Decarboxylation of carbonyloxy radicals: a density functional study
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We present a thorough theoretical investigation on the decarboxylation process of carbonyloxy radicals

of general structure RC(O)O which play a key role in the decomposition of organic peroxides that are widely
used as initiators in free-radical polymerizations. The effect of variation in the molecular structure (R = PhO,
PhCH, and NphO) (Nph = naphthyl) is studied systematically. Geometries, energies, and vibrational
frequencies of the carbonyloxy radicals, the dissociation products, and the first-order saddle points pertinent to
decarboxylation have been calculated employing density functional theory. The results are compared with
recent data for the benzoyloxy radical (R = Ph). Insertion of an oxygen atom or a CH, group between the
chromophore and the CO, moiety yields a significant reduction in the stability of the carbonyloxy radicals.
Despite the structural similarity of the three compounds, the reaction coordinates are markedly different. The
structural effects are discussed in terms of changes in thermochemistry, barrier heights and transition modes.
The calculated data serve as essential input parameters for statistical unimolecular rate theory calculations and
are crucial for the modeling of recent femtosecond pump/probe spectroscopy experiments on the carbonyloxy
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radical decomposition mechanism.

1. Introduction

Large organic peroxides are molecules not only of strong fun-
damental, but also of considerable industrial interest due to
their widespread use as initiators in free-radical polymeriza-
tions." ™ The decomposition of peroxides of type RC(O)O-
O-tert-butyl with R being an aryl compound®® into the three
species R°, fert-butyl and CO, can in principle occur via a
concerted or a stepwise mechanism. It is now accepted that the
latter mechanism is the rule in RC(O)O-O-tert-butyl decay
so that intermediate carbonyloxy radicals, RCO,, that are
formed after O-O bond fission play a key role in this process.
The carbonyloxy radical might subsequently decarboxylate to
form CO, and the radical R. Investigations on substituted
aroyloxy radicals in solution yield lifetimes in the nanosecond
to microsecond range,”!° which allow these intermediates to
escape the solvent cage and initiate the polymerization. Shorter
(ps) lifetimes have been attributed to 9-methylfluorenylcar-
bonyloxy,'! benzylcarbonyloxy and benziloxy radicals.'>!* The
time scale of the decarboxylation of carbonyloxy intermediates
strongly determines the initial polymerization steps and is cru-
cial for the efficiency of the whole polymerization process.*!'*
It is thus an important issue to fully understand the decompo-
sition mechanism and to study the detailled dynamics of these
systems.

A large body of papers on thermally induced peroxide
decomposition has been accumulated over the years, and
photochemically induced studies have been carried out on
the microsecond to nanosecond time scale. Only recently, Abel
et al. have used femtosecond pump/probe-spectroscopy to
gain a much more detailed insight into the decomposition
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mechanism.”*' In a combination of different spectroscopic
techniques and theoretical modelling a meaningful picture of
the energy-dependent decarboxylation dynamics of naphthoyl-
oxy’ and benzoyloxy radicals'® was obtained. The model is
based on statistical unimolecular rate theory in conjunction
with a master equation formalism to account for vibrational
energy transfer of the initially hot species. Crucial input para-
meters are reaction barrier heights and vibrational frequencies
of the reactants and the intermediate carbonyloxy radicals.
Using these quantities as obtained from density functional the-
ory (DFT) calculations, experimental concentration vs. time
profiles could be quantitatively simulated. The next step is to
study the influence of molecular structure, ie. variation of
the residue R, on the fragmentation dynamics and kinetics.
This is the key feature in controlling efficiencies. So far, the
dependence of the dynamics on structure and internal energy
is not fully understood due to the lack of systematic theoretical
and experimental studies.*'*

In this work, we study the influence of intermediate carbo-
nyloxy radical structure on the decarboxylation kinetics and
present DFT calculations on the decarboxylation of carbonyl-
oxy radicals RCO, with R = PhO (1), PhCH, (2) and NphO
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(3) (Scheme 1). We compare the results with recent data
obtained for the benzoyloxy radical (R = Ph) (4),'® which is
also shown in Scheme 1. In order to study the structural depen-
dence in a systematic way, we first insert an oxygen atom
between the CO, unit and the ring, yielding 1. Substituting in
this species (a) the bridging oxygen atom by a CH, group
(there are thus two hydrogen atoms instead of the lone electron
pairs) and (b) the chromophore by the larger naphthyl (Nph)
residue, we obtain 2 and 3, respectively.

The calculated values are important input parameters for
the simulation of experimental data based on the previously
proposed model for the decomposition of organic peroxides
and the decarboxylation of carbonyloxy radicals.'® The experi-
mental data and a detailed presentation of the modeling can be
found elsewhere.® Here, we focus on a comparative description
of the characteristics of the potential energy surfaces (PESs)
for the decarboxylation of carbonyloxy radicals. The changes
in thermochemistry, barrier heights, and transition modes with
carbonyloxy radical structure are discussed.

The paper is organized as follows: in Section 2, we describe
the methodology while Section 3 reports on the results for the
three radicals and a comparison with benzoyloxy. Section 4
contains our conclusions.

2. Methodology

As in our previous work on the benzoyloxy radical,'® DFT
calculations on geometries and energies for the phenyloxy-
carbonyloxy (PhO-CO,), benzylcarbonyloxy (PhCH,-CO,),
and naphthyloxycarbonyloxy (NphO-CO,) radicals were per-
formed for isolated molecules. However, the results should
be applicable to molecules embedded in an environment of
nonpolar and perhaps even of weakly polar aprotic solvent
molecules as employed in our spectroscopic experiments.’51°
To our best knowledge, no quantum chemical calculations
on the three radicals have been reported so far.

In the present work, geometry optimizations were carried
out with the DFT variant UB3LYP!>"'7 that employs Becke’s
3-parameter nonlocal exchange functional'® and the nonlocal
correlation functional of Lee, Yang and Parr.'” The 6-
31G(d), 6-3114+G(d,p), 6-3114+G(2d,p) and 6-3114(2df,2pd)
basis sets are used in our calculations. They comprise 160,
250, 300 and 410 contracted Gaussian-type orbitals (cGTOs),
respectively, for PhO-CO,; 164, 262, 312 and 438 c¢cGTOs
for PhCH,-CO,; and 224, 350, 420 and 574 cGTOs for
NphO-CO,. The GAUSSIAN98? package was used in all
of the DFT calculations reported in this work.

The structures of the relevant stationary points (reactants,
products, and first-order saddle points pertinent to decarboxy-
lation) on the PESs of the three radicals first were fully opti-
mized at the UB3LYP/6-31G(d) level of theory and then
refined using the 6-311+G(d,p) basis set. To confirm that true
minima on the PES have been found, the Hessian matrices
at the stationary points were calculated. The energies were
further corrected for zero-point vibrational effects (at the har-
monic level; imaginary frequencies not included). The TS rou-
tine of GAUSSIANO9S and the intrinsic reaction coordinate
(IRC) method*""?*> were employed for the calculation of the
transition state (first-order saddle point) geometries. At the
UB3LYP/6-311+G(d,p) optimized geometries, single-point
calculations with the 6-3114G(2d,p) and 6-311+G(2df,2pd)
basis sets were performed (Table 1).

In our previous work on the benzoyloxy radical,'® large-
scale ab initio calculations were reported that made use of par-
tially restricted coupled cluster theory (variant RCCSD(T))
based on a restricted Hartree-Fock determinant in conjunc-
tion with a flexible basis set of 347 cGTOs. The three most sen-
sitive geometrical parameters r;(C-C), r,(C-O) and o(O-C-O)
of the benzoyloxy radical have been optimized, and the differ-
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Table 1 Relative energies (in kcal mol™') of reactants and first order
saddle point structures for decarboxylation”

Basis set Eq Ey
PhO-CO, 6-311+G(d,p) 2.3 1.3¢
6-311-+G(2df,2pd)® 32 2.2°¢
PhCH,—CO, 6-311+G(d,p) 26 1.5¢
6-311-+G(2df,2pd)® 22 1.1¢
NphO-CO, 6-311+G(2d,p) 0.06 —0.5°
6-311-+G(2df,2pd)” 0.05 —0.5¢

“ The energy of the reactant is set to zero for all reactions and basis
sets used in the calculations. E; denotes the electronic energies, while
E, includes corrections due to zero point vibrational effects (at the har-
monic level). Absolute energy values in Hartree and results for the
other basis sets reported in Section 2 are available from the authors
upon request. ” Calculated at the UB3LYP/6-3114+G(d,p) geometries.
¢ ZPE calculated employing 6-311+G(d,p) basis set. ¢ Calculated at
the UB3LYP/6-311+G(2d,p) geometry. ¢ ZPE calculated employing
6-3114+G(2d,p) basis set.

ences between the optimum RCCSD(T) geometrical para-
meters and those obtained by UB3LYP/6-3114-G(d,p) were
in the order of 0.001 A and 1°, respectively. From these results
we expect that the UB3LYP geometries are also very close to
the corresponding large-scale coupled cluster values for the
radicals studied in the present work. A further comparison
between UB3LYP data for the benzoyloxy radical and results
obtained employing the UB3PW91 correlation functional of
Perdew and Wang®**** showed that the differences are negligi-
ble. The DFT calculations'® yielded a physically reasonable
saddle point structure with an appropriate transition mode.
Employing the corresponding barrier height in statistical
rate-theory calculations, we obtained a very good agreement
with the experimental data. We are thus confident that the
UB3LYP results for three similar aryloxycarbonyloxy and
benzylcarbonyloxy radicals reported in the present work may
serve as reliable input data for simulations based on statistical
rate theories.

It is well-known that unrestricted single-determinant wave
functions (such as unrestricted Hartree-Fock, UHF) exhibit
a large spin contamination in aryl and benzyl radicals.?***°
Although such a contamination from higher-spin excited states
would certainly affect the molecular geometries and the ener-
getics, it was shown that spin contamination in unrestricted
density functional calculations is usually small (no spin con-
tamination would occur in DFT calculations if the exact func-
tionals were known).?”° Hybrid density functionals such as
B3LYP have a somewhat higher spin contamination due to
the admixture of Hartree-Fock exchange. In all our calcula-
tions, the deviation of the average <S”> values from the
eigenvalues S(S+ 1) = 0.75 does not exceed 5% so that spin
contamination does not affect our results.

3. Results and discussion

Due to the flatness of the PESs in the vicinity of the first order
saddle points pertinent to decarboxylation, the search for the
geometries of these saddle points for the phenyloxycarbonyl-
oxy, benzylcarbonyloxy and naphthyloxycarbonyloxy radicals
turned out to be quite complicated. On the contrary, in the
case of the benzoyloxy radical the geometry optimization
was much less time-consuming due to the highly symmetric
saddle point structure.'® The results from our UB3LYP calcu-
lations are contained in Tables 1-5. Relative energies of reac-
tants and transition states are summarized in Table 1, while
reaction enthalpies are given in Table 2. Harmonic vibrational
frequencies w; of the reactant and the saddle point species are
reported in Tables 3-5 (ESIY).



Table 2 Relative energies (in kcal mol™") of reactants and products
for decarboxylation”

Eq Eo E ArH*(298 K)°
PhO-CO, ~309 297  -312  -308
PhCH, CO, 274  —283 2303 299
NphO-CO, 317 306 315 312

“ The energy of the reactant is set to zero for all reactions. E, denotes
the electronic energies, while E, includes corrections due to zero point
vibrational effects (at the harmonic level). Also given in the table is the
standard enthalpy of reaction Ag H°(298 K). Absolute energy values in
Hartree are available from the authors upon request. ” UB3LYP/
6-311+G(d,p). © UB3LYP/6-3114+-G(2df,2pd) at UB3LYP/6-311+
G(d,p) geometries; ZPE and thermal corrections for 298 K are calcu-
lated employing 6-311+G(d,p) basis set.

3.1 Phenyloxycarbonyloxy radical (PhO-CO,)

The PhO-CO, radical belongs to point group C;. The oxygen
atom of the CO, group that points towards the ring is termed
the inner oxygen atom whereas the other oxygen is termed
the outer atom. The geometry according to our UB3LYP/6-
311+G(d,p) calculations is graphically displayed in Fig. 1.
The carboxylic C-O bonds in the radical are calculated to be
1.248 A (outer) and 1.250 A (inner). The Ph—O-CO, angle is
calculated to be 117.1°, while the torsional angle between the
carbon atom of the CO, group and the ring plane amounts
to 68.1°.

In the saddle point structure pertinent to decarboxylation
(Fig. 1), the Ph-O bond distance has become slightly shorter
by 0.029 A whereas the O-CO, distance is elongated by
0.041 A. The outer C-O bond has become larger (1.252 A)
whereas the inner CO bond has been shortened to 1.225 A.
The Ph—O-CO, angle in the saddle point structure measures
122.8° and the CO, group is tilted out of the ring plane by only
32.2°. In summary, the transition state is very close to the reac-
tant structure (“early” transition state). Note that the two
O-C-C angles in the ring differ by about 10°: While the angle
at the side where the CO, group is located is calculated to be
124.3°, the other O-C-C angle measures only 114.4°. The
Cyy-symmetric product phenyloxy radical exhibits a Ph-O
bond distance of 1.253 A (UB3LYP/6-3114+G(d,p)).

The transition mode corresponding to decarboxylation is
described as follows (Fig. 2): The Ph-O bond is shortened,
whereas the O-CO, bond is considerably stretched and even-
tually broken. Simultaneously, the CO, group becomes copla-
nar with the phenyl ring and attains a linear configuration. The
motion is governed by the outer oxygen atom of the CO,
group, whereas the displacement vectors of the other two oxy-
gen atoms and the carboxylic carbon atom are considerably
smaller.

In the case of the decarboxylation of the benzylcarbonyloxy
radical (see Section 3.2), the CH,—CO, o-bond is almost per-
pendicular to the ring plane (see Fig. 5). This implicates that

minimum saddle point

fono = 1.413 A, Ro.co, = 1.334 A,
Oloce = 116.3°

frno = 1384 A Ry 0o, = 1.375 A,
Oloco = 123.6°

Fig. 1 Optimized geometries of the phenyloxycarbonyloxy radical
and the saddle point leading to decarboxylation (UB3LYP/6-
3114+G(d,p) results).

Fig. 2 Representation of the normal mode Qrg with imaginary
frequency wrs = 147i cm™! (transition mode) at the saddle point for
decarboxylation of the phenyloxycarbonyloxy radical. For details see
the text.

after dissociation the unpaired electron is located in a m-type
orbital and the product benzyl radical in its ?B; electronic
ground state is formed.*° For the phenyloxycarbonyloxy radi-
cal, however, from Fig. 2 it could be anticipated that breaking
the o-bond leaves the unpaired electron in a c-type orbital in
the ring plane, comparable to the situation of the decarboxyla-
tion of the benzoyloxy radical where a phenyl radical in its %A,
electronic ground state was produced.'”

From experimental and theoretical work it is known
that the electronic ground state of the phenoxy radical is *B;
with a n-type SOMO. Liu et al. reported UNO-CAS/6-31G*
calculations without inclusion of the in-plane lone electron
pair at oxygen,>' and in a subsequent paper® these calcula-
tions were extended to 9 electrons in 8 orbitals including the
in-plane lone pair. The CASSCF geometry for the electronic
ground state shows very good agreement with our B3LYP
results. The lowest n — m transition yields the 1°B, excited
state at 30.2 kcal mol™' above the electronic ground state
(state-averaged CASSCF calculation®!). Takahashi et al. cal-
culated the excitation energy X>B; — 1°B, to be 36.3 kcal
mol™' (CASSCF/DZV + MRSD-CI).** This state may be
identified with the first excited state at (24.4 + 1.2) kcal mol '
observed by Lineberger and co-workers by means of UV
photoelectron spectroscopy.® Thus, the corresponding o-
radical is accessible at the relevant energies in our experiment.
In this species, the C-O bond (1.352 A, UMP2/6-31G**)
is considerably longer than in the ground state (1.225 A
at UMP2/6-31G* 1.258 A at B3LYP/6-31G*** in good
agreement with our result) and thus close to a typical C-O
single bond. The ring exhibits a regular hexagonal structure
while in the electronic ground state a quinoidal structure is
found.

In contrast to the expectation from inspection of Fig. 2,
the clear result of our intrinsic reaction coordinate (IRC) cal-
culations is that the first order saddle point described above
correlates with the B, ground state of the phenoxy radical (see
Fig. 3). Note that the final energy in Fig. 3 is below PhO
(*B)) +CO, (IZ;) due to the long-range electrostatic attrac-
tion between the fragments (see Section 3.5). The IRC calcu-
lations give clear evidence that the electronic reorganization
during the decarboxylation process is more complex than
should be expected from simple MO-considerations.

The barrier height was calculated from single point calcula-
tions at the UB3LYP/6-31G(d) and UB3LYP/6-3114+G(d,p)
geometries. The differences with respect to basis set conver-
gence are relatively small. While triple-zeta quality of the basis
set and the addition of diffuse functions increase the barrier by
0.9 kcal mol™!, further polarization functions (f functions at
the heavy nuclei and d functions at hydrogen nuclei) result
only in a slight change of the barrier height. We recommend
Ey=2.2 kcal mol™! for the zero-point energy corrected
barrier.

31-35
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Fig. 3 Potential energy along the intrinsic reaction coordinate for the
decarboxylation process PhO-CO, — PhO + CO,.

3.2 Benzylcarbonyloxy radical (PhCH,-CQO5,)

A similar situation is encountered for the PhCH,-CO, species
(C; symmetry). According to our UB3LYP/6-3114+G(d,p) cal-
culations, the geometry of this radical in its electronic ground
state is described as follows (Fig. 4): Both hydrogen atoms of
the methylene group (H-C-H bond angle o = 106.4°) are
located on the same side of the ring, one of them being almost
coplanar with it (torsional angle 16.7°). The Ph—CH, and the
CH,-CO, bond distances are almost equal. The carboxylic
carbon atom is tilted out of the phenyl ring plane by a
torsional angle of 74.2°. The torsional angle between the
CO, group and the plane orthogonal to the ring plane through
the Ph—CH, bond is calculated to be 13.9°. The bond between
the carboxylic carbon atom and the (inner) oxygen atom that
points towards the ring is 1.262 A, whereas the bond to the
other (outer) oxygen atom amounts to 1.251 A.

In the saddle point species pertinent to decarboxylation (Fig.
4), the Ph—CH, distance is slightly shortened, while the disso-
ciating CH,~CO, bond is stretched by 0.044 A. The two CO
distances amount to 1.223 A (inner) and 1.291 A (outer). The
Ph-CH,-CO, angle has become slightly smaller from 112.1 to
110.6° in the transition state while the carboxylic carbon atom
is tilted out of the ring plane by 67.3° in the saddle point
species, thus almost unchanged with respect to the reac-
tant. The torsional angle between the CO, group and the

saddle point

minimum

q Qoco

0 0Cco

fone = 1511 A, Reco, = 1.509 A,
Goce = 113.0°

Tne = 1.501 A, Re.co, = 1.556 A,
Opce = 124.1°

Fig. 4 Optimized geometries of the benzylcarbonyloxy radical and
the saddle point leading to decarboxylation (UB3LYP/6-311+G(d,p)
results).
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plane orthogonal to the ring plane through the Ph-CH,
bond has become considerably larger (44.2°). The inner hydro-
gen atom of the CH, group is still almost coplanar with the
phenyl ring (with a torsional angle of 11.6°). In summary,
the saddle point structure is geometrically very close to that
of the reactant species. This corresponds to a characterization
as an “early” transition state. The C,,-symmetric product
benzyl radical exhibits a Ph—-CH, bond distance of 1.405 A
with a methylene group characterized by r(C-H) = 1.083 A
and o(H-C-H) = 117.7° (UB3LYP/6-3114+G(d,p)).

The transition mode (see Fig. 5) is described by a normal
coordinate that is markedly different from the case of the
PhO-CO, species. Here, the reactive normal coordinate Qg
is described as a stretching of the CH,~CO, bond and a simul-
taneous widening of the CO, angle. The PhCH, skeleton is
only little affected by the reactive normal mode. The CH,
group rotates into the ring plane towards the symmetric pro-
duct structure of the benzyl radical (see Fig. 5). Note that
the displacement vector of the carbon atom in the CO, group
dominates Ots.

The barrier height for decarboxylation of PhCH,-CO,
is about one half of the corresponding value for PhO-CO,,
and the basis set convergence behavior is different: While a
basis set of triple-zeta quality with an additional set of diffuse
functions results only in a small change of the barrier height,
f functions at the heavy atoms yield a decrease of the barrier
height E, by 0.7 kcal mol . We obtain a zero-point energy
corrected barrier height of 1.07 kcal mol ™.

3.3 Naphthyloxycarbonyloxy radical (NphO-CO,)

The naphthyloxycarbonyloxy radical in its electronic ground
state should be very similar to the PhO-CO, structure. Our
UB3LYP/6-31G(d) calculations for the naphthyloxycarbonyl-
oxy radical yield a very small barrier to decarboxylation of 0.7
kcal mol~'. Since this value is particularly sensitive to small
changes in the geometry, the single point calculations at the
UB3LYP/6-31G(d) geometry with the 6-311+G(2d,p) and 6-
311+G(2df,2pd) basis sets yield negative values for the barrier
height which do not have any physical significance. As a con-
sequence, we optimized the geometry employing the larger
basis set 6-3114G(2d,p). The result is that the barrier becomes
even smaller and almost negligible. If the harmonic zero-point
vibrational energy is added to the classical potential, the effec-
tive (or adiabatic) barrier is again lower than zero. However,
the harmonic zero-point energy is a crucial quantity due to
large anharmonicity effects in particular in the intermolecular
modes. In order to obtain a reliable value for the height of
the barrier to decarboxylation in NphO-CO,, high-level
quantum dynamical calculations have to be performed which
are out of reach for us at present.

Fig. 5 Representation of the normal mode Qrs with imaginary fre-
quency wrs = 795i cm™! (transition mode) at the saddle point for dec-
arboxylation of the benzylcarbonyloxy radical. For details see the text.



The analysis of the results reveals that the UB3LYP/6-
3114+G(2d,p) geometry (Fig. 6) differs markedly from the
PhO-CO, structure (UB3LYP/6-311+G(d,p)): The Nph-O
bond is shorter than the O—CO, distance, whereas the Nph—
O-CO, angle o = 113.7° is only 3° smaller than in PhO-
COs, . The outer C-O bond is calculated to be 1.210 A whereas
the inner one is longer by 0.044 A. The O-C-O angle in the
CO, moiety is almost 10° larger than in PhO-CO,. The low
reaction barrier corresponds with the characterization of
the transition state as ‘“early”. Most of the geometrical
parameters in the saddle point structure (Fig. 6) are only
very slightly changed with respect to the reactant species
(HC—O)imner = 1.210 A, H(C-O)ouer = 1.250 A, o(Nph-O—
CO,) = 114.1°). At the saddle point, (Nph-O) is shortened
by 0.023 A and r(O-CO») is elongated by 0.053 A. The tor-
sional angle between the carboxylic carbon atom and the
naphthyl plane slightly decreases from 53.4° in the reactant
species to 49.1° in the saddle point. The Nph-O distance in
the Cg-symmetric product naphthyloxy radical is calculated
to be 1.248 A (UB3LYP/6-3114+G(d,p)).

The transition mode (Fig. 7) differs considerably from the
PhO-CO, counterpart. While in the latter case the outer car-
boxylic oxygen atom dominated the normal mode, in NphO-
CO, the motion of the carboxylic carbon atom is most
pronounced. The O—CO, bond stretches along with a simul-
taneous widening of the O-C-O angle. The Nph-O bond
becomes shorter. In summary, the decarboxylation coordinate
is more similar to the case of PhCH,—CO, than to that of
PhO-CO,.

3.4 Comparison with the benzoyloxy radical (PhCO,)

In comparison to the UB3LYP/6-3114+G(d,p) results obtained
for the benzoyloxy radical,'® the present three systems show
significant differences: the C-O bond distances in benzoyloxy
(1.266 A) are markedly longer, while the O-C-O bond angle
is similar, apart from the case NphO-CO, where this angle is
enlarged by about 10°. The X—CO, bond distances are shortest
for the two aryloxycarbonyloxy radicals (X = O) and longest
for the benzylcarbonyloxy species (X = CH,) with its pure
o-type bonding situation; benzoyloxy exhibits an intermediate
situation (r(C-CO,) = 1.472 A) While, as discussed above,
the three saddle point structures of this work can be classified
as “‘early” transition states, the situation in benzoyloxy is
much more shifted to the product side (Ph-CO, distance
enlarged by as much as 0.40 A, C-O bond lengths decreased
to 1.20 A, O-C-O angle widened by as much as 36°). At 8.4
kcal mol™ I , the barrier for decarboxylation of benzoyloxy is
much higher than for the other three radicals. The reason for
this behavior may be found in the strong n-electron delocaliza-
tion in the planar C,,-symmetric benzoyloxy system.

3.5 Long-range interactions between the fragments

During the search for the saddle points, several other interest-
ing stationary points on the PESs have been identified, in
particular complexes formed between linear carbon dioxide

minimum saddle point
.:Xmo
RO—(’O—:
e
Tnph-o
d
Tygno = 1.366 A, Ro.co, = 1409 A, Tpro = 1.343 A, Roco, = 1462 A,
Ooeo = 126.0° Ooco = 130.2°

Fig. 6 Optimized geometries of the naphthyloxycarbonyloxy radical
and the saddle point leading to decarboxylation (UB3LYP/6-
3114+G(2d,p) results).

Fig. 7 Representation of the normal mode Qrg with imaginary
frequency wrs = 257i cm™! (transition mode) at the saddle point for
decarboxylation of the naphthyloxycarbonyloxy radical. For details
see the text.

and the product species (phenyl, benzyl, phenyloxy and
naphthyloxy radicals, respectively). These complexes which
are mainly due to long-range electrostatic (dipole-quadrupole)
interaction should not be relevant for the dissociations, but
rather for the reverse association processes.

Considering the association reactions, shallow minima are
found which correspond to dipole—quadrupole interactions
between CO, and the product radicals. However, only the
dipole moments of the phenoxy (4.06 D at UB3LYP/6-
3114+G(d,p) level) and naphthoxy (4.94 D at UB3LYP/6-
311+G(2d,p) level) radicals are sufficiently large so that signi-
ficant wells with classical depths of 3.5 and 3.6 kcal mol™",
respectively, occur in the potential energy profile along the
reaction coordinate. The minima for the dissociating benzoyl-
oxy and benzylcarbonyloxy systems are very shallow due to
the smaller dipole moments of the phenyl (0.78 D) and benzyl
(0.15 D) radicals (UB3LYP/6-311+G(d,p)). Note that in
all four product radicals the negative end of the dipole
moment vector is located at the site of the dissociated CO,
moiety. In the Cg-symmetric complexes, the PhO---CO, and
NphO- - -CO, distances measure 2.835 and 2.819 A, respec-
tively. All atoms lie in one plane and carbon dioxide attains
an almost linear conformation (the deviation from linearity
amounts to 3° in all cases discussed here). There are additional
saddle points with respect to rotational motion of the CO, unit
perpendicular to its axis of symmetry and the plane of the com-
plexes. The corresponding barrier heights are calculated to
be 0.9 kcal mol ! (UB3LYP/6-311+G(d,p)) for both pheny-
loxy and naphthyloxy complexes with intermolecular O-CO,
distances of 2.814 and 2.804 A, respectively. Thus the CO, unit
can rotate freely at energies below the product asymptotic
energy.

4. Conclusions

The structure dependence of the decarboxylation of carbonyl-
oxy radicals has been studied employing the DFT variant
UB3LYP. For the first time, we have presented results for car-
bonyloxy radicals RCO, with R = PhCH,, PhO and NphO,
which are compared with those obtained recently for the ben-
zoyloxy radical (R = Ph).'” Very good agreement was found
previously for the barrier height of the benzoyloxy radical as
calculated by DFT-methods and estimated from experimental
data.'® Benzoyloxy radicals are quite stable towards decarb-
oxylation in their ground-state, quantitatively explaining life-
times in the ns—ps range at ambient temperatures.**® In
contrast, carbonyloxy radicals, RCO, with R = PhCH,,
PhO and NphO in their electronic ground state turned out
to be much less stable towards decarboxylation. The barrier
towards decarboxylation decreases in the order PhCO, >
PhOCO, > PhCH,CO, > NphOCO,.

One reason for this structure dependence as proposed by
Bartlett and Hiatt in their pioneering work® is a change in
3895
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stability of product radicals. Our calculations give an increase
in exothermicity of about 30 kcal mol ! by going from benzoyl-
oxy to the other carbonyloxy radicals. According to the
Bell-Evans—Polanyi principle,*®*° this trend is accompanied
by a corresponding decrease of the reaction barrier height.
However, the structure dependence evidently is more complex.

Starting from PhO-CO,, one should expect a similar beha-
vior by (a) substituting the bridging oxygen atom by the isolo-
bal methylene group (PhCH,-CO,) or (b) changing the phenyl
by a naphthyl moiety (NphO-CO»). However, the decarboxy-
lation reaction coordinates of PhO-CO, and PhCH,-CO, or
NphO-CO, are markedly different while there is some similar-
ity between the latter two species. The curvature ks = uwig
at the saddle point is smallest for PhO-CO, (harmonic vibra-
tional frequency of the transition mode wrg = 147i ecm™Y),
almost three times as high for NphO-CO, (257; cm™') and
considerably larger for PhCH,~CO, (795i cm™'). The reduced
mass pertinent to decarboxylation is smaller for NphO-CO,
(11.52 amu) compared to PhO-CO, (13.52 amu) while the
opposite effect should be excpected from simple mass argu-
ments. PhCH,—CO, exhibits the smallest reduced mass (9.81
amu) which may be rationalized by the role of the hydrogen
atoms in this system. In order to get a deeper insight into
the reaction dynamics of the decarboxylation processes, classi-
cal trajectory calculations and/or quantum dynamical investi-
gations have to be performed on reliable potential energy
surfaces. Work in this direction is currently being carried out
in our laboratory.

With the electronic energies, barrier heights, and vibrational
frequencies of the carbonyloxy radicals, experimental data on
the kinetics of the decarboxylation of these radicals can be
modeled quantitatively.'® The order of the decarboxylation
rate for carbonyloxy radicals as observed by means of fem-
tosecond absorption spectroscopy is in surprisingly good
agreement with model predictions based on our DFT calcula-
tions.® The absolute barrier heights used in the successful mod-
eling of the experimentally observed thermal decarboxylation
of carbonyloxy radicals do usually not differ by more than 2
kcal mol™! from our theoretical results. Thus, we consider
the accuracy of our DFT calculations to be reasonable for
a semi-quantitative understanding of the decarboxylation
kinetics in the electronic ground state of carbonyloxy radicals.

The correlation of structure and kinetics is the key feature in
controlling chemistry (e.g. initiation efficiency in free-radical
polymerization) through substitution. With reliable molecular
parameters deduced from DFT calculations, the decarboxyla-
tion of carbonyloxy radicals, as produced in the decomposition
of organic peroxides, can be modeled quantitatively. This
enables us not only to rely on calculations for molecules that
have not been synthesized so far, but will also guide us in
designing new materials with the desired properties for their
use in free-radical polymerization.
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