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Study of the Alkoxy Radicals Derived from Isoprene: Pressure- and

Temperature-Dependent Decomposition Rates

I. Introduction

The tropospheric oxidation of isoprene (2-methyl-1,3-buta- oo /‘\/
diene), initiated primarily by reaction with hydroxyl radicals, "% o.
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Pressure- and temperature-dependent thermal decomposition rates for the primary alkoxy radicals derived
from OH-initiated oxidation of isoprene have been calculated. The master-equation calculations are based on
ab initio energetics and structures previously reported. We also provide analytical descriptions of the theoretical
falloff curves using the semiempirical Troe formalism. Additional calculations are also provided for two
isomers not previously reported and to further characterize basis set effects on the energetics. The results
indicate that the decomposition rates for these radicals should not be considered to be in the high-pressure
limit at 760 Torr. Under atmospheric conditions the alkoxy radicals will be activated, and we find that prompt
reaction for several isomers may be significant. The results are compared to recent estimates of overall alkoxy
radical decomposition rates derived from OH cycling studies.

CH,OH

CH,*

+

o | (la)

has a significant role in ozone production, the long-range
transport of NQ and regional air quality:2 The reaction — HoCHr 4+ OJ\/ (Ib)
between isoprene and the hydroxyl radical proceeds predomi-
nately via addition, resulting in four hydroxy radical isomers, B
R /& (I)

two of which are formed in botle/Z configurations. These HOCH
radicals subsequently react with ambientt® form hydroxy-

2 (o]

peroxy radicals. In the presence of moderate, Ki@hcentrations

(>30 ppt), the reaction of the hydroxyperoxy radicals with NO /#\/ n

will yield either an organic nitrate or an alkoxy radical and NO H,CO Z = =0 * HOJ-W (")
The fate of the thermalized alkoxy radicals involves a competi- |

tion among isomerization, decomposition, and reaction with O

" OH

The outcome of this competition determines the distribution of cHos M
first-generation oxidation products which have been quantified ~ . + CH,=0 ()
previously and includes methyl vinyl ketone (MVK), methac- OH OH

rolien (MACR), formaldehyde, 3-methylfuran, and other minor

compounds 13

v
There have been several recent theoretical studies ontke C )\(CHQOH B —
fission pathways of the alkoxy radicats1>The decomposition

_o *+ HOCH,»  (IVa)

>_

pathways are shown in Figure 1. On the basis of ab initio

calculations, Dibble concluded that the barrier te-@© bond _— ) + M (IVb)
cleavage between the andj carbons is very small (only2 7" o

kcal mol1) in the 8-hydroxyalkoxy radicals, indicating that the

unimolecular decomposition is the dominant process in these

CH,OH

radicals, while the fate of thé&hydroxyalkoxy radicals involves h v + CH=0 ™)
a competition between isomerization and reaction withtO o .

In contrast, Lei and Zhang calculated significantly larger o OH

dissociation barriers for theg-hydroxyalkoxy radicals and

consequently lower rates although the conclusions of Dibble h Qe

were unaltered® The difference in barrier heights, however, v CH,=0 + v
may have a substantial influence on the role of prompt reactions O Ho HO

Figure 1. Schematic diagram of the alkoxy radical decomposition
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TABLE 1: Zero-Point-Corrected Energy Barriers (kcal radicals implies that standard RRKM theory can be used to
mol ) for the Hydroxyisoprene Alkoxy Radical calculate microcanonical rate constants. The RRKM rates are
Decomposition Reaction (Pathway Ib) given by the following expressioft:

level of theory  MP2 MP2 MP2 CCSD(T)

basis set cc-pvVDZ  cc-pVTZ  cc-pvQZ  cc-pvDZ N*(E—E,)

barrier height 14.48 12.58 12.04 8.22 k(E) = 0 2

ho(E)
paper we present calculations of the temperature- and pressure-
dependent decomposition rates &f and -hydroxyalkoxy ~ Wherep(E) is the density of states at the eneigyN*(E—Eo)
radicals derived from isoprene using the master-equation is the sum of the states at the transition state,haisdPlanck’s
formalism and Rice RamspergerKasset-Marcus (RRKM) constant. The rotational constants and vibrational frequencies
theory based on the ab initio results of Lei and Zhang. Although ©f the hydroxyalkoxy radicals and their corresponding transition
there have been previous calculations of the high-pressure-limitstates, along with the energetic barriers for each reaction
rate constants using transition-state theory, there is evidencechannel, were obtained from ab initio calculations previously
that these systems should not be considered in the high-pressuréeported by Lei and Zhant.Internal rotations were treated in
limit at 760 Torrl6 We seek to provide more accurate evaluation the harmonic approximation. The density and sum of states were
of the rate constants to incorporate into atmospheric modelsobtained through a direct count procedure by the Beyer
and to aid in the interpretation of laboratory experiments which Swinehart algorith# with an energy increment of 1 crh
are generally performed at low pressures. Unscaled vibrational frequencies and moments of inertia
In the atmosphere, the hydroxyalkoxy radicals derived from required to evaluate the microscopic rate coefficidi) were
isoprene oxidation are formed by oxygen abstraction from taken from recent ab initio calculations. The external rotations
hydroxyperoxy radicals by NO: were treated assuming that the molecules were symmetric tops
with external rotation about the smallest moment of inertia active
CsHg(OH)O, + NO — C.Hg(OH)O + NO, Q) and the two remaining external rotations considered adiabatic.
There was no reaction path degeneracy for the decomposition

The reaction is exothermic and results in chemically activated reactions considered.

hydroxyalkoxy radicals with broad energy distributions that may The transformation from the microcanonical rates to thermal

promptly dissociate or be stabilized through collisiéhdhe rate constants involves the master-equation formalism, which
fate of these energized radicals and the ratio of prompt includes both activation and deactivation processes. The time-
decomposition are central to understanding alkoxy reactiity. dependent energy-grained master equation can be expressed as
In this paper we show that prompt decomposition plays an

important role and also present results on the thermal decom- dn, _
position of the stabilized radicals to compare with previous E =Ri+ a)ZPijnj —on — kn (3)
results obtained by transition-state-theory calculatidisin !
addition, we provide a comparison between the theoretical

- . A wheren; is the concentration of the system of interest atithe
predictions and recent OH cycling experimekts.

energy stateRR is the formation ratef; is the initial distribution
probability, w is the collision frequency with bath gaB; is
the transition probability from thgth energy state to thigh

The barrier heights associated with the decomposition reac-energy state, ankl is the unimolecular reaction rate. The first
tions are critical to a quantitative determination of the rates. two terms in the equation represent population from the reactant
However, there have been conflicting values reported in the or other energy states, and the last two terms represent
literaturel*15We have performed additional ab initio and DFT  depopulation to either products or other energy states. Small
calculations for pathway Ib to estimate the effects of electron monatomic or homonuclear diatomic colliders such gsmthich
correlation and basis set size on the reaction energetics. Thes the most abundant species in the atmosphere, are not amenable
calculations were performed on an SGI Origin 2000 supercom- to the strong collision approximation, and we have performed
puter using Gaussian 98 Optimized geometries of the alkoxy  all calculations in the framework of a weak collision model by
radical and its transition state were obtained by using Becke’s applying the exponential down model. We have adogtBd=
three-parameter hybrid method employing the LYP correction 200 cnt! as the energy-transfer parameter for all temperatures
function (BSLYPY! in conjunction with the Pople-style split  studied, close to the values previously used for similar sys-
valence polarized basis set 6-31G(d,p). Unscaled B3LYP/6-31G-tems1627:28There is no substantial experimental evidence that
(d,p) vibrational frequencies were used to calculate zero-point AE should vary significantly with temperatuf&.3! Recent
corrections. Single-point energy calculations were performed calculations on €-Cs alkoxy radicals using the biased random
using both second-order Nler—Plesset perturbation theory walk method showed only small variation over the temperature
(MP2) with the frozen core approximation and coupled-cluster range of the present studi¥sWe find only small differences
theory with single and double excitations including perturbative between falloff curves calculated usint§E = 300 cn?,
corrections for the triple excitations (CCSD(T)) with various certainly within the variation due to other sources of error.
basis setd?23The calculated barrier heights shown in Table 1 ~ The solution of the master equation constitutes an integral
appear to converge at the CCSD(T) level closer to the value eigenvalue problem from which the thermal rate constants at a
suggested by Lei and Zhang with respect to the basis set’size. given pressure and temperature can be obtained from the
Therefore, we have elected to use the previous Lei and Zhangsmallest negative eigenvalue. In the case of a single channel
values for the barrier heights in the present rate calculations.reaction the smallest negative eigenvalue can be directly

We have employed the master-equation formalism to calculate identified as the thermal rate constant. Although multiple
pressure- and temperature-dependent thermal reaction ratehannels can be treated independently in the high-pressure limit,
constants. The well-defined saddle point along the potential this is not true in the falloff region where channels compete at
energy surface of the decomposition reactions of hydroxyalkoxy each microcanonical energy and the populations of the highest

Il. Details of Calculation
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TABLE 2: Zero-Point-Corrected Energy Barriers (kcal
mol~1) for the Hydroxyisoprene Alkoxy Radical
Decomposition Reaction (Isomers V and VI)

B3LYP/  MP2/ MP2/  CCSD(T)/ CCSD(T)/
isomer 6-31G(d,p) 6-31G(d) 6-3111G(d,p) 6-31G(d) 6-31G(d)}-CF
2V 2249 26.53 24.72 22.68 20.87
(E-V 2415 34.10 31.77 25.74 23.41
@V 1777 22.78 21.16 19.50 17.88
(E-vI 1877 30.63 28.52 22.70 20.59

varied to obtain the best fit to the RRKM/ME falloff curves by

the nonlinear square fitting method. We find that all falloff

curves for the lowest barrier channels can be modeled with a

temperature-independent valueFof= 0.4, which is lower than

F = 0.6 recommended for atmospheric modefhdt should

be noted that recent work by Somnitz and Zellner reported

10° 100 100 100 10* 10° 10° 10 similar values for the decomposition ofs@nd G alkoxy
Pressure ( Torr ) radicals!®

Figure 2. RRKM/ME falloff curves for pathways la and Ib using a . .
single-channel model (solid lines) and a multichannel model (dashed !ll. Results and Discussion

lines). Thermal Decomposition RatesA schematic diagram of the

energies are depleted by the lowest threshold reactions. Thehydroxyalkoxy radical decomposition pathways is shown in

MULTIWELL multiple-channel method, which uses a stochastic {:/lgurdevll. V.Ve h?r\]/ N (ljncluded O.T.Iy tIZecc:jnflgtlurathgs oéél;(l)anglers
method rather than an eigenvalue method, was used for the an since the decomposition products are iden €
2 shows ab initio calculations of the barrier heights for Ehe

decomposition of isomer through pathways la and Ib at 298 . . ; ;

K, and the results are shown as dashed lines in Figdfdar ?ogflg#ratlcnlnhs, WE'CT] hat\)/e not l;eenhprewously rleportedr.] We
' : : - ind that although the barrier heights are similar to those

comparison the falloff curves predicted by treating the channels ssociated with th& configurations, they are slightly higher.

as decoupled are shown as solid lines. Even at ambient pressur ceording to a previous studythere should be substantial
there is a substantial suppression of the higher barrier pathwa -orading prey ) .
variation in the relative branching ratios of the hydroxyperoxy

(Ia). On the basis of this behavior, one needs only to consider dical i hich should 0 th lati ‘elds f
the falloff curves for the lower barrier pathways to describe the radical 1somers which snouid map onto the relative yieids for
the hydroxyalkoxy radical isomers. The origin of this branching

alkoxy decomposition behavior for each isomer, since the . -
predicted curvgs for the independent channel model proved alS the strong preference for OH addition to the outer carbons of

5 ) . )
reasonable description of the lowest barrier channel. We have'tzoggepoefmlg dp%rthu:?;"ct:rftI?r(;rgt?om; I\i)} %ngx %rezg rzori]lgt%dz 5

calculated the collision frequency on the basis of a Lennard- tivel II S19 E; ! il Ih' ‘; .It f’ o "t' | OH‘ '
Jones interaction potential for which the appropriate value is ;%Sgi’ﬁgr:\;g ¥Hesi?1r::rrpo§::ions’o\:‘vislcC)pr;?lseu arreogrm:e?in minor
given by the standard hard-sphere collision frequency multiplied fractional yield (0.02 and 0.05). It should be noted that this result

R?/ etzzhfid;:”c;gncsogfs '%g;:;}?;ﬁ:' ; (:Se ege(ceeszs)as;]gu;rcg:s for is in contrast to the model of Paulson and Steinfeld that assigns

reactant molecules are listed in the literattfrén the case of comparable weights to a!l the peroxy rgdlcal isoniéfEhe fate
the hydroxyalkoxy radicals it is necessary to estimagado of the hydroxyalkoxy radical reactions involves three pathways,

since these are not available. We calculated their values using?:§§$2ov§i'&og fﬁgnrzgéig';g’nggg rggsg);di;%?ﬂegnj;is;;a;%n
empirical formula®’ and include averaging between the different hydrogen abstréction reaction under ambient conditions &re 10
collision partners. The values ef= 152.7 K ando = 4.99 A ydrog

—1 i 9,40 i i i
have been adopted as Lennard-Jones parameters for the curre d .4X 10* 5%, respectively?>® Although the |somer|zat|or!
study. rate is strongly dependent on the structure of the alkoxy radical,

All rate constant calculations were performed in the temper- thh%:g)t(e ?Lr%:iiiglicz)gtliz:?st :‘lhcﬁl';gztjtoh;/?(;yhz\?gIzca;’rcl)tr?gunii d
ature range of 2206310 K, appropriate for the conditions found y y 9 P

41
in the troposphere. To ensure that the low- and high-pressure-eﬁ_?ﬁt' th ibl " th for the d
limiting regions were encompassed, the pressure was varied ere are three possible reaction pathways for the cecom-

from 1 to 10 Torr. We have also solved the master equation position of isome which have be‘?“ iden@ified previousjiy.
for sufficiently small pressure intervals to accurately model the Pathway Ic, the endoergic loss of vinyl radical, has a relatively

falloff curves. The semiempirical Troe formaligfris widely high barrier height of 22.4 kcal mol and as a consequence

used among atmospheric scientists to describe the falloff will be relatively unimportant. The falloff curves calculated
behavior. The expression of this form is given by between 1 and TOTorr for pathway Ib over the temperature

range 226-310 K are shown in Figure 3. We find that pathway

ko(MIM] 1b is strongly favored and, therefore, consider only pathway
k([M], T) = (L (log (oMM ke(T)?) (4) Ib, yielding methoxy radicals and methyl vinyl ketone, which
1+ ky(T)IM]/ k(T) will be the dominant decomposition pathway under all condi-
tions considered. Since there is no facile isomerization or
where [M] is the concentration of the buffer g&s(T) is the hydrogen atom abstraction reactions for isoipelecomposition
low-pressure termolecular rate constakt(T) is the high- will be the sole fate of thermalized radicals. Even at very low

pressure-limiting rate constant, aRds the collision-broadening  pressures and high temperatures the preference for pathway Ib
factor. The high-pressure-limiting rate constants were directly over pathway la is more than an order of magnitude. The
obtained from RRKM/ME calculation, ankh(T) and F were calculations also show that at 300 K and 760 Torr the rate for
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Figure 3. RRKM/ME falloff curves for the decomposition of isomer  Figure 4. RRKM/ME falloff curves for the decomposition of isomer
I via pathway 1b over the temperature range-2200 K in increments Il over the temperature range 22810 K in increments oAT = 10
of AT = 10 K. The bath gas for all curves is;N K. The bath gas for all curves is;N
TABLE 3: Decomposition of Alkoxy Radical | via Pathway 310K
Iba E
pressure barrier height activation energy
(Torr) (kcal/mol) (kcal/mol) k(220 K) k(300 K) 1o
— o 7.2 7.79 3.90«< 106 4.48x 107 3
760 7.2 6.46 2.3% 1° 1.23x 107 ]
200 7.2 6.01 1.5 16°  6.06x 10° ] oY
—0 7.2 5.28 1.83 10718 4.81x 10712 - 107 o
» E
a2 Rates are in's except the low-pressure-limit rate, which is intm g 3
molecules?! s, = 1
&
) ) 10°
pathway Ibis 1.2« 107 s71, 70% lower than the high-pressure- 3

limit rate constant calculated using TST. The activation energy

and preexponential factor for pathway Ib were also determined .

and are summarized in Table 3. 10
Isomerdl andlll each decompose through a single pathway,

producing formaldehyde and a hydroxyalkyl radical in both

cases. The barrier heights for both processes are small, and the

reactions are very exothermic due to the weakCCbond ) » )

energy. The transition-state-theory rate constants for the de-F19uré 5. RRKM/ME falloff curves for the decomposition of isomer

. . IIl over the temperature range 22810 K in increments oAT = 10

composition of isomer andlll of 1.3 x 1% and 6.0x 10° :

- X : : K. The bath gas for all curves is;N

s 1 reported by Lei and Zhang are in good agreement with our

high-pressure-limit values calculated to be x210° and 5.2 TABLE 4: Decomposition of Alkoxy Radical Il 2

x 108 s 1 at 300 K. Both radicals exhibit falloff behavior starting

10° 10 10° 10° 10 10° 10°
Pressure ( Torr )

pressure barrier height activation energy

at ~10* Torr, and it should be noted that the rates at 760 Torr (Torr)  (kcal/mol) (kcal/mol) k(220 K) k(300 K)
are almost an order of magnitude lower than the high-pressure” _ , 6.7 7.34 1.3% 10F  1.16x 10°
limit values. Figures 4 and 5 show pressure and temperature 760 6.7 5.79 6.3% 106 2.25x 107
dependence of the decomposition rates for isorfieendll . 200 6.7 5.38 37x% 1>  1.03x 107
High- and low-pressure-limit rate constants as well as the rates —© 6.7 4.46 313¢107% 4.59x 107%2

at tropospheric conditions are given in Tables 4 and 5. Isomer aRates are ing except the low-pressure-limit rate, which is inTm

Il has no facile isomerization pathway, so decomposition will molecules? s,

be the dominant fate. Although isoméi does have a 1,5

hydrogen shift pathway, the rate is estimated to range from 3 Torr. The value of the rate constant at 300 K and 760 Torr is

x 1 to 5 x 10° s ! depending on the ab initio method used almost a factor of 5 lower than the high-pressure limit. The

to calculate the barrier heigfft. Since both values for the  other reaction pathway (IVb) has a large barrier height and will

isomerization rate are significantly smaller than the decomposi- play a negligible role. Since there is no facile isomerization

tion rates, the latter will still dominate. pathway for isomelV, decomposition will be the dominant
IsomerlV is formed in a high fraction (0.29) and has two fate.

different decomposition pathways. One of the pathways (IVa) IsomersV andVI each haveE and Z configurations, only

is facile, breaking the weakly bonded—C bond, producing theZ configurations of which are shown in Figure 1. The barrier

hydroxymethyl radical and methacrolein. The high-pressure rate heights associated with decomposition for EhandZ configu-

of the reaction is determined to be 28 10® s* at 300 K rations of both isomers are very large, and the high-pressure

(Figure 6 and Table 6). The decomposition exhibits a strong rates of decomposition are 341073 and 6.0x 107! s for

pressure dependence and is already in the falloff region at 760the reactions o¥ andVI, respectively. The results suggest that
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TABLE 5: Decomposition of Alkoxy Radical Il &
pressure barrier height activation energy

(Torr)  (kcal/mol) (kcal/mol) k220K) k(300 K)
— o 5.6 6.14 1.24¢ 100 5.23x 108
760 5.6 452 414 10F  6.71x 107
200 5.6 4.21 21k 106 2.83x 107
-0 5.6 3.83 9.05¢ 1013 9.36x 1012

a2 Rates are in's except the low-pressure-limit rate, which is intm
molecules® s,

310K
10°
- 7
- 10 220K
w
N’
3
[
=1 10°
10°
F——rrr—r—rr e —r— e ——rrrr——rrrr
10° 10' 10° 10° 10* 10°

Pressure ( Torr)

Figure 6. RRKM/ME falloff curves for the decomposition of isomer
IV via pathway IVa over the temperature range 23Q0 K in
increments ofAT = 10 K. The bath gas for all curves is;N

TABLE 6: Decomposition of Alkoxy Radical IV via
Pathway Va2

pressure barrier height activation energy

(Torr) (kcal/mol) (kcal/mol) k(220 K) k(300 K)
— 0 5.8 6.26 6.07% 10°  2.75x 10°
760 5.8 4.79 2.65% 10f  5.06x 107
200 5.8 4.43 1.4% 1C° 2.26 x 107
-0 5.8 3.88 8.35< 10713 8.91x 10712

2 Rates are in's except the low-pressure-limit rate, which is intm
molecules?® s,

decomposition will be unimportant relative to eitheri®action
and isomerization. Th& configurations of isomer¥ andVI

Park et al.

2.0 — 102
215 10"
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Energy ( kecal mol™ )

Figure 7. Initial (—) and steady-state (---) energy distributions of
isomerl at 760 Torr and 295 K. The microcanonical reaction ratg (-
is also shown.

TABLE 7: Fraction of Prompt Reaction in Hydroxyisoprene
Alkoxy Radical Decompositior?

pressure pathway pathway pathway pathway pathway

(Torr) la Ib I ] IVa
1 0.15 0.96 0.98 1.00 0.99
3 0.11 0.95 0.97 0.99 0.99
10 0.07 0.93 0.97 0.99 0.98
100 0.02 0.85 0.92 0.98 0.95
760 0.00 0.68 0.82 0.94 0.86

a For pathways Ic, IVb, V, and VI, the prompt ratio is less than 0.01
and the data are not shown.

equation (ME) formalism in conjunction with the variational-
RRKM method!” Although a determination of the branching
between nitrate formation and R® NO, channels is prob-
lematic, the minor nitrate yield has little effect on the nascent
energy distribution of the alkoxy radicals. The initial and steady-
state energy distributions of isomeras well as the microca-
nonical reaction rates are shown in Figure 7. Details of the
calculations have been described elsewhéré.the system
reaches steady state, the number density at a specific energy is
time independent, and eq 3 can be expressed as

RF = KN + w(I—P)N (5)

shown in Figure 1 have been shown to have isomerization rates

of 85 x 10’ and 1 x 10 s ! under ambient conditions,
significantly faster than reaction with,°36 However, theE
configurations exhibit slower isomerization, particularly tBg-(

VI isomer, which requires a 1,4 hydrogen shift over a large
barrier, and for these species @action may still play an
important role.

Prompt vs Thermal Decomposition.In the previous section
we evaluated the pressure- and temperature-dependent deco
position rates for thermalized alkoxy radicals. However, the
nascent alkoxy radicals, formed from the R® NO reaction,

where F is the matrix representation of the initial energy
distribution, | is the unit matrix,P is the matrix representation
of the transition probability, anl is the matrix representation
of the steady-state concentration of the systemlthough the
majority of the steady-state energy distribution of alkoxy radical
isomer | lies below the energetic threshold, the fraction of
prompt reaction is given by the ratio of the output flux above

nihe barrier and constant input flux:

3 (KN)

are highly activated. There have been previous theoretical
investigations of the reaction of peroxy radicals with NO.
Tyndall and co-workers discussed the role of prompt alkoxy
radical decomposition in the oxidation of HFC-134a on the basis whereX = K + w(l—P). The calculated fractions of prompt

of experimental observatiodd There have since been several reaction as a function of pressure at 295 K are shown in Table
studies employing RRKM/ME formalism for a number of small 7. Even under atmospheric conditions, the prompt reaction ratios
alkylperoxy radicals, notably, the peroxy radicals formed from for isomerl through pathway Ib and isom8r through pathway

the oxidation of propene and ethefie?> We have recently IVa were determined to be 0.68 and 0.86, respectively. Our
performed calculations of the fate of the hydroxyperoxy nitrites calculations suggest that, for thehydroxyalkoxy radicals
derived from isoprene oxidation using the steady-state master-(isomerd, I, lll , andIV), prompt decomposition is significant.

= 2 (KX (6)
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The ratio of prompt reaction to thermalization increases as the derived from the OH-initiated oxidation of isoprene. We find
pressure decreases in accordance with less collisional deactivathat the decomposition reaction rates for fhltydroxyalkoxy
tion at lower pressure. In contrast, decomposition of the radical lie in the falloff region even at atmospheric pressure
o-hydroxyalkoxy radicals (isomerg andVI) which possess and room temperature, and hence high-pressure-limit rate
relatively high reaction barriers is negligible. For pathways Ic, constants are not valid for simulations under atmospheric
IVb, V, and VI, the prompt reaction ratio is less than 0.01 and conditions. The prompt reaction fractions of alkoxy radicals were
the data are not shown. Recent studies show that promptdetermined and suggest that the rapid decomposition of ener-
isomerization ob-hydroxyalkoxy radicals through 1,5 H-shift  gized radicals may play an important role.
is the dominant reaction pathwa§°
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