.V 8.27 2.27 72.0 —43
B26 —3.4 7.64 2.04 84.6 —43
B28 3.8 6.95 2.24 116.2 —-4.3
B29 -7.6 7.53 2.25 20.2 —43
113 —3.8¢ 7.03 2.37 68.0 9.9
P13 8.2¢ —4.2¢ 7.03 2.37 68.0 7.2
P14 8.1 —2.4%¢ 6.73 2.67 69.9 7.2
V4 -8.1 8.21 2.05 10.3 5.8
V6 -4 7.22 2.47 29.7 5.8
V9 -3.7 10.31 2.04 31.9 5.8
V10 -2.6/ 9.36 225 473 5.8
Vi1 0.1" 8.64 2.46 59.0 5.8
V12 7.0° -3.5 7.39 2.06 59.0 5.8
V13 6.5 -2.3 7.03 2.37 68.0 5.8
V14 5.3¢ 0.24 6.73 2.67 69.9 5.8
V15 8.9%0 —5.4 991 2.13 21.5 5.8
V16 -2.5 8.92 2.34 41.2 5.8
V17 6.4%b -0.1" 8.27 2.58 54.9 5.8
V20 -3.0 9.2 2.29 41.2 5.8
V21 -2.7 9.05 2.55 39.7 5.8
V22 —0.¢/ 8.5 2.55 55.8 5.8
V24 2.4 9.65 2.56 43.4 5.8
V25 -3V 8.27 2.04 72.0 5.8
V27 -2.9/ 7.99 2.08 51.4 5.8
V29 -7.2 7.53 2.25 20.2 5.8

“Reported by Sobek et al.®* ® Measured in acetonitrile. “ Reported by Fischer et al.” ¢ Reported by Marque et al.>! ¢See Marque’® and references
within.”/Reported by Bertin et al.® € Determined from the estimated activation energy. ” Reported by Beaudoin et al.®

the combination rate constant, k., in Figure 12 and for the
dissociation rate constant, k; in Figure 13; raw data are
provided in Tables S.11 and S.12 of the Supporting Informa-
tion. The equations obtained are shown below:

10g(ke,eq) = — 0.408IP — 0.0597RSE — 0.103RSE, .y + 14.5
(18)

10g(kd,eq) = 0.5541P + 0.101RSE + 0.114RSE, ., — 13.3
(19)

For combination, the experimental and equation values
show an MAD of just over half an order of magnitude.
However, as the combination rates show little variation, all
being close to 10° L mol 's™', the correlation seen in
Figure 12 is poor (R* = 0.51). From the coefficients in the
equation, we note that the combination rate becomes larger
as IP, RSE and RSE,, decrease. This indicates that is
favored by decreases to IP (and hence an increase in stability
of R"), RSE (and hence a decrease in stability of R") and
RSE, q (and an increase in the stability of the alkoxyamine).
The relative contributions of the terms are 23%, 50%, and
27% respectively. However, based on a  test, only RSE 4 is
significant at the 90% level of confidence, presumably due to
the very limited variation in the combination rate data.

The largest deviations are seen for the isoindoline combi-
nation reactions P13 and P14, and the SGI1 combination
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Figure 12. Correlation (R> = 0.51) between experimental combination
rate constants and the fitted eq 18.

reaction V14. This may simply reflect the difficulty in
measuring the experimental data for these very fast reac-
tions; in that regard, it is worth remembering that the
magnitudes of the deviations are themselves relatively small
(ca. 1.5 orders of magnitude). Additionally, however, this
may be due to the attenuating influence of diffusion effects
on the combination rate coefficients. It has previously
been argued that the combination reaction is not a diffusion-
controlled process and has rate constants around an order of
magnitude lower than those of the bimolecular self-reactions
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Figure 13. Correlation (R> = 0.62) between experimental dissociation
rate constants and the fitted eq 19.

of the alkyl radicals.®* This is shown by the spread in values for
the experimental rate constants; a diffusion-controlled process
would lead to a relatively constant value for the combination
rate constants for a specific reaction medium and temperature.
Nonetheless, as the rates of these reactions are close to the
diffusion limit, varying degrees of attenuation of the rate
coefficients due to diffusion effects might be anticipated,
leading to scatter in the experimental data, and causing the
equation fitting to be less successful than that for the equilib-
rium constant.

In contrast, values of the dissociation rate coefficient are
much slower and are spread over a much larger range.
However, these values also show only a poor fit by the
equation for log (k;.,), with an R? value of 0.62 and an
MAD from experimental values of just over an order of
magnitude in rate. The principal outlier, B28, is for the
reaction of TEMPO with the cyclohexadienyl radical. In this
case a competing side reaction (hydrogen abstraction from
the cyclohexadienyl radical to form benzene) may be affect-
ing the experimentally measured results, and therefore this
species was not included in the fitting. As expected, the rate
of dissociation becomes larger as IP, RSE, and RSE,, .,
increase. The relative contributions of the terms are 18%,
64% and 18% respectively, and all are significant at the 95%
level of confidence.

The poor fit seen for the dissociation rate constant may be
due to extra steric effects not incorporated into the RSE
descriptor. It is possible that the steric parameter is much
more important in the description of the transition state of
the reaction, but not in the reactants or products. With thisin
mind we performed a second fit with the addition of the term
6, which measures the steric effect of the alkyl radical.
Equations 20 and 21 show the fittings of k. and k4 to the
data in Table 4; raw data are provided in Tables S.13 and
S.14 of the Supporting Information.

10g(ke,eq) = — 0.0388IP — 0.7376 — 0.0302RSE
—0.100RSE, g +11.7 (20)

10g(ka, ) = 0.7941P +5.686 + 0.0873RSE
+0.0821RSE, .y — 27.7 (21)

The fitting to k. in eq 20 does not show improvement over
eq 18, with an R* value of 0.52 and an MAD from experi-
mental values of just over half an order of magnitude in rate.
According to the equation, the rate of combination becomes
larger as IP, 6, RSE, and RSE,,,, decrease, consistent with
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expectations. As before, only RSE, 4 is statistically signifi-
cantin the k.equation at the 90% level of confidence, though
this is presumably due (at least in part) to the limited
variation in the data. The relative contributions of the terms
IP, 6, RSE, and RSE,, are 3%, 15%, 40%, and 42%
respectively, indicating that radical stability is also likely to
be playing a role.

In contrast to k., the fitting to k;in eq 21 shows a marked
improvement over the fitting in eq 19. In this case the R’
value of the fitting is 0.83 and the MAD is less than an order
of magnitude from the experimental data. As expected, the
rate of dissociation increases as IP, 6, RSE, and RSE, .,
increase with all descriptors showing significance at the 95%
level of confidence. The relative contributions of the terms
IP, 6, RSE, and RSE,,; are 20%, 29%, 42%., and 10%
respectively. Comparison of the R and MAD values for the
fittings of k, shown in eqs 19 and 21 confirm that the steric
descriptor has a large effect on the fitting of the dissociation
rate constant. Therefore, eq 21, including the extra steric
descriptor 6 is a better equation to describe k.

Conclusions

High-level ab initio molecular orbital theory calculations have
been used to study the effects of substituents on the combination
reactions of alkyl radicals with nitroxide radicals, with a view to
developing general and convenient models for predicting the
kinetics and thermodynamics of this process in terms of the
molecular properties of each of the radicals. On the basis of our
analysis, we selected the ionization potential (IP) and radical
stabilization energy (RSE) of the alkyl radicals, a modified
radical stabilization energy (RSE,,) as the nitroxide descriptor.
We show that the alkyl radical descriptors model the relative
stabilities of the alkyl fragment in the reactants (i.e., as R*) and
product (i.e.,as R—ONR'R"), the latter through consideration of
the stability of R in the two principal valence bond configura-
tions, R—ONR’R” and R™"ONR'R”. The nitroxide radical
descriptor, though formally a radical stabilization energy, effec-
tively measures the flexibility of the nitroxide radical to pyrami-
dalization at nitrogen upon formation of the alkoxyamine. All
three parameters are easily accessible through ab initio calcula-
tions or experiment. Using our descriptors, the following equa-
tion was obtained from a fit to a large set of calculated gas-phase
equilibrium constants for the combination reaction: log (K.,) =
—0.10IP — 0.177RSE — 0.130RSE,,; + 38.3. The fit to the data
was excellent, except in the small number of cases where anomeric
effects are present; in those cases the equation provides a lower
bound to the true result. The equation also had excellent
predictive power when used to predict the behavior of reactions
not included in the initial training sets. Variants of the equation
were also successfully fitted to available experimental data for k.,
at 298 K and k,, at 393 K, both in tert-butyl benzene; however,
the inclusion of an additional parameter 6 was necessary for the
fitting of k,; due to additional steric effects present in the
transition state of the reaction. On the basis of our analysis, it
appears that the most important factor affecting the kinetics and
thermodynamics of the combination reaction is the stability of
the attacking alkyl radical, with smaller but significant contribu-
tions from the other parameters in the model. The multipara-
meter analysis completed in this work shows scope for being
generalized to the study of other controlled radical polymeriza-
tion reactions such as atom transfer radical polymerization
(ATRP) and reversible addition—fragmentation chain transfer
(RAFT), and work is currently underway to compare the roles of
polar, steric, stabilization effects in these other reactions.

As part of this work, we also calculated solution-phase
equilibrium constants for the reactions for which experimental
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data are available for benchmarking purposes. Our calculations
reproduced the experimental results to within chemical accuracy,
further highlighting the value of quantum chemistry as a pre-
dictive tool in this field.
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