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Abstract: The atmospheric degradation pathways of the atmospherically important terpenesR-pinene and
â-pinene are studied using density functional theory. We employ the correlation functional of Lee, Yang, and
Parr and the three-parameter HF exchange functional of Becke (B3LYP) together with the 6-31G(d) basis set.
The C-C bond scission reactions of theâ-hydroxyalkoxy radicals that are formed after OH addition toR-pinene
andâ-pinene are investigated. Both of the alkoxy radicals formed from theR-pinene-OH adduct possess a
single favored C-C scission pathway with an extremely low barrier (∼3 kcal/mol) leading to the formation
of pinonaldehyde. Neither of these pathways produces formaldehyde, and preliminary computational results
offer some support for suggestions that 1,5 or 1,6 H-shift (isomerization) reactions of alkoxy radicals contribute
to formaldehyde production. In the case of the alkoxy radical formed following OH addition to the methylene
group ofâ-pinene, there exists two C-C scission reactions with nearly identical barrier heights (∼7.5 kcal/
mol); one leads to known products (nopinone and formaldehyde) but the ultimate products of the competing
reaction are unknown. The single C-C scission pathway of the other alkoxy radical fromâ-pinene possesses
a very low (∼4 kcal/mol) barrier. The kinetically favored C-C scission reactions of all four alkoxy radicals
appear to be far faster than expected rates of reaction with O2. The rearrangement of theR-pinene-OH adduct,
a key step in the proposed mechanism of formation of acetone fromR-pinene, is determined to possess a
barrier of 11.6 kcal/mol. This value is consistent with another computational result and is broadly consistent
with the modest acetone yields observed in product yield studies.

I. Introduction

On a global basis, monoterpenes (C10H16) constitute about
10% of the mass of nonmethane organic compounds (NMOCs)
emitted into the atmosphere.1 Terpenes contribute significantly
to the formation of fine organic aerosols, such as those whose
light-scattering properties gave rise to the names Blue Ridge
and Smoky for two mountain ranges in the eastern United
States.2 Such aerosols are commonly a health hazard and may
influence the formation of cloud droplets.3 Obviously, terpenes
are among the more important NMOCs for ozone and aerosol
production in the lower atmosphere, and it is important to
investigate their degradation pathways.

R-Pinene andâ-pinene, whose structures depicted below, are
believed to be the two most abundantly emitted terpenes in
North America.4

During daylight hours their degradation is initiated primarily
by OH radical addition to the double bond.5 A number of papers

have analyzed the stable products of the OH-initiated degrada-
tion of R- and â-pinene in environmental chambers,6-13 and
many of these articles have attempted to construct reaction
mechanisms. Reviews of this topic have also appeared.5,14

However, chamber studies have yet to identify, let alone
quantify, many of the stable species produced in the degradation
of any terpene. Even if all significant products could be
identified and quantified, it would not necessarily be possible
to construct auniquemechanism for the degradation pathways.
The experimental work of Noziere, Barnes, and Becker12 and
the computational work of Vereecken and Peeters,15,16both on
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R-pinene, constitute the only attempts made to quantify the
branching ratios for the major reaction pathways of any terpene.

This study ofR- and â-pinene focuses on theâ-hydroxy-
alkoxy radicals, which are a major branching point in the
degradation of unsaturated NMOCs, generally. The degradation
of the pinenes, like that of other alkenes, is initiated primarily
by radical addition (eq 1) followed by addition of molecular
oxygen (eq 2) to form a peroxy radical. The peroxy radicals
can produceâ-hydroxyalkoxy radicals by two different routes
(eqs 3 or 4):

In general, alkoxy radicals in the atmosphere are expected
to react with O2, isomerize, or undergo C-C fission (decom-
position), as illustrated in Scheme 1.17

Rate constants for the O2 reaction of alkoxy radicals derived
from small (<C4) alkanes are known by direct measurement.
Alkoxy radicals formed from larger alkanes have been studied
primarily by indirect, albeit real-time, measurements,18,19 al-
though progress is being made in direct studies of these
radicals, in some cases.20 The rate of reaction with O2 is typically
k298 ∼ 6-10 × 10-15 cm3 molecule-1 s-1 (see, however,

reference21).17,18 In 1 atm of air, this corresponds to a pseudo-
first-order rate constant of 3-5 × 104 s-1. In one study to date,
the presence of aâ-hydroxy group had little affect on the rate
constant.22 By contrast, the rates of the isomerization and
decomposition reactions depend enormously on structure. In
acyclic alkoxy radicals, the isomerization reaction proceeds
readily only if the transition state can form a six-membered ring
(the 1,5 H-shift shown in Scheme 1); where this is feasible, the
isomerization reaction is about an order of magnitude faster than
the O2 reaction.17 Atkinson has developed rules for estimating
substituent effects on the rate constant.17 The 1,4 and 1,6 H-shift
are slowed by strain energy23,24 and entropy25 considerations,
respectively. In cyclohexoxy, the 1,5 H-shift in is slow because
of the need to adopt a high-energy boat conformation,26-28 but
there is some computational25 and experimental evidence29 for
the feasibility of a 1,6 H-shift in cyclic systems. For the
decomposition reaction, pre-exponential factors in transition state
theory at 1 atm are about 2× 1013 s-1. 30,31A structure-activity
relationship, suggested by Choo and Benson32 and modified by
Atkinson,17 works reasonably well in reproducing the Arrhenius
activation barrier (Ea) in acyclic alkoxy radicals derived from
alkanes, but the validity of this approach was been challenged
in the recent work of Somnitz and Zellner.33

Atkinson’s model does not perform nearly as well for
â-hydroxyalkoxy radicals derived from alkenes.17 Although
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Scheme 1

>CdC< + OH f >C(OH)C•< (1)

>C(OH)C•< + O2 f >C(OH)C(OO•)< (2)

>C(OH)C(OO•)< + RO2 f >C(OH)C(O•)< + RO + O2

(3a)

f Other products (3b)

>C(OH)C(OO•)< + NO f >C(OH)C(O•)< + NO2 (4a)

f >C(OH)C(ONO2)< (4b)
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progress is being made, in our laboratory and elsewhere, in
obtaining laser-induced fluorescence spectra of C4 and C5 alkoxy
radicals for use in direct kinetic studies,34-40 it may be difficult
to extend the experiments to the more complicated alkoxy
radicals considered herein. Presently, quantum chemical methods
offer the best means to elucidate the detailed mechanisms of
terpene degradation. In this paper, we employ density functional
theory (DFT) methods to determine the likelihood of various
C-C bond scission reactions of alkoxy radicals formed fol-
lowing OH addition toR-pinene andâ-pinene. The B3LYP
functional and the 6-31G(d) basis set are used throughout;
activation barriers for the reactions of radicals fromR-pinene
are also computed using the BLYP functional. The formation
of most of the identified products ofR- andâ-pinene degradation
has been explained by the C-C scission reactions of the alkoxy
radicals. Therefore, this paper serves to check the validity of
most of the mechanisms proposed to date. Although isomer-
ization reactions have been proposed to explain the formation
of formaldehyde fromR-pinene, these reactions and the
subsequent chemistry have yet to be considered in detail.

Acetone is minor product of the degradation ofR- and
â-pinene,9,11-13 but it is important because it represents a
potentially significant source of HOx radicals in the troposphere.
Of the mechanisms proposed9,13,41to explain acetone formation
from R-pinene, one, invoking rearrangement of theR-pinene-
OH adduct41 (Figure 1), has recently received support from a
computational study by Vereecken and Peeters.15,16 We have
also studied this reaction, employing both the B3LYP and
BLYP/6-31G(d) levels of theory.

II. Computational Methods

Molecular mechanics calculations were carried out using SPAR-
TAN42 to obtain initial geometries of the reactants and products, and
the GAUSSIAN9443 and GAUSSIAN9844 series of programs were used
for density functional theory (DFT) calculations. The unrestricted
Hartree-Fock (UHF) formulation was employed for all radicals. DFT
calculations used the correlation functional of Lee, Yang, and Parr,45

and either the three-parameter HF exchange functional of Becke46

(B3LYP) or the exchange functional of Becke47 (BLYP). A 6-31G(d)
basis set was used throughout. Previous work has shown that calcula-
tions at the B3LYP/6-31G(d) or 6-31G(d,p) levels of theory produce
highly accurate activation barriers for alkoxy radical decomposition
reactions, often within 1 kcal/mol of the best value of the critical barrier
height.30,31,48,49Use of B3LYP with larger basis sets tends to lead to
underestimation of the barriers.31,48,50The accuracy of BLYP has not

been validated for alkoxy radical reactions, but the consistency of
activation energies between BLYP and B3LYP provides at least a check
of consistency.

For the study of the C-C bond scission reactions of alkoxy radicals,
it is not necessary to ensure that the lowest energy conformer is used,
because computed activation barriers are nearly independent of the
conformer chosen.30,51 We presume the same to be true of the alkyl
radical reaction studied here. The alkoxy radicals were assumed to
possess an intramolecular hydrogen bond from the hydroxyl group to
the radical center; this motif has been found to be the most stable for
a number of otherâ-hydroxyalkoxy radicals.30,48,49,51The geometries
of all species were optimized at the B3LYP/6-31G(d) level of theory.
First guesses for transition state geometries were obtained, starting from
the geometry of the corresponding radical, by increasing the length of
the breaking C-C bond to∼2.0 Å and performing a constrained
optimization. The resulting geometry was then used for a direct
transition state search. Harmonic vibrational frequencies were calculated
at the B3LYP/6-31G(d) level to verify the nature of the potential energy
minima and transition states, and they were used without scaling to
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Figure 1. Mechanism for formation of alkoxy radicals fromR-pinene
in polluted air, and proposed mechanism for formation of acetone. In
this and other figures, reaction 2 and 4a are represented as one process,
and the products of 4b are omitted for clarity.
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calculate zero point energies (ZPE). As a check of the validity of the
computed activation barriers, the reactants and transition states for all
of the reactions of the radicals fromR-pinene were also calculated at
the BLYP/6-31G(d) level of theory. All relative energies are reported
as B3LYP/6-31G(d)+ ∆(ZPE) values, unless otherwise noted.

III. Results and Discussion

For radicals derived fromR-pinene, we adopt the identifica-
tion system of Noziere, Barnes, and Becker to facilitate
comparison with their results; for the radicals fromâ-pinene
we employ Roman numerals. Reactions are identified by the
reacting radical followed by a second number; i.e., 5-1 is the
first reaction of radicalR5.

We discuss the structures of these species only briefly. Alkoxy
radical structures with intramolecular hydrogen bonds were
obtained. RadicalsR5, R6, andII all had H-bond distances of
∼1.9 Å. The H-bonds in the transition states ranged from about
1.9-2.1 Å. Oddly, The H-bond distance inI was 2.2 Å, it
became shorter in two transition states (2.1 Å in [I-1] and 2.0
Å in [I -3]), and much longer in one (2.64 Å in [I-2]). The
distance of the breaking C-C bonds in the transition states
ranged from 1.9 to 2.2 Å and was modestly correlated with
activation barrier (r2 ) 0.67).

Let us consider the rearrangement of theR-pinene-OH
adductR1. As listed in Table 1, we computed an activation
barrier of 11.6 kcal/mol, or 8.2 kcal/mol at BLYP. Assuming a
typical Arrhenius prefactor of about 1013 s-1, one arrives at rates
of 3 × 104 s-1 from B3LYP or 107 s-1 from BLYP. The addition
of O2 to the alkyl radical (eq 2), with a typical rate constant of
∼10-11 cm3 molecule-1 s-1, should proceed with a rate of∼2
× 107 s-1 in 1 atm of air. The computed results are broadly
consistent with the conclusions of Noziere, Barnes, and Becker,
that the rearrangement ofR1 to R2 occurs 10% of the time and
that the O2 reaction occurs 90% of the time. Vereecken and
Peeters15 validated their B3LYP/6-31G(d,p) approach against
the ring opening reaction in the cyclobutylmethyl radical;52 their
results suggest that B3LYP should be very reliable for this
problem. According to their analysis of the B3LYP results, only

the prompt rearrangement of the hot radicals can occur; if the
BLYP result were correct the thermal reaction might be
competitive. We note that the spin contamination of the
transition state, while not high by the standards used to judge
ab initio Hartree-Fock calculations, is somewhat high for a
DFT calculation. Ignatyev et al., in a study of the unimolecular
reactions of the ethylperoxy radical, suggested that relatively
small spin contamination in B3LYP wave functions causes
computed activation barriers to be too large, and that this might
be corrected by using BLYP instead.53 However, recent work
shows that the B3LYP/TZ2Pf activation barrier for the reaction
of concern to Igatyev et al. is in excellent agreement with the
CCSD(T)/TZ2Pf//TZ2P value.54

Activation barriers and reaction energies for all of the alkoxy
radical reactions are also listed in Table 1. Computed activation
barriers at BLYP are quite consistent with the B3LYP values,
indicating that the computations can be regarded as reliable.
As depicted in Figure 2, alkoxy radicalR5 has three potential
C-C scission pathways. The one which removes the methyl
group while keeping the six-membered ring intact, 5-1, has

(52) Newcomb, M.Tetrahedron1993, 49, 1151.
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Phys.1997, 107, 141.
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Figure 2. C-C Scission pathways for the alkoxy radicals initially formed following OH addition toR-pinene.

Table 1. Activation Energies and Reaction Energies (kcal/mole at
0 K) for C-C Scission Reactions ofâ-Hydroxyalkoxy Radicals
from R-pinene andâ-pinene

reaction

B3LYP
activation

energy

BLYP
activation

energy

B3LYP
reaction
energy

[R1 f R2] 11.6 8.2 -14.1
[5-1] 13.5 12.1 0.0
[5-2] 3.4 1.9 -13.0
[5-3] 10.3 8.5 -10.6
[6-1] 2.6 1.5 -11.1
[6-2] 7.1 4.8 -3.2
[I-1] 7.6 -3.9 -
[I-2] 12.8 -11.3 -
[I-3] 7.4 -10.2 -
[II -1] 4.3 3.0 -
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the largest barrier (13.5 kcal/mol). The two ring-fission reactions,
5-2 and 5-3, possess barriers of 3.4 and 10.3 kcal/mol,
respectively. Reaction 5-2 leads to the formation of pinon-
aldehyde, which has been identified as a major product of
R-pinene degradation in the presence of NOx. The computed
thermodynamics of these reactions follow the order of the
activation barriers.

Figure 3 displays the potential energy profile for the reactions
of R5. The results indicate that formation of theR-hydroxyalkyl
radical in 5-2 is the sole unimolecular reaction pathway. In
contradiction to our findings, Noziere, Barnes, and Becker
suggested that reaction 5-2 occurs only 69% of the time and
reaction 5-1 occurs the remaining 31% of the time; this
branching ratio was invoked to explain the production of
H2CdO in their experiments. Vereecken and Peeters have
suggested that an∼9% yield of formaldehyde can be explained
by the chemistry following hydrogen abstraction by OH,
occurring in competition with the expected OH addition to the
double bond.16 Even so, half or more of the formaldehyde yield
remains to be explained. However, as discussed below, two
alternative explanations for the formaldehyde have been offered
by Aschmann et al.9 and by Orlando et al.,13 in terms of the
isomerization ofR5 and R6, respectively. Using the B3LYP
activation barrier to 5-2, and the typical Arrhenius pre-
exponential factor of 2× 1013 s-1,17,30,31 we arrive at a rate
constant on the order of 1010 s-1 at room temperature. Alkoxy
radical R5 cannot react with O2 or undergo a 1,6 H-shift.
Although R5 has the potential to undergo a 1,5 H-shift via
abstraction from one of the two methyl groups on the cyclo-
butane ring, the known rates of the 1,5 H-shift reaction in acyclic
systems is over 10 000 times slower than the rate calculated
above for 5-2. One might therefore assume that reaction 5-2
is the sole fate ofR5. However, that conclusion would be
premature. Organic chemists have long employed 1,5 H-shift
reactions of alkoxy radicals in synthetic work, and in a number
of cases the radical center, bound to a cyclohexane ring,
abstracted a hydrogen atom from a methyl group bound to the
same ring.29,55-58 These reactions, occurring in nonpolar solvent
and in competition with C-C scission reactions, often formed
end-products in high yield (50-90%). Dorigo and Houk
computed rate constants for some of these isomerization
reactions that are competitive with the fastest decomposition
rate constants computed here.25 These facts suggest that
analogous reactions could be very competitive in the gas phase.

Let us consider the 1,5 H-shift more closely. For isomers of
R5 with the radical center trans to the two methyl groups

attached to the cyclobutyl ring (that is, four of the eight
diastereomers), isomerization is impossible, and decomposition
via 5-2 to form pinonaldehyde will be the sole fate. However,
those isomers ofR5 with the radical center cis to the two methyl
groups have at least the potential to undergo a 1,5 H-shift by
abstracting an H-atom from those groups; Figure 4 illustrates
this reaction. Aschmann et al. pointed out that this could lead
to the production of formaldehyde.9 In our preliminary work,
we found activation barriers of 2.8 and 5.1 kcal/mol for the 1,5
H-shift in two different conformers ofR5 at B3LYP/6-31G-
(d,p).59 Given the uncertainties in the computed activation
barriers, and in the absence of a more detailed analysis of the
branching ratios for reactions leading to formaldehyde, we
cannot firmly conclude that the 1,5 H-shift is a significant source
of formaldehyde. Nevertheless, the process with the lower
activation barrier could easily be competitive with reaction 5-2.

Turning to R6, we see that both decomposition reactions
(Figure 2) lead to ring opening. Reaction 6-1 is favored over
6-2 by 3-4 kcal/mol in the activation barrier, implying that
6-2 is of little or no importance. From the B3LYP activation
barrier of 2.6 kcal/mol for 6-1, we estimate a decomposition
rate constant of∼1011 s-1, which is five or six orders of
magnitude faster than the O2 reaction. Noziere, Barnes, and
Becker suggested thatR6 reacts exclusively via 6-1; this is
consistent with our findings. The eventual product of this
reaction is, again, pinonaldehyde.

In chamber studies employing gas chromatography and mass
spectrometric techniques, pinonaldehyde has been detected in
yields of about 30%, but FTIR methods produce yields of about
80%. The low activation barriers forR5 andR6 tend to support
the higher value, but studies of this chemistry are far from
complete. In addition to the possibility of a 1,5 H-shift forR5,
noted above, both the 1,5 and 1,6 H-shift are plausible for certain
isomers ofR6 (see Figure 4). The 1,6 H-shift ofR6, like the
1,5 H-shift of R5, has been proposed13 as an explanation for
the production of formaldehyde in∼20% yield fromR-pinene.
Both processes lead to the same alkoxy radical, which has the
potential to react by multiple pathways, one of which generates
formaldehyde. Other than the isomerization reactions, there are
no obvious reactions ofR5 or R6 leading to formaldehyde.
Computational studies of the feasibility of the isomerization
reactions are underway.

The alkoxy radicals derived fromâ-pinene and their reaction
pathways are illustrated in Figure 5. RadicalsI and II are
predicted to follow somewhat different pathways thanR5 and
R6. The loss of the hydroxymethyl radical fromI via reaction
I-1 to form nopinone has an activation barrier of only 7.6 kcal/
mol, which is much lower than the 13.5 kcal/mol barrier to loss
of the methyl radical fromR5. The ring fission reaction leading
to a cyclobutyl radical (I-2) possesses the highest activation
barrier (12.8 kcal/mol). The other ring fission pathway, I-3,
has an activation barrier of 7.4 kcal/mol, which is slightly lower
than that of I-1 and much higher than the 3.4 kcal/mol barrier
of the analogous reaction 5-2. In I-3, the lack of a hydroxy
substituent at the radical center of the product raises the
activation barrier over that of 5-2. The computed difference
of 0.2 kcal/mol between the activation barriers of I-3 and I-1
is well within the uncertainties of the calculation. It is likely
that both reactions occur to significant extents, and reaction I-3
has not previously been suggested as a significant reaction
pathway. The activation barriers imply decomposition rate
constants of about 107 s-1, 200 times faster than the O2 reaction.
The 1,5 H-shift (Figure 6) is plausible for those isomers ofI

(55) Partch, R. E.J. Org. Chem.1963, 28, 276.
(56) Sneen, R. A.; Matheny, N. P.J. Am. Chem. Soc.1964, 86, 5503.
(57) Hortmann, A. G.; Youngstrom, R. E.J. Org. Chem.1969, 34, 3392.
(58) Gibson, T. W.; Erman, W. F.J. Am. Chem. Soc.1969, 91, 4771. (59) Dibble, T. S. Unpublished research.

Figure 3. Potential energy profile for the C-C fission reactions of
radical R5 from R-pinene at the B3LYP/6-31G(d)+ ∆ZPE level of
theory (energies in kcal/mole).
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with the radical center cis to the two methyl groups on the
cyclobutane ring. A study by Peeters et al.60 implies thatI and
II are formed in a roughly 9:1 ratio, and the experimental yield
of nopinone (formed only from I-1) in one study8 is 27( 4%.
These data suggest that reaction I-3 and/or isomerization are
favored by a factor of 2.3 over I-1.

It is curious that reaction I-2 (Figure 5) is very similar to
reaction 5-3 (Figure 2), yet the activation barrier to I-2 is 2.5
kcal/mol higher. We previously noted that, in [I-2], the
intramolecular hydrogen bond to the radical center was much
longer than in the other transition states; the breaking of this

hydrogen bond could easily destabilize the transition state by
∼3 kcal/mol.30 To verify the reliability of the calculation, we
recalculated the structure ofI and [I-3] at B3LYP/6-31G(d,p),
starting from a structure with a hydrogen bond length of 2.2 Å.
We hypothesized that the inclusion of p functions in the basis
set would lead to a more reliable treatment of the hydrogen
bonding. The resulting hydrogen bond distance was only 0.01
Å longer, and the resulting activation barrier was no different
than the B3LYP/6-31G(d) values.

RadicalII possesses only one feasible decomposition path-
way, the ring-retaining loss of H2CdO. The activation barrier
of 4.3 kcal/mol suggests a rate constant of 7× 109 s-1, far
faster than the O2 reaction. Those isomers ofII with the methoxy
radical substituent cis to the two methyl groups might undergo
the 1,6 H-shift (to form the same radical as in the1,5 H-shift of
I ), while isomers with the-CH2O• groups trans to the two
methyl groups could undergo a 1,5 H-shift by abstracting the
hydrogen atom from the bridgehead carbon of the four-
membered ring. The 1,6 H-shift (abstraction from the meth-
ylidene group at the opposite side of the ring from the radical
center) would appear to be unfeasible for steric reasons.

Let us consider the atmospheric implications of this work.
First, the rearrangement ofR1 to R2 appears to be a viable
pathway for formation of acetone fromR-pinene. Acetone
formation by this route will be accompanied by the formation
of an alkoxy radical whose fate is likely to be dominated by
decomposition and reaction with O2. The favored decomposition
pathways of both alkoxy radicals fromR-pinene both possess
very low barriers and lead to the formation of pinonaldehyde.
These reactions are so fast that they rule out the occurrence of
reaction with O2, but the isomerization reactions of these radicals
are yet to be studied. The occurrence of the 1,5 H-shift ofR5
and/or the 1,6 H-shift ofR6 could explain the∼20% yields of
formaldehyde observed in chamber experiments. For alkoxy
radical I formed fromâ-pinene, decomposition reactions I-1
and I-3 appear to be competitive with each other, and there is
experimental support for the occurrence of I-1 (formation of
nopinone) with a branching ratio of∼0.3. These reactions are
calculated to be much faster than the reaction with O2, but a
1,5 H-shift reaction is plausible for some isomers. The single
feasible decomposition reaction of radicalII is many orders of
magnitude faster than the O2 reaction, but both 1,5 and 1,6
H-shift reactions appear to be plausible.

The agreement between the BLYP and B3LYP activation
barriers for reactions ofR1 andR2 indicate that our interpreta-
tions of the relative importance of different reaction pathways
are very reliable. Given the magnitude of the expected uncer-
tainties in the activation barriers cited in Section II (and the
uncertainties in the O2 reaction rate), we would concede that
reactions II-1 and II-3 may not be so fast as to eliminate the
reaction of radicalII with O2. However, the uncertainties in

(60) Peeters, J.; Boullart, W.; van Hoeymissen, J. InProc. EUROTRAC
Symp. ′94; P. M. Borrell et al., Eds. PSB Academic: The Hague,
Netherlands, 1994; pp 100-114.

Figure 4. Potential isomerization pathways for alkoxy radicalsR5 and R6 initially formed following OH addition toR-pinene. Isomerization
reactions are feasible only for those isomers with the alkoxy radical center cis to the site of abstraction.

Figure 5. C-C Scission pathways for the alkoxy radicals initially
formed following OH addition toâ-pinene.

Figure 6. Potential isomerization pathways for alkoxy radicalsI and
II initially formed following OH addition toâ-pinene. Isomerization
reactions are feasible only for those isomers with the alkoxy radical
center cis to the site of abstraction.
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computed activation barriers are not so large as to permit
significant reaction ofR1, R2, or I with O2.

Reaction 4a, the major source of alkoxy radicals in the
polluted atmosphere, is typically exothermic by about 15 kcal/
mol; by contrast, reaction 3a, which would be the major source
of alkoxy radicals in remote areas, is nearly thermoneutral. It
has been shown that when small alkoxy radicals possessed of
low barriers to decomposition (e 10 kcal/mol) are formed in
reaction 4a, a significant fraction are formed with sufficient
internal energy to undergo prompt decomposition.22,30,61 The
large size of the radicals from the pinenes will lead to much
faster quenching, but the reactions with the lowest barriers (5-
2, 6-1, and II-1) may still have the potential to proceed via
prompt reactions. The effect of this internal excitation is
expected to enhance the rate of decomposition more than
isomerization, because the Arrhenius prefactor for decomposi-
tion is thought to be much larger than that for isomerization,
albeit in acyclic radicals.17,33Therefore, isomerization reactions,
if they occur at all, might be more important for the fate of
these radicals in remote areas than in urban or polluted rural
environments.

What are the prospects for direct investigations of these
radicals in the laboratory? The low activation barriers for
decomposition of alkoxy radicalsR5, R6, andII , combined with
the potential for prompt reaction of internally hot radicals
suggests that reaction 4a may not be a very good source of these
radicals for direct kinetic studies. RadicalI possesses a
sufficiently high barrier to decomposition that reaction 4a might
be a useful source at suitably low temperatures. As discussed
elsewhere,48 other radical sources, such as reaction 3a or
photolysis of a stable precursor, are not likely to be useful for
kinetic studies.

IV. Conclusions

First, the modest barrier calculated here for the rearrangement
of the R-pinene-OH adduct offers support for a previously

proposed mechanism of acetone formation fromR-pinene. It
further raises the question of whether such rearrangements are
feasible for other OH-terpene adducts and suggests the need
for a more thorough investigation of such reactions.

All the â-hydroxyalkoxy radicals formed from OH addition
to R- and â-pinene possess sufficiently low barriers to C-C
scission that they are unlikely to react with O2 under lower
tropospheric conditions. However, the results presented here for
R-pinene, when combined with product yields for formaldehyde
reported in previous work, strongly suggest that the decomposi-
tion reactions are not the sole fate of these radicals and that
one or more isomerization reactions are important to the fate
of eitherR5 or R6. We have initiated computational studies of
these reactions in order to determine which ones may be
important to atmospheric chemistry. The stable products formed
following reaction I-3 should be determined so experimentalists
can investigate this chemistry.
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