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ABSTRACT: Controlled degradation of polypropylene (PP) is used industrially to improve the properties of crude PP.
While traditionally initiated by organic peroxides, N-acyloxyamines are now preferred due to their greater stability.
However, their mechanism of action remains unclear. Using high level ab initio calculations, we show that N-O homolysis
is the most likely fragmentation pathway available to N-acyloxyamines, in contrast to the more usual C-O homolysis
observed for the closely related N-alkoxyamines. This would, in theory, generate aminyl and carboxylate radicals, with the
latter undergoing decarboxylation to generate methyl radicals. However, the enol-form of N-acyloxyamines is
significantly less thermally stable, having bond dissociation free energies that are over 50 kJ/mol below that of their keto
equivalent. Under conditions where keto-enol tautomerism is feasible, enol N-O homolysis, which forms the more stable
acetic acid radical, would be the dominant degradation pathway. This reveals the crucial and underappreciated role that
polar impurities play in the initiation process of enolizable initiators and may explain contradictory observations in the
experimental literature. The product aminyl radicals are susceptible to B-fragmentation, releasing alkyl radicals and
affording imines, which in turn are susceptible to allylic H-abstraction and further p-fragmentation leading to dialkyl
pyridines as the ultimate degradation products.

enhance its mechanical properties.” This degradation

INTRODUCTION

Polypropylene (PP) is a commodity thermoplastic
polymer used in a wide variety of consumer products,
ranging from textiles and packaging to appliance casing
and plumbing.! By volume, PP is the second-most
commonly produced commodity plastic (after
polyethylene). It is typically produced via chain-growth
polymerization employing coordination (Ziegler-Natta)
catalyst systems,! with the crude polymer usually
having a relatively high molecular weight and a large
dispersity (D).>* For many end-use applications, crude
PP possesses unsuitable physical and chemical
properties; for instance poor melt flow and extrusion
characteristics.® However, these properties are
dependent on the polymers molecular weight
distribution, specifically the number averaged and
weight averaged molecular weight (M, and My,
respectively) and D value.” ® Subjecting this crude
material to controlled radical degradation can
dramatically alter its molecular weight distribution and

results in chain-scission, which reduces molecular
weight and improves the polymers processability (see
Scheme 1). Mechanistic aspects of this process (in the
presence of peroxide initiators) was previously
examined by Marque and co-workers.®
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Scheme 1. The controlled degradation of polypropylene
(PP) via H-abstraction followed by B-scission.



Approximately 20 years ago, Ciba SC discovered that
N-acyloxyamines behave as powerful initiators of
radical polymerization and degradation.’ Following this
discovery, several patent applications claiming the use
of these novel radical initiators for grafting of
ethylenically unsaturated carboxylic acid derivatives
onto thermoplastic polymers,'* curing of photoresists
compositions,'" curing of coatings,'> or use as flame
retardants!* were then filed. Arguably the most
important industrial application of this class of initiators
is for controlled degradation of polypropylene (PP).!*
For this application, a tailor-made compound has been
developed and commercialized under the trade name
Irgatec® CR 76 (see Scheme 2),'> which is used as a
safe, non-explosive alternative to the explosive and fire
supporting peroxides normally used for controlled
degradation processing.
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Scheme 2. Irgatec® CR 76 and various peroxides used for
controlled degradation of polypropylene. Note that
Irgatec® CR 76 is a mixture of stereoisomers.

The actual mechanism by which N-acyloxyamines work
as radical initiators is not well understood. Density
Functional Theory (DFT) calculations by Tidwell and
co-workers'® as well as Gigmes and co-workers!’
suggest that they should undergo homolysis along their
N-O bond to afford transient aminyl radicals and
carboxyl radicals (see Scheme 3, left). Indeed, in the

present study, this mode of cleavage will be
demonstrated using high-level composite calculations
(vide infra). These transient radicals (or their
transformation products) should be able to initiate
controlled degradation. This mode of cleavage contrasts
with that of the closely related N-alkoxyamines, such as
TEMPO-STY, which are well known for undergoing C-
O fragmentation provided the leaving R group is
sufficiently stabilizing (see Scheme 3, right).'s
During Nitroxide Mediated Polymerization (NMP), N-
alkoxyamines undergo reversible homolysis of their
weak C-O bond affording persistent nitroxide radicals
and transient propagating radicals.? 2!
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Scheme 3. N-O vs C-O cleavage in a prototypical N-
acyloxyamine (TEMPO-Ac) and an N-alkoxyamine
(TEMPO-STY).

Gigmes and co-workers proposed that direct N-O
homolysis forming carboxylate radicals operates during
pyrolysis of N-acetyloxy phthalimide.'"” However,
carboxylate radical reactivity itself has been the subject
of enormous literature controversy, with conflicting
reports centered around the observation of different
decomposition products. Initial reports suggested that
carboxylate radicals (formed via O-O homolysis of
diacyl peroxides) undergo essentially spontaneous
decarboxylation and were thus utilized as sources of
primary alkyl radicals.”** Indeed, Ryzhkov and co-
workers found that typical carboxylate radicals undergo
ultrafast decarboxylation, with rate coefficients, k > 10°
s at 80 °C.2° Ryzhkov and co-workers®® noted that the
diacyl peroxide decomposition process yields
significant quantities of ester, carboxylic acid,
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Scheme 4. Potential cage reactions of a symmetric diacyl peroxide initiator bearing o and  CH, groups.

alkanes and alkenes (in addition to other minor)
products (see Scheme 4). Similar species were
identified by Gilmer and co-workers, in their earlier
study of diacyl peroxide decomposition.’’” While the
precise ratio of decomposition products is highly
sensitive to the identity and concentration of the diacyl
peroxide (as well as temperature and solvent), it is
generally thought to be indicative of rapid
decarboxylation and mostly (or solely) in cage
reactivity.’® 27 In the case of diacyl peroxides lacking B
hydrogen atoms, such as diacetyl peroxide, cage-based
H-transfer pathways would be suppressed and far fewer
cage decomposition products would be anticipated (see
Scheme 5). As such, cage reactions would afford
predominantly ethane and methyl acetate. Indeed,
Martin and co-workers used isotopic 2H and 'O
labelling to establish that the ethane and methyl acetate
formed via diacetyl peroxide decomposition result from
in-cage reactions.”’

In contrast to these reports, successful radical reactivity
has been noted during diacetyl peroxide
decomposition.?* 2* 2 For instance, Gladstone and co-
workers noted that in solutions of acetic and isobutyric
acid, diacetyl peroxide decomposition affords
significant quantities of succinic and tetramethyl
succinic acid, respectively.”’ The presence of these
dicarboxylic acid products is indicative of cage escape
of the initially formed (diacetyl peroxide derived)
radicals, followed by solvent mediated H-abstraction
and then radical coupling.?’ Similarly, Drew and co-
workers noted that carboxylate radicals derived from
diacetyl peroxide could be added across the C=C bond
of cyclohexene.”® Using galvinoxyl as a radical
scavenger, these authors firmly established that the
formation of cyclohexyl acetate and 3-cyclohexenyl
acetate occurred via addition of carboxylate radicals that

had escaped from the solvent cage (without undergoing
decarboxylation).?* Perhaps most significantly, May and
co-workers observed that an array of simple alkyl
carboxylate radicals undergo H-abstraction at low
temperature.28 Generating  acetoxy, propionoxy,
isobutyroxy and pivaloxy radicals via acyl
hypobromites (RCO,Br), May established that radical
brominations of alkanes and haloalkanes occurred with
satisfactory  yields.”® Moreover, no significant
differences in yield or selectivity were observed as the
R group was varied, which is indicative of an RCO;’
mediated reaction and somewhat incompatible with an
alkyl radical (R") mediated process.?
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Scheme 5. Potential cage reactions of diacetyl peroxide.
Disproportionation and H-transfer between the transient
methyl and acetate radicals and would afford either a
carbene (:CHz) or acetoxyl diradical, neither of which
would be thermodynamically and/or kinetically favorable.



Clearly, rapid decarboxylation of carboxylate radicals is
at odds with reports of their alkene addition products.
Moreover, reports of diacyl peroxide decomposition
affording predominantly (non-radical) cage products is
in clear contrast to reports of successful mediation of
radical-based bromination and coupling reactions. May
and co-workers attempted to reconcile these divergent
observations by suggesting that carboxylate radicals
could be generated in two different electronic states
(denoted m and o) and hypothesizing that these states
possessed differing reactivities.?® > While the presence
of low lying excited states was later confirmed with
photoelectron spectroscopy and ab initio calculations,’!
it remains unclear if this near degeneracy provides an
adequate explanation for the apparently divergent
reactivity of carboxylate radicals.

Given their success in initiating controlled PP
degradation, the decomposition products of Irgatec®
CR 76 (and other N-acyloxyamines) are clearly
successfully abstracting H-atoms from PP polymer as
depicted in Scheme 1. Intriguingly, in unpublished
studies, we have observed nearly stoichiometric
amounts of acetic when various N-acyloxyamines were
decomposed in the presence of PP. Similarly, Gigmes
and co-workers recently reported near stoichiometric
acetic acid generation when N-acetyloxy phthalimide,
which is also thought undergo N-O homolysis,'” was
utilized for polyethylene grafting and
functionalization.> These results are clearly indicative
of successful escape of the caged carboxylate radical
with little if any decarboxylation.

Moreover, the precise fate of the aminyl radical
fragment and its role in the controlled degradation
process is also unclear. In model studies of the
alkoxyamines relevant to the chemistry of hindered
amine light stabilizers (HALS) and NMP, it has been
shown that aminyl radicals are capable of hydrogen
abstraction to produce secondary amines.**** Moreover,
production of aminyl radicals has been shown to be an
important step in the cycle by which HALS protect
polymers fiom degradation.>> However, oxygen plays a
crucial role in the normal operation of the HALS
mechanism, oxidizing the relatively reactive aminyl
radicals into persistent nitroxides that can couple with
reactive  polymeric radicals (facilitating their
deactivation).>> As oxygen is normally excluded during
controlled PP degradation, the role and fate of aminyl
radicals is unclear.

Given the numerous important industrial applications of
these species, the mechanistic understanding of N-
acyloxyamine (and diacyl peroxide) chemistry is clearly
lacking. As rational design hinges on a detailed
mechanistic understanding of the process of interest,
resolving these apparent discrepancies would be of
significant interest. In this work, we used high-level
theoretical calculations to study N-acyloxamine and

diacyl peroxide decomposition in the context of
controlled PP degradation.

COMPUTATIONAL PROCEDURES

All standard ab initio molecular orbital theory and
density functional theory (DFT) calculations were
carried out using Gaussian 09*¢ and Molpro®” software
packages. Procedures were chosen based on
benchmarking against experiment in previous studies of
similar systems.*® * Geometries were optimized at the
MO06-2X/6-31+G(d,p)* level of theory, and frequencies
were also calculated at this level. Single point energies
were calculated using the high-level composite ab initio
method G3(MP2)RAD #' and G3(MP2)RAD(+).
G3(MP2)RAD(+) is a variant of standard
G3(MP2)RAD*' where the calculations with the 6-
31G(d) basis set are replaced with corresponding 6-
31+G(d) calculations to allow for better treatment of
anionic species. These high-level calculations were
utilized in conjunction with the ONIOM  style
approximation for larger systems,*> ** where the full
system was modelled using
ROMP2/GTMP2Large//M06-2X/6-31+G(d,p). Gibbs
free energies in the gas-phase were calculated using
standard ideal gas partition functions, under the
harmonic oscillator/rigid rotor approximation. Gibbs
free energies in solution were calculated via a
thermocycle in which Gibbs free energies in the gas-
phase were combined with Gibbs free energies of
solvation and the necessary phase change correction
term.** The SMD solvent model*’ was used to correct
for implicit solvent effects in water and dimethyl
sulfoxide (DMSO). For this purpose, geometries were
fully optimized in solution at the M06-2X/6-31+G(d,p)
level.

RESULTS AND DISCUSSION

Decarboxylation and H-transfer of Carboxylate
Radicals As literature on the reactivity of carboxylate
radicals is seemingly contradictory, we employed high-
level theoretical calculations to study these reactions
from  first principles. As  anticipated, the
decarboxylation of an isolated acetate radical,
CH;COQO', is predicted to be very rapid, even at room
temperature, with a AH* of only 5.4 kJ/mol and AG* of
8.7 kJ/mol (see Figure 1). Unsurprisingly,
decarboxylation is also predicted to be a strongly
exergonic across the temperatures studied. The
predicted AG* and corresponding fragmentation rate
coefficients, as well as AGxn values, at 200 °C, 250 °C
and 300 °C are listed in Table 1. As decarboxylation is
a unimolecular reaction, the rate coefficient will not be
limited by bimolecular diffusion. Importantly, these
predicted rate coefficients are still slower than the
limiting timescale for molecular vibrations (~ 107* s for
a bond-stretch) and are thus meaningful.
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Figure 1. A comparison of the kinetics and
thermodynamics of decarboxylation vs H-atom transfer.
The fragmenting C-C bond (left) and forming O-H bond
(right) distances are given in A.

For comparison, the barriers and corresponding rate
coefficients for H-transfer between this O-based
carboxylate radical and a unimeric polypropylene
model, HC(CH3)3, are given in Table 1. We should
caution that these predicted rate coefficients do not
include tunneling corrections. However, given the very
small enthalpic barriers observed here and the high
temperature of typical PP degradation conditions,
tunneling corrections are probably not significant.
Indeed, the rate coefficient for this H-transfer process is

N°®

probably approaching the diffusion limit, which is
typically on the order of 10’ M's™! for low viscosity
solvents. Unfortunately, it is somewhat unclear what
diffusion value might be applicable in the context of PP
degradation, but the solution value would provide an
upper bound. Hence, these calculations confirm that
bimolecular H-transfer between isolated acetate radicals
and PP would be uncompetitive compared with
unimolecular decarboxylation. To account for the
formation of acetic acid via normal N-O homolysis, the
resulting carboxylate radicals would therefore have to
undergo extremely rapid in-cage H-transfer.

Table 1. Gibbs Free Energies® of activation and reaction
for decarboxylation vs H-transfer of CH;COO® radical in
the gas-phase.

Temp Decarboxylation H-transfer

O AG* k()  AGm I T
200 10.6 6.6 x 10" -127.8 64.1 3.2x 107 -70.0
250 11.2 8.2x 10" -133.1 70.9 3.9x 107 -70.7
300 11.8 1.0 x 10" -138.5 71.5 4.8 x 107 -71.4

*Values given in kJ/mol.
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Figure 2. A comparison of hypothetical cage reactions available to the aminyl and carboxylate radical. Thermodynamics and
kinetics for decarboxylation and radical-radical coupling were calculated at the G3(MP2)RAD//M06-2X/6-31+G(d,p) level of
theory. Thermodynamics and kinetics for the H-transfer reactions were calculated with M06-2X/6-31+G(d,p), with all
diradical species modelled in their triplet configurations. All values given in kJ/mol and calculated a 25 °C.

N-O and C-O cleavage in N-acyloxyamines To
confirm that the preferred mode of thermal

fragmentation of N-acyloxamine is via N-O cleavage,
we investigated the principle fragmentation products of



TEMPO-Ac. The predicted Bond Dissociation Enthalpy
(BDE) for the N-O bond is 250.0 kJ/mol vs 268.1 kJ/mol
for C-O cleavage (see Figure 2). Interestingly, N-O
fragmentation is also more entropically favorable than
C-O cleavage; with a predicted Bond Dissociation Free
Energy (BDFE) of 185.5 kJ/mol compared with 209.8
kJ/mol (at room temperature).

This difference was found to originate from both the
vibrational and external rotational component of the
entropy. Obviously, as temperature increases, the BDFE
for N-O cleavage is lowered faster than C-O cleavage;
with predicted BDFEs at 300 °C of 126.1 kJ/mol and
156.4 kJ/mol, respectively. As both N-O and C-O
homolysis of alkoxyamines is barrierless on the
enthalpic surface,?! these calculations indicate that N-O
cleavage would be the predominant thermal
fragmentation pathway. Hence N-acyloxyamines have
similar homolytic behavior to the closely related N-
acyloxy phthalimides; with the corresponding acetyloxy
phthalimide possessing N-O and C-O BDFEs of 178.2
and 217.4 kJ/mol at 300 °C, respectively (See Table S2
in the Electronic Supporting Information).

To exclude the possibility of in cage reactivity as a
potential route to radical initiation and acetic acid
generation, we investigated potential in-cage H-transfer
reactions of TEMPO-Ac (see Figure 2). Like diacetyl
peroxide, TEMPO-Ac lacks B-H atoms on either of the
radicals generated from N-O homolysis. Hence, in-cage
H-transfer cannot afford non-radical products and
instead various alkyl-aminyl (and acetoxyl diradical)
diradicals would be generated. As Figure 2 indicates,
none of these in cage H-transfer reactions are predicted
to be competitive with decarboxylation. Of the various
in-cage H-transfer products, the cyclic 1,3 and 1,4 alkyl-
aminyl diradicals are the most kinetically and
thermodynamically favorable. However, even the
fastest in cage H-transfer reaction is significantly slower
than radical (re)coupling and decarboxylation.

Keto-enol Tautomerism in N-acyloxyamines, diacyl
peroxides and N-acyloxy phthalimides Enolization
refers to the conversion of carbonyl species (in the
presence of an acid or base catalyst) into an enol. In
previous calculations, we have assumed that the N-
acyloxyamine, TEMPO-Ac, predominantly exists in its
keto tautomer. However, the enol tautomer of N-
acyloxyamines is of interest because N-O fragmentation
of the enol form of TEMPO-Ac intrinsically bypasses
the formation of the O-based acetate radicals in favor of
the C-based acetic acid radical, ‘CH,COOH (see
Scheme 6). These carboxylic acid radicals could then
initiate PP degradation via H-abstraction, explaining the
generation of near stoichiometric quantities of acetic
acid.
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Scheme 6. Keto-enol tautomerism of TEMPO-Ac. The enol
radical is depicted in its major (C radical) resonance
contributor.

TEMPO-Ac has been synthesized and characterized by
several different research groups, with characterization
indicating no detectable enolization under standard
conditions. Consistent with these reports, the enol
tautomer of TEMPO-Ac is unstable relative to the keto
species by 87.5 kJ/mol enthalpically and 92.9 kJ/mol in
Gibbs Free Energy (at room temperature, see Figure 3).
As the Gibbs Free Energy difference between the keto
and enol species is nearly entirely enthalpically based,
the respective AG is not significantly affected by
temperature; increasing only slightly to 97.3 kJ/mol at
300 °C. This suggests that under standard conditions
and even at elevated temperatures, the transient enol
concentration would be essentially negligible and enol
formation would likely be undetectable by direct
experimental characterization procedures. However
using lithium diisopropylamide (LDA) as a base,
Inokuchi and co-workers reported the generation of the
Li-enolates of various N-acyloxyamines (including
TEMPO-Ac) and demonstrated the synthetic utility of
these transient species for low temperature (-78 °C to 6
°C) nucleophilic C2 alkylation reactions.*®

As the Curtin-Hammett principle states, the relative
concentration of two interconvertible substrates does
not influence the product composition.’ Instead, the
product ratio is only controlled by the relative Gibbs
Free Energies of the respective transition sates
(AAG¥).*" In this context, the Curtin-Hammett principle
mandates that the ratio of keto and enol tautomers does
not predict the preferred fragmentation pathway, which
is instead determined by the relative decomposition
barrier heights (and hence BDFEs as reverse reaction is
essentially barrierless®!) of the two pathways provided
keto-enol tautomerism itself is rapid. Both N-O
fragmentation pathways form the aminyl radical, with
the only difference being the enol pathway forms the
acetic acid radical ("CH,COOH) instead of the acetate
radical (CH3COO"). We should emphasize the relevance



of enolization hinges on the precise conditions
employed, as keto-enol tautomerization requires the
presence of acidic or basic catalysts.
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Figure 3. The Structures and relative Gibbs Free Energies
at 25 °C of the keto and enol forms of TEMPO-Ac and the
respective N-O cleavage products.

Various experimental studies unambiguously confirm
that this acetic acid radical is substantially more stable
than the acetate radical, with respective C-H and O-H
BDEs of approximately 400 and 445 kJ/mol,
respectively.*® Indeed, our high-level calculations
suggest reasonably comparable BDE values of 410 and
470 kJ/mol for the C-H and O-H bonds in acetic acid.
Thus, provided the keto and enol species can
tautomerize, enol fragmentation would be the dominant
homolysis pathway. Specifically, enol-fragmentation is
favored by 51.5 kJ/mol in terms of BDFE over the keto-
fragmentation (at room temperature, see Figure 3). This
preference persists at higher temperatures, with a
predicted ABDFE of 45.3 kJ/mol at 300 °C in favor of
the enol pathway.

The finding that enolization can significantly lower the
effective BDFE of TEMPO-Ac is intriguing. Moreover,
because the BDFE lowering upon enolization originates
from the underlying stability difference between the
*CH,COOH and CH3COO® radicals, it is also
transferable to other acetyl containing initiators. As
such, comparable Gibs Free energy diagrams are
observed with diacetyl peroxide and N-acetyloxy
phthalimide (See Figure S1 and S2 in the Electronic
Supporting Information). Because of this transferability,
we wondered if similar results had been reported
previously (but not widely appreciated) and if some of
the inconsistencies regarding carboxylate radical
decomposition could be attributed in part to enolization
mediated decomposition.

For diacyl peroxides, partial enolization followed by O-
O homolysis and in cage recombination of the product

radicals should afford ester-substituted carboxylic acids
(or their conjugate bases), which would be stable and
inactive as radical initiators (see Scheme 7). Pleasingly,
Wielesek and co-workers actually reported conclusive
evidence for enolization in acetyl peroxide
decomposition around 50 years ago.** These authors
found that acetyl peroxide readily reacts, in the presence
of acetate salts at room temperature, to afford 2-
acetoxyacetic acid.*’
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Scheme 7. Enolization of diacetyl peroxide and cage
recombination to form thermally stable 2-acetoxyacetic
acid. 0-O homolysis of the keto tautomer results in
detectable scrambling of 0 carbonyl labels.

Unsurprisingly, this reaction was inhibited by the
neutralization of acetate with added acetic acid. Using
1C acetate labelling, these authors did note some
incorporation of the acetate base into the product
acetoxyacetic acid, which could occur via several
different radical and non-radical pathways.*’ However,
they found that 55-70% of this product was not
isotopically labelled, suggesting that the acetate could
also simply act as a base catalyst.*’ These observations
are entirely consistent with an enolization mediated
decomposition mechanism. As Figure S1 in the
supporting information indicates, the enol tautomer of
the acetyl peroxide is unstable relative to its
fragmentation products on the Gibbs Free Energy
Surface. Indeed, the O-O BDFE of the intermediate
acetyl peroxide enolate is around 8.7 kJ/mol in the gas-
phase. This suggests that the homolysis of diacetyl
peroxide likely occurs directly via its enolate to afford
the *CH,COQ™ radical-anion (see Scheme 7) rather than



occurring via the enol tautomer. However, for the
purposes of the present work, we simply note that the
effective  BDFE of diacetyl peroxide should be
substantially lowered in the presence of base catalyst;
with both the intermediate enolate and enol tautomer
offering more thermodynamically viable fragmentation
pathways than the keto tautomer.

pKa values of N-acyloxyamines, Diacyl peroxides and
N-acyloxy phthalimides. Based on the above results, it
appears that some of the previous confusion in the
literature regarding the lifetime of carboxylate radicals,
may be explainable in terms of decomposition
proceeding  via  enolization. As  keto-enol
tautomerization is usually prohibitively slow in the
absence of polar impurities, enol mediated
decomposition would not be kinetically viable in strictly
non-polar environments. Under such conditions, the
effective  BDFE should reflect keto tautomer
decomposition and greater thermal stability would be
expected. Indeed, many experimental studies that have
examined the kinetics of diacyl peroxide decomposition
have done so in meticulously purified non-polar
solvents. Under such conditions, little if any enolization
would be anticipated. However, if polar impurities are
present, the effective BDFE would become increasing
reflective of enol tautomer decomposition and so
significantly lower thermal stability would be observed.

The kinetics of keto-enol tautomerism are heavily
dependent on the solvent environment; particularly, the
identity and concentration of polar impurities. As such,
it is somewhat difficult to precisely confirm when this
enolization becomes significant. Moreover, in many
cases the keto decomposition products may be
sufficiently polar to catalyze keto-enol tautomerism
(ultimately leading to autocatalytic degradation). To
demonstrate the general thermodynamic feasibility of
base-catalyzed enolization, we calculated energetics for
enolization of diacetyl peroxide and TEMPO-Ac using
acetate as a prototypical base. We also calculated the
relative pK, values of these two initiators in different
solvents, using acetone used as a reference acid.’* 3!

As Table 2 illustrates, even relatively modest bases such
as acetate can appreciably catalyze keto-enol
tautomerization. While proton exchange between
acetate and diacetyl peroxide or TEMPO-Ac is
reasonably endergonic (as reflected by the appreciable
pK. difference), the intermediate enolate is still notably
more stable than the keto decomposition products. In
other words, although base-catalyzed enolization
proceeds via relatively high energy intermediate
enolates, it still offers a more Kkinetically and
thermodynamically favorable decomposition pathway

than standard homolysis of the keto tautomer of the
initiator.

Table 2. Gibbs Free Energies® for gas-phase enolization of
diacetyl peroxide, TEMPO-Ac and N-acetyloxy
phthalimide using acetate as a prototypical base. pK,
values in different solvents are also given.

AGenolate pKa
Species [
Gas DMSO water
Diacetyl Peroxide +47.9 25.1 19.8
TEMPO-Ac +86.3 28.7 222
N-acetyloxy phthalimide +39.1 21.5 159
Acetic acid - 12.6° 4.8°

®Values given in kJ/mol. "Taken from reference 3% 33

In the context of controlled PP degradation, we note that
an array of polar compounds, including phenolic
stabilizers and calcium stearate (which is used as a
lubricant and release agent) are employed as additives
in PP resins. Given the inherent polar functionality of N-
acyloxyamines themselves, it is highly likely that their
local chemical environment within a PP resin would
encompass sufficiently polar species to enable keto-enol
tautomerism. Thus, enol mediated decomposition nicely
accounts for the generation of near stoichiometric
quantities of acetic acid upon N-acyloxyamine
decomposition.

Fate of the aminyl radical. The role and fate of the
aminyl radical is another significant question regarding
the mechanism of N-acyloxyamine initiated controlled
PP degradation. A prototypical tetramethyl piperidine
aminyl radical can undergo B-fragmentation with a
modest barrier (c.a. 100 kJ/mol at 25 °C, blue pathway)
to generate a methyl radical and a 2,2,6-trimethyl imine.
The reaction energy for this process is essentially
thermoneutral at room temperature but becomes
increasingly favorable as temperature is increased (e.g.
200 °C, red pathway). The 2,2,6-trimethyl iminyl
radical can undergo another [-fragmentation to
eliminate a methyl radical, although a more significant
barrier (c.a. 150 kJ/mol) is observed, regardless of
temperature. However, the thermodynamic favorability
of this elimination to generate the 2,6-
dimethyldihydropyridine is clearly influenced by
temperature. The 2,6-dimethyldihydropyridine would
be highly susceptible to further radical degradation, for
instance via double H-abstraction, to generate 2,6-
lutidine.
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Figure 4. A possible degradation pathway of a tetramethyl piperidine aminyl radical. Initial B fragmentation affords an imine
and °CHs; radical, with subsequent H-transfer affording an iminyl radical. Futher B fragmentation affords 2,6-

dimethyldihydropyridine.

Interestingly, the barrier of both B-fragmentations

appear to be largely temperature independent, with the

relatively localized aminyl radical undergoing much

faster B-fragmentation than the delocalized iminyl

radical. Thermodynamically, elimination is slightly

more favorable from aminyl radical than the iminyl

radical, which can be rationalized in terms of radical

stability of the reagent radicals. However, the reaction

energy of both B-fragmentations is very temperature

dependent; with thermodynamic favorability increasing
at higher temperatures due to entropic factors (see
Figure S3, Supporting Information). The barrier for H-
abstraction increases somewhat with temperature due to
entropy, but the thermodynamics of this process are
reasonably temperature independent. While the *CHj
radicals produced via the -scission reactions are more
reactive, favorable kinetics and thermodynamics are
still observed with a *CMe;s radical (as a model for PP
derived radicals). Finally, the 2,6-diethyl-2,3,6-
trimethylpiperidine aminyl radical was considered as a
model for the aminyl radical generated from Irgatec®
CR 76. Its fragmentation pathways shown in Figure S3
of the Supporting Information suggest that cleavage of
*CH>CHj radicals rather than of *CHj3 radicals will be
preferred in its B-fragmentations.

CONCLUSION

Summing up, acyloxyamines initiate controlled radical
degradation via N-O homolysis. However, in contrast to
conventional wisdom it is the enol form that undergoes
cleavage to produce an acetic acid radical, hence
explaining the stoichiometric production of acetic in
such systems. The keto-enol tautomerization is initially
catalyzed by polar impurities, which play a key under-
appreciated role in this process; the acetic produce then
makes this process autocatalytic. More generally, this
same keto-enol tautomerization can explain how
supposed carboxylate radicals avoid decarboxylation in
several literature studies. The product aminyl radicals
were found to be susceptible to B-fragmentation,
releasing alkyl radicals and affording imines. Under
radical conditions, these imines are susceptible to allylic
H-abstraction and further pB-fragmentation leading to
dialkyl pyridines as the ultimate degradation products.
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