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Quantum mechanical calculations were used to determine the structure and stability of second-generation
peroxy and alkoxy radicals formed in the atmospheric degradation of isoprene (2-methyl-1,3-butadiene). Certain
of these radicals exhibit a novel hydrogen bonding motif, consisting of two intramolecular hydrogen bonds.
The hydrogen bonds are donated in series, with an enol group donating a hydrogen bond to a-CH2OH
group, which donates in turn to the oxygen radical center. This hydrogen bonding motif opens a new reaction
pathway: the simultaneous transfer of two H-atoms across the hydrogen bonds with a barrier of only∼5
kcal/mol in the alkoxy radicals, but∼20 kcal/mol in the peroxy radicals. Rate constants for these reactions
were calculated, and the effects of tunneling on the rate constant were examined. All species and reactions
were analyzed at the B3LYP/6-311G(2df,2p) level of theory; the transition states for the double H-atom
transfer reactions were also studied using the MPW1K functional and the CBS-QB3 method. Similar chemistry
is possible for alkoxy and peroxy radicals derived from other volatile organic compounds of atmospheric
interest.

Introduction

Intramolecular and intermolecular hydrogen bonding is well-
known to be critical to the structure and function of proteins
and nucleic acids in solution. While intermolecular hydrogen
bonding is found in the gas phase, including in systems of
importance to atmospheric chemistry,1,2 there are relatively few
reports of intramolecular hydrogen bonding in gas-phase
molecules. This is understandable, since the capacity for
intramolecular hydrogen bonding in the gas-phase implies the
likelihood of intermolecular hydrogen bonds forming in the
condensed phase; the natural consequence of intermolecular
hydrogen bonds in the condensed phase is a low vapor pressure
and minimal importance of the compound in the gas phase.
However, computations have revealed intramolecular OH‚‚‚O
hydrogen bonding to be a common motif inâ-hydroxyperoxy3,4

and â-hydroxyalkoxy3-9 radicals in the atmosphere. These
radicals are formed in the gas phase, and react much more
rapidly than they can condense. This report describes analogous
radicals with not one, but two, intramolecular OH‚‚‚O hydrogen
bonds within a single peroxy or alkoxy radical. Moreover, this
structure permits an intramolecular transfer of both H-atoms
across the hydrogen bonds, in a single step, at rates which appear
to dominate the atmospheric fate of the alkoxy radicals.

Synchronous transfer of two or more protons or H-atoms has
been studied in a variety of systems: organic acid dimers;10

surface or solution phase hydrolysis of atmospheric reservoir
species;11-15 model DNA base pairs;16,17 and, of course, in
solution.18-20 Hydrogen bond pairs provide a natural mechanism
for orienting reactants in ways favorable for synchronous transfer
of two hydrogens, so studies of hydrogen bonding go hand in
hand with studies of double transfer of H-atoms or protons. This
is the case for the double H-atom transfer studied here, because

the reactants (and products) may access a variety of hydrogen
bonding arrangements.

The peroxy and alkoxy radicals discussed here are formed
in the atmospheric degradation of isoprene (2-methyl-1,3-buta-
diene). The 500 Tg of isoprene emitted to the atmosphere each
year, almost exclusively from natural sources, constitutes about
40% by mass of all nonmethane organic compound emissions
to the atmosphere.21,22Isoprene degradation is initiated primarily
by reaction with OH, but only one-half to two-thirds of the mass
of the resulting stable products has been specifically identified
and quantified.23 This gap in our knowledge of the atmospheric
fate of this important compound motivates our investigations
of the chemistry of the peroxy and alkoxy radicals formed in
its degradation.

Recent studies7,9,24-29 have confirmed and refined many
aspects of our understanding of isoprene degradation.30-32 As
shown in Figure 1, OH radical adds to the double bond; addition
to carbon 1 (∼56%) or carbon 4 (∼37%) produces isoprene-
OH adducts24 (labeled1 and4 in Figure 1) which are allylic,
and undergo chemically activated (E)/(Z) isomerization to a
significant extent (∼40%).28 A review of all this chemistry will
not be attempted here, rather, the focus is on the reaction
pathways leading to the radicals with two intramolecular
hydrogen bonds. Subsequent reactions of1 and 4 lead to
formation of the first generation ofδ-hydroxyalkoxy radicals
V and VI , in ∼36% and∼20% yield from1 and 4, respec-
tively.4,30 The (Z) isomers of the alkoxy radicals labeledV and
VI are believed to undergo 1,5 H-shift reactions (labeled iso in
Figure 1).28 The allylic radical products can form the dihydroxy-
peroxy radicals labeledVII OO andIX OO, and, subsequently,
the corresponding alkoxy radicalsVII O andIX O.28,30

Although the fractional yield of second generation alkoxy
radicalsVII O and IX O are likely rather small (1-2%), their
small yields must be put into the context of the enormous
isoprene emissions cited above. Their yields are not well-known* Fax: 315-470-6856. E-mail: tsdibble@syr.edu.
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because the branching ratios for the formation of the second
generation peroxy radicalsVII OO and IX OO from allylic
radicalsVII and IX (versus formation of a ketone and HO2)
are unknown.28 The idea thatVII O and IX O do form is
supported by observations ofm/z ) 46 products of their
decomposition.31 The branching ratios for formation of the (Z)
versus (E) isomers ofVII OO andIX OO are not known either.

We attempted to obtain the structures and energies of the
transition states for the expected30 â C-C scission reactions of
VII O andIX O, shown below:

Intramolecular OH‚‚‚O hydrogen bonding to the radical center
was expected3-9 as a structural feature of these alkoxy radicals
and their peroxy radical precursors. Analysis of previously
published studies ofâ-hydroxyperoxy andâ-hydroxyalkoxy
radicals3,6,33 suggests that the hydrogen bond has little effect
on their chemistry or reaction rate constants. So we expected
hydrogen bonding but did not expect it to interfere with the
rates of reactions 1 and 2. However, thedoubleintramolecular
hydrogen bonds of the (Z) isomers ofVII O andIX O appeared
to inhibit the decomposition of these alkoxy radicals. In
considering the structural motif of two intramolecular hydrogen
bonds, we realized it could also be present inVII OO andIX OO,
the peroxy radical precursors toVII O andIX O. Moreover, this
double hydrogen bonding opens the door to a reaction not
previously considered in isoprene chemistry: the simultaneous
transfer of two H-atoms across the hydrogen bond.

The remainder of this paper is organized as follows: first,
the computational methods are described. The discussion then
turns to the structure and energetics of the hydrogen bonding
network in peroxy radicalsVII OO andIX OO and the kinetics
of their double H-atom transfer reactions. We then consider the
hydrogen bonding network of alkoxy radicalsVII O andIX O
and the kinetics of their double H-atom transfer reactions. We
conclude by analyzing the potential for this chemistry to occur
in other radicals of atmospheric interest.

Computational Methods

Quantum chemical computations were carried out using the
GAUSSIAN9834 series of programs. Most calculations used the
hybrid exchange functional of Becke35 and the correlation
functional of Lee, Yang, and Parr,36 a combination denoted
B3LYP. Structures and harmonic vibrational frequencies of all
species were obtained using B3LYP together with the 6-31G(d,p)
basis set. The vibrational frequencies were inspected to verify
that transition states possessed only a single imaginary vibra-
tional frequency. The structures of all species were re-optimized
at B3LYP/6-311G(2df,2p). All radicals and transition states
were treated with the spin-unrestricted formalism. For some
transition states, intrinsic reaction coordinate (IRC) calculations
were carried out to verify the nature of the transition states,
while the identities of other transition states were verified by
inspection of their structure and the vector of the imaginary
frequency.

The double H-atom transfer represents novel chemistry, and
it is desirable to take special care to verify the accuracy of the
activation barrier computed for this reaction. Therefore, calcula-
tions on the reactants and transition states for the double H-atom
transfer reactions were repeated using the Complete Basis Set
method CBS-QB3,37 as well as the MPW1K functional.38 CBS-
QB3 uses a B3LYP structure as the basis of a series of energy
calculations to determine relative energies with high reliability.37

Figure 1. Formation of peroxy radicalsVII OO andIX OO. Several steps have at least one other product, which is omitted for simplicity. The
numbering of the radicals is designed to be consistent with that employed by various researchers previously.
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The MPW1K functional is a modification of the Perdew-Wang
functional designed to give improved results for reaction
kinetics.38,39 It has been tested against a set of reactions whose
barrier heights are well-known from analysis of experiment.

RRKM-Master Equation calculations were carried out using
the UNIMOL program of Gilbert and Smith40 to obtain thermal
rate constants for the double H-atom transfer reactions as a
function of pressure at 300 K. Lennard-Jones parameters for
the radicals were estimated by the method suggested by Gilbert
and Smith41 to beσ ) 6.26 Å andε ) 500 K.

The impact of tunneling on thermal rate constants was
estimated by modeling the reaction coordinate with the asym-
metric Eckart potential,42,43which commonly gives reasonable
agreement with more exact computations of tunneling effects.44

The ratio of the quantum mechanical to the classical rate
constant,Γ(T), for reactants at a thermal distribution of energy
is given by

where κ(E) is the transmission probability.κ(E) depends
sensitively on the curvature of the barrier, as represented by
the imaginary frequency,ν*, of the vibration along the reaction
coordinate. Numerical integration of this expression was carried
out using a spreadsheet kindly donated by J. Senosiain.

Results and Discussion

Structural parameters, activation barriers, and energies of
reaction reported in the text are derived from B3LYP/6-
311G(2df,2p) calculations (with zero-point energies calculated
at B3LYP/6-31G(d,p)) unless otherwise specified. Results from
all methods are reported in the appropriate tables. The discussion
of molecular structure focuses on hydrogen bonding, but a
complete set of Cartesian coordinates of key species may be
found in the Supporting Information.

A. The Peroxy Radicals.The most stable conformers of the
(Z) isomers of peroxy radicalsVII OO andIX OO appear to be
those in which there are two hydrogen bonds (Figure 2): the
enolic hydrogen (on carbon 1 of the isoprene skeleton) donates
to the oxygen of the hydroxy group (on carbon 4) adjacent to
the radical center, which in turn donates a hydrogen to the
radical center. The hydrogen bonds donated from the enol
groups are quite short (∼1.68 Å), while the hydrogen bonds
donated to the radical center are of more usual lengths (1.92-
1.95 Å). By contrast, the hydrogen bond to the radical center
in HOCH2CH2OO•, the prototype for intramolecular hydrogen
bonds in peroxy radicals, is significantly longer (2.07 Å at
B3LYP/6-31G(d,p)).3,5 From our B3LYP/6-31G(d,p) calcula-
tions onVII OO andIX OO, we know that only a small part
(0.02-0.03 Å) of the difference between HOCH2CH2OO• and
the larger radicals is due to the effect of basis set on the
calculated geometry.

VII OO andIX OO can exist in a variety of hydrogen bonding
arrangements, which need to be distinguished. At this point,
we introduce the nomenclature we use to identify the particular
hydrogen bonding arrangements of the radicals. The carbon
atoms numbered 1, 3, and 4 in the parent isoprene molecule
are bonded to oxygen atoms inVII OO. In identifying a
hydrogen bond, we use the number of the carbon atom to
identify the oxygen atom. An arrow links the number represent-
ing the two oxygen atoms participating in a hydrogen bond;
the arrow points from the oxygen donating the H-atom to the

oxygen atom accepting the hydrogen bond. Therefore, the
doubly hydrogen-bonded structure (see Figure 2) is labeled
VII OO(1f4,4f3). A conformer of the (Z) isomer ofVII OO,
lacking the hydrogen bond to the radical center, is therefore
denotedVII OO(1f4).

For bothIX OO andVII OO, the methyl group is on carbon
2 of isoprene, so a fully consistent numbering scheme forIX OO
and VII OO would yield different numbering patterns for
essentially identical patterns of hydrogen bonding. We there-
fore choose viewIX OO as an isomer ofVII OO with the
methyl group on carbon 3 rather than carbon 2. Thus, the
doubly hydrogen-bonded conformer ofIX OO is labeled
IX OO(1f4,4f3).

Conformers of these peroxy radicals possessing only the
hydrogen bond from the enolic group, denotedVII OO(1f4)
and IX OO(1f4), are about 5 kcal/mol higher in energy than
their doubly hydrogen-bonded counterparts (see Table 1). The
(E) isomers ofVII OO andIX OO cannot possess a hydrogen
bond from the enolic site, and their most stable conformers,
(E)-VII OO(4f3) and (E)-IX OO(4f3), are about 4-5 kcal/
mol higher in energy than their doubly hydrogen-bonded (Z)
isomers.

Figure 2. Structures of doubly hydrogen-bonded conformers of second
generation peroxy radicals (Z)-VII OO and (Z)-IX OO, the transition
states (labeled TS) for their synchronous double H-atom transfer, and
the products of these reactions. Thin lines indicate hydrogen bonds.
O-H distances (B3LYP/6-311G(2df,2p) values, in angstroms) are listed
for covalent bonds, hydrogen bonds, and for the breaking/forming bonds
in the transition states.

TABLE 1: Relative Energies at 0 K (kcal/mol, including
zero-point energies) of Various Conformers of Peroxy
Radicals VIIOO, IXOO, and the Products of Their Double
H-Atom Transfer

species
B3LYP/

6-31G(d,p)
B3LYP/

6-311G(2df,2p)

(Z)-VII OO(1f4,4f3) 0.0 0.0
(Z)-VII OO(1f4) 6.3 5.3
(E)-VII OO(4f3) 5.2 4.1
(Z)-VII ′OOH(3f4,4f1) -3.7 -3.9
(Z)-IX OO(1f4,4f3)a -2.0 -2.1
(E)-IX OO(4f3)b 5.6 4.8
(Z)-IX OO(1f4)b 6.8 5.6
(Z)-IX ′OOH(3f4,4f1)b 1.7 1.7

a Relative to (Z)-VII OO(1f4,4f3). b Relative to (Z)-IX OO-
(1f4,4f3).

Γ(T) )
exp(V1/kBT)

kBT ∫0

∞
κ(E) exp(-E/kBT) dE (3)
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The double hydrogen-bonded structures suggest the possibility
of synchronous H-atom transfer reactions 4 and 5:

The structures of the transition states (marked TS) and products
of these reactions are shown in Figure 2. O-H distances in the
transition states are intermediate between the hydrogen bond
and covalent bond distances, except that the covalent O-H bond
on theâ-hydroxy group of the reactant is scarcely lengthened
in the transition state. The IRC calculations confirm the nature
of the transition state. Because the H-atoms participating in
hydrogen bonding inVII OO and IX OO are in double-well
potentials, the products also exhibit double intramolecular
hydrogen bonding. The product radicals are labeledVII ′OOH
and IX ′OOH by analogy to the QOOH notation used for the
products of the 1,n H-shift reactions of peroxy radicals in low-
temperature combustion.45,46 The hydrogen bonding arrange-
ments shown in Figure 2 correspond to conformers we denote
(Z)-VII ′OOH(3f4,4f1) and (Z)-IX ′OOH(3f4,4f1). These
products are alkenoxy radicals, with the two resonance struc-
tures indicated in reactions 4 and 5, above. The spin density is
about twice as high on the carbon atom as on the oxygen atom.

The potential energy profiles for these reactions are shown
in Figure 3 and the relative energies are listed in Tables 1 and
2. The two reactions are roughly thermoneutral. The B3LYP
activation barriers of 18.0 and 21.5 kcal/mol imply thermal
reaction rate constants (298 K, ignoring tunneling) of∼0.1 s-1

and 4 × 10-4 s-1 for VII OO and IX OO, respectively.
Calculations of the rate constant using UNIMOL indicate that
these reactions are very nearly at the high-pressure limit at 1
Torr. Using B3LYP values of the imaginary frequency, we
calculate that tunneling increases these rate constants enor-
mously, implying rate constants of∼100 s-1 and 1 s-1,
respectively (see Table 3). However, the CBS-QB3 and
MPW1K barrier heights are∼5 and ∼7 kcal/mol higher,
respectively, than the B3LYP/6-311G(2df,2p) results. Note that
at both B3LYP and MPW1K, the barrier heights calculated using
the 6-31G(d,p) basis set are 1.5-1.8 kcal/mol lower than those

calculated using the 6-311G(2df,2p) basis set.47 Given the
tendency of B3LYP to underestimate barriers to H-atom transfer
reactions,38,39,48and the good agreement of the CBS-QB3 and
MPW1K results, we suspect that the CBS-QB3 and MPW1K
results are more accurate. The CBS-QB3 (MPW1K) results
imply classical rate constants forVII OO andIX OO of 1 ×
10-5 (2 × 10-7) s-1 and 3× 10-8 (3 × 10-9) s-1, respectively,
at 298 K. The tunneling corrections to these rate constants (see
Table 3) computed using the MPW1K imaginary frequencies
to calculate transmission coefficients are only factors of ten to
twenty; however, if the B3LYP imaginary frequencies are used,
tunneling corrections are about a factor of 104. The large
uncertainty as to the extent of the tunneling correction deserves
more attention and a more exact treatment than the Eckart
approach used here. We note that reactions 4 and 5 will not
proceed via chemically activated processes, because the barriers
to these reactions exceed the expected values of the exother-
micity of the reactions which form the peroxy radicals (O2

addition to allylic radicals).4

The dominant fate ofVII OO and IX OO in the polluted
atmosphere is reaction with NO, a reaction which possesses a
rate constant on the order of∼10-11 cm3 molecule-1 s-1. Under
more pristine conditions,VII OO andIX OO may react with
assorted organic peroxy radicals or with HO2, at rate constants
comparable to that for reaction with NO.27,33,49The rate constants
discussed above for the double H-atom transfer can be used to
determine whether reaction with NO can compete with reactions
4 and 5. Using the CBS-QB3 barrier heights and the higher
(B3LYP) tunneling corrections, the concentration of NO needed

TABLE 2: Activation Barriers a t 0 K (kcal/mol, including zero-point energies) for Double H-Atom Transfer in Peroxy Radicals
VIIOO and IXOO

species
B3LYP/

6-31G(d,p)
B3LYP/

6-311G(2df,2p)
MPW1K/

6-31G(d,p)
MPW1K/

6-311G(2df,2p) CBS-QB3

(Z)-VII OO(1f4,4f3) f (Z)-VII ′OOH(3f4,4f1) 16.3 18.0 24.2 25.7 23.3
(Z)-IX OO(1f4,4f3) f (Z)-IX ′OOH(3f4,4f1) 19.7 21.5 26.7 28.4 26.8

TABLE 3: Tunneling Corrections ( Γ(300K)) for Double H-Atom Transfer in Peroxy Radicals VIIOO and IXOO Computed for
Multiple Barrier Heights and Imaginary Frequencies, ν*

level of theory for barrier height

species
DFT method for

imaginary frequency ν* (cm-1)a
B3LYP/

6-311G(2df,2p)
MPW1K/

6-311G(2df,2p) CBS-QB3

VII OO B3LYP 2043 980 6100 3500
MPW1K 1308 98 12 11

IX OO B3LYP 2053 3100 15000 11000
MPW1K 1397 18 22 21

a 6-31G(d,p) basis set.

Figure 3. Potential energy profile for double H-atom transfer of peroxy
radicalsVII OO andIX OO.
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to compete with the double H-atom transfer is 3× 109 molecules
cm-3 (140 pptv) and 3× 107 molecules cm-3 (1.4 pptv) for
VII OO andIX OO, respectively. Typical NO concentrations are
100 pptvs10 ppbv under polluted conditions, but at least a few
pptv even under pristine conditions. This implies thatVII OO
might undergo the double H-atom transfer when [NO] is low
but that there is always sufficient NO present to control the
fate of IX OO.22,30,33If one uses the (higher) MPW1K barrier
heights and (smaller) tunneling corrections, one would predict
that evenVII OO would not undergo double H-atom transfer
under atmospheric conditions. The uncertainty in the activation
barriers and tunneling corrections does not permit us to state
our conclusions more firmly. At the higher concentrations of
NO, HO2, and organic peroxy radicals commonly used in
laboratory experiments, the fate ofVII OO and IX OO will
almost certainly be determined by bimolecular reactions.

Reaction ofVII OO andIX OO under polluted condition with
NO or NO3 will form VII O and IX O in high yield. These
reactions are shown below forVII OO. Under more pristine

conditions, reaction with various organic peroxy radicals, ROO•,
can also produce alkoxy radicals via reaction 8a; however, this
occurs in competition with reactions 8b, 8c, and 9, which
terminate the organic radical chemistry.

B. The Alkoxy Radicals. The doubly hydrogen-bonded
structures of the (Z) isomers ofVII O and IX O are the most
stable conformers of these alkoxy radicals. Structures ofVII O
andIX O are shown in Figure 4, and relative energies are listed
in Tables 4 and 5. The hydrogen bond lengths are quite similar
to those in the peroxy radicals, namely, those donated from the
enolic site are quite short (1.64 Å) while those donated from
the â-hydroxy groups are of more normal length (∼2.00 Å).
The hydrogen bonds from theâ-hydroxy groups are significantly
shorter than those in the prototypicalâ-hydroxyalkoxy radical:
HOCH2CH2O (2.26-2.27 Å).3,5

The nomenclature used here to identify the particular
hydrogen bonding arrangements of theVII O and IX O is ex-
actly analogous to that forVII OO andIX OO. Figure 5 gives
several examples. TheVII O(1f4) species is 5.8 kcal/mol
higher in energy than the doubly hydrogen-bonded conformer
VII O(1f4,4f3). The hydrogen bond lengths (Figures 4 and
5) and relative energies (listed in Tables 4 and 5 and depicted

in Figure 6) imply the that the hydrogen bonds donated by the
enol groups are strong; theVII O(4f3) conformer lies 9.5 kcal/
mol above the doubly hydrogen-bonded conformer. The sum
of the individual hydrogen bond energies (5.8+ 9.5 ) 15.3
kcal/mol) is much greater than their combined energies: 11.8
kcal/mol (Table 4 and Figure 6), implying that formation of
the double hydrogen bond creates some strain energy.

The (E) isomers of these radicals cannot form intramolecular
hydrogen bonds from (or to) the enol groups, and therefore
cannot exhibit the double hydrogen bonding motif of the (Z)
configurations. As a consequence, the (E) isomers of these
alkoxy radicals are at least 6 kcal/mol higher in energy than in
the doubly hydrogen-bonded (Z) isomers. The hydrogen bonds
to the radical centers are much longer in the (E) isomers (2.13-
2.15 Å) than in the (Z) isomers (∼2.00 Å).

Figure 4. Structures of doubly hydrogen-bonded (most stable)
conformers of the (Z) configurations of alkoxy radicalsVII O andIX O,
the transition states (labeled TS) for their synchronous double H-atom
transfer, and the products of these reactions. Thin lines indicate
hydrogen bonds. O-H distances (in angstroms) are listed for covalent
bonds, hydrogen bonds, and for the breaking/forming bonds in the
transition states at B3LYP/6-311G(2df,2p) and MPW1K/6-311G(2df,2p),
in that order.

TABLE 4: B3LYP Relative Energies at 0 K (kcal/mol,
including zero-point energies) of Conformers and Isomers of
VIIO, and the VII ′OH Product of the Double H-Atom
Transfer

species
B3LYP/

6-31G(d,p)
B3LYP/

6-311G(2df,2p)

(Z)-VII O (1f4,4f3) 0.0 0.0
(E)-VII O (4f3) 7.5 6.3
(Z)-VII O (1f4) 6.8 5.8
(Z)-VII O (4f3) 11.2 9.5
(Z)-VII O (1f3) 8.2 7.1
(Z)-VII O (1f3)′ 4.6 3.6
(Z)-VII O (none) 14.0 11.8
(Z)-VII ′OH (3f4,4f1) -18.6 -19.2

TABLE 5: B3LYP Relative Energies at 0 K (kcal/mol,
including zero-point energies) of Conformers and Isomers of
IXO, and the IX ′OH Product of the Double H-Atom
Transfer

species
B3LYP/

6-31G(d,p)
B3LYP/

6-311G(2df,2p)

(Z)-IX O (1f4,4f3) 0.0 0.0
(E)-IX O (4f3) 7.9 6.9
(Z)-IX O (1f4) 7.6 6.4
(Z)-IX O (4f3) 15.0 13.0
(Z)-IX ′OH (3f4,4f1) -14.8 -15.3
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Let us consider the double H-atom transfer reaction in the
(Z) isomers of these alkoxy radicals, shown below:

The products are denotedVII ′OH andIX ′OH, by analogy with
our nomenclature for the products of the double H-atom transfer
in the peroxy radicals. Structures for the transition states and
reaction products are shown in Figure 4, together with those
for the reactants. In the transition state the enolic hydrogen is
nearly equidistant from the two oxygens, but the O-H dis-
tance of the-CH2OH group is lengthened by only 0.14 Å from
the O-H bond length in the reactant. An IRC calculation
confirmed that both H-atoms are transferred together in a single
elementary reaction. These reactions are truly H-atom transfers
rather than proton transfers; this is clear from the molecular
structures shown above and confirmed by the small changes in

the Mulliken charges of the oxygen and transferred H-atoms in
the course of the reaction. Hydrogen bond lengths in the
products are longer than the corresponding lengths in the
reactants; this is consistent with the relative weakness of the
hydrogen bonds in the products (see below). The MPW1K
structures of the transition states are very similar to the B3LYP
structures.

Unlike the double H-atom transfer in the peroxy radicals, the
double H-atom transfer reactions ofVI O andIX O are facile,
with barriers of only 4.2 and 4.8 kcal/mol, respectively, at
B3LYP/6-311G(2df,2p) (see Table 6). The reaction energies of
-19.2 and-15.3 kcal/mol suggest that these reactions are
effectively irreversible. These large negative energies of reaction
are presumably due to resonance stabilization in the alkenoxy
products and the relative instability of alkoxy radicals. It is
interesting to note that the computed activation barriers for
reVersing the double hydrogen transfer reactions fall in the
narrow range of 20-23 kcal/mol for both alkoxyand peroxy
radicals. Portions of the B3LYP potential energy profiles for
VII O andIX O are shown in Figures 6 and 7, respectively. CBS-
QB3 barrier heights, also listed in Table 6, agree with the
B3LYP/6-311G(2df,2p) values to within 0.2 kcal/mol, while
MPW1K/6-311G(2df,2p) values are 2.1-2.7 kcal/mol higher
than the B3LYP/6-311G(2df,2p) values. Calculations using
UNIMOL indicate rate constants of 4× 108 s-1 and 1× 108

s-1, respectively, at 298 K and 1 atm (3× 107 s-1 and 5× 106

s-1 using the MPW1K activation barriers). The pressure
dependence of the classical rate constant at 300 K is shown in
Figure 8. The rate constant is clearly in the falloff region at
atmospheric pressure. These reactions are much faster than the
expected rate of competingbimolecular reactions (with NO,
NO2, or, for VII O, with O2).23, 50

Tunneling increases the classical rate constant by a factor of
5-16 in the high pressure limit. Here the imaginary frequency
is slightly higher at MPW1K (1584 cm-1) than at B3LYP (1387
cm-1). Together with the higher barrier to reaction, the larger
curvature at MPW1K causes the computed tunneling correction
to be somewhat larger at MPW1K than at B3LYP. This contrasts
the case of the peroxy radicals, where the large differences in
imaginary frequencies (see Table 3) dominate the tunneling
corrections.

The fate of these radicals was expected to be theunimolecular
â-scission reactions 1 and 2.30 Experiment and quantum
chemical calculations suggest rather low barriers forâ-scission

Figure 5. Structures of various conformers ofVII O with one hydrogen
bond, and of the transition state (labeled TS) for rearrangement of
hydrogen bonding from alkoxy radicalVII O(1f4) toVII O(1f3). The
bottom row depicts structures of transition states for (Z)-VII O(1f3)
decomposing to 3-hydroxy-2-methylpropenal and undergoing single
H-atom transfer to form (Z)-VII ′OH(3f1). See text for explanation
of the nomenclature describing hydrogen bonding. O-H distances
(B3LYP/6-311G(2df,2p) values, in angstroms) are listed for covalent
bonds, hydrogen bonds, and for the breaking/forming hydrogen bonds
in the transition states.

Figure 6. Potential energy profile for hydrogen bonding breaking and
rearrangements in (Z)-VII O.
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reactions of otherâ-hydroxyalkoxy radicals,3,5,6,7,9,50,51so we
searched for transition states for theâ-scission reactions, to
determine if they could compete with the double H-atom
transfer. We were unsuccessful in our attempts to find transi-
tion states for theâ-scission reactions of the doubly hydrogen-
bonded conformers of (Z)-VII O and (Z)-IX O. Transition states
for â-scission reactions are normally very easy to find,5,7,9,52

but in (Z)-VII O(1f4,4f3) and (Z)-IX O(1f4,4f3) proposed
transition state structures were unstable with respect to confor-
mational shifts that broke one or more hydrogen bonds. This
instability suggests, though it does not prove, that no transition
state exists which directly connects thedoublyhydrogen-bonded

conformers to the products of theâ-scission reaction. We do
find thatâ-scission may proceed through conformers with either
one hydrogen bond or none. However, in (Z)-VII O (1f4),
which possesses only the stronger hydrogen bond, our attempts
to find a transition state for theâ-scission of (Z)-VII O(1f4)
obtained, instead, a transition state lying∼7 kcal/mol above
the transition state for the double H-atom transfer (see Table
7). This transition state, which is too high in energy to be
important in this chemistry, appears to link (Z)-VII O(4f3) with
the conformer denoted (Z)-VII O(1f3), but the IRC calculation
is ambiguous. Certainly, the energy of this transition state is
appropriate to a structure lacking any fully formed hydrogen
bonds. Both (Z)-VII O(1f4) and the transition state which
connects it to (Z)-VII O (1f3), are shown in Figure 5a.

Conformers lacking the (1f4) hydrogen bond (from the
enolic site) are∼12 kcal/mol higher in energy than the doubly
hydrogen-bonded complexes (see Table 4) and will not play a
role in the chemistry of (Z)-VII O and (Z)-IX O. Therefore, it
seems that any transition states for theâ-scission reaction of
the (Z) isomers ofVII O andIX O must lie so much higher in
energy than the transition state for the double H-atom transfer
as to be unimportant under atmospheric conditions. As noted
above, the double H-atom transfer reactions are also much faster
than the expected rates of bimolecular reactions ofVII O and
IX O. We therefore expect the double H-atom transfer reactions
to represent the sole fate of these radicals.

We also investigated another route leading from (Z)-VII O
to (Z)-VII ′OH. The conformer denoted (Z)-VII O(1f3) is barely
stable (0.3 kcal/mol barrier) with respect to a single H-atom
transfer leading to (Z)-VII ′OH (3f1). A conformational cousin
of (Z)-VII O(1f3), labeled (Z)-VII O(1f3)′ is also a potential
energy minimum, but the transition state leading from it to (Z)-
VII ′OH (3f1) is 2.2 kcal/mollower in energy than reactants
after accounting for zero-point energy. (Z)-VII O(1f3)′ also
possesses a low barrier (3.5 kcal/mol) with respect to decom-
position. Activation energies of these processes are listed in
Table 7.

We attempted to find potential energy minima for (Z)-
VII O(4f3,1f3), that is, a structure with two hydrogen bonds
donated to the radical center. The proposed structure of (Z)-
VII O(1f3,4f3) was unstable (not merely metastable) with
respect to a single hydrogen transfer from the enol site to form
(Z)-VII ′OH(4f3,3f1). This is consistent with the small to
negative values of the activation barriers for (Z)-VII O(1f3)
and (Z)-VII O(1f3)′ transforming to (Z)-VII ′OH(3f1).

The fate ofVII ′OH andIX ′OH will be determined initially
by the competition between prompt decomposition to 3-hydroxy-
2-methyl-2-propenal and quenching:

TABLE 6: Activation Barriers a t 0 K (kcal/mol, including zero-point energies) for Double H-Atom Transfer in VIIO and IXO

B3LYP MPW1K

reaction CBS-QB3 6-31G(d,p) 6-311G(2df,2p) 6-31G(d,p) 6-311G(2df,2p)

(Z)-VII O (1f4f3) f (Z)-VII ′OH (3f4f1) 4.2 2.5 4.0 5.3 6.1
(Z)-IX O (1f4f3) f (Z)-IX ′OH (3f4f1) 4.6 3.3 4.8 6.7 7.5

Figure 7. Potential energy profile for hydrogen bonding breaking and
double H-atom transfer inIX O. Because the conformers ofIX O were
not explored as thoroughly as those ofVII O, the diagram omits some
species and transition states shown in the corresponding plot forVII O.

Figure 8. Rate constants for the double H-atom transfer in alkoxy
radicalsVII O (circles) andIX O (squares). Pressure dependence at 300
K is calculated using the B3LYP/6-311G(2df,2p) value of the activation
barrier (open symbols), while only 760 Torr values were calculated at
MPW1K/6-311G(2df,2p) (solid symbols). Lines are merely guides to
the eye.

TABLE 7: B3LYP Activation Barriers a t 0 K (kcal/mol,
including zero-point energies) for Reactions Relevant to
VIIO(1 f3) and VIIO(1f3)′

reaction 6-31G(d,p) 6-311G(2df,2p)

(Z)-VII O (1f4) f (Z)-VII O (1f3) 5.8 5.6
(Z)-VII O (1f3) f (Z)-VII ′OH (4f3,3f1) -0.3 0.3
(Z)-VII O (1f3)′ f (Z)-VII ′OH (4f3,3f1) -1.8 -1.4
(Z)-VII O (1f3)′ f Conformer #2+ CH2OH 5.6 3.5
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The study of this competition is the subject of the following
paper.55 Note that the product of reaction 12 is identical to the
product ofâ-scission ofVII O (reaction 1)! Thermal decomposi-
tion of VII ′OH andIX ′OH will likely be slow in comparison
to addition of O2 to the carbon possessing radical character.53

Note that decomposition ofIX ′OH leads to 3-hydroxy-2-butenal:

which is an isomer of the 4-hydroxy-3-buten-2-one product of
the decomposition ofIX O (reaction 2).

C. Generality of the Double H-Atom Transfer in Atmo-
spheric Chemistry.The second generation alkoxy radicals from
isoprene may also include the following two species (their source
is well-described in refs 28 and 30):

Intramolecular hydrogen bonding is expected in these radicals,
but, unlike inVII O andIX O, intramolecular hydrogen transfer
would not confer the great thermodynamic advantage of
resonance stabilization. Therefore, we expect the barriers to
intramolecular H-atom transfer to be much higher inVIII O and
XO than inVII O andIX O, and the fate ofVIII O andXO will
likely correspond to the previous predictions: decomposition
and reaction with O2, respectively.28,30

The double intramolecular H-atom transfer described herein
for radicals derived from isoprene will also occur in radicals
derived from 1,3-butadiene (emitted in synthetic rubber produc-
tion and combustion), because the methyl group of isoprene is
just a spectator in the formation of the hydrogen bonds and the
subsequent chemistry. As can be seen from Figure 1, the
essential elements that lead to this fascinating chemistry are
the conjugated double bond of isoprene and a first generation
alkoxy radical with sufficient conformational flexibility to
undergo the 1,5 H-shift reaction. Certain terpenes, such as
myrcene and ocimene, possess conjugated double bonds and
may also possess the needed conformational flexibility.22,54The
first generation alkoxy radicals produced from compounds in
which the conjugated double bonds are both part of a ring, as
in aromatic compounds and in many other terpenes, are much
less likely to undergo 1,5 H-shift reactions, and thus are less
likely to create the doubly hydrogen-bonded structures that are
necessary for the double H-atom transfer.

Conclusions

Certain conformers of the second generation peroxy and
alkoxy radicals expected to be formed in the OH-initiated

degradation of isoprene are found to possess two intramolecular
hydrogen bonds. These hydrogen bonds are donated in series
from an enolic group to a hydroxy group, and from the hydroxy
group to the radical center. This structure enables the synchro-
nous intramolecular transfer of two H-atoms, a reaction which
is very facile in the alkoxy radicals. However, to the extent the
products of the double H-atom transfer undergo prompt or
thermal decomposition, there will be little or no atmospheric
consequences of this fascinating chemistry.

The synchronous transfer of two H-atoms within a single gas-
phase molecule might seem to be a rare event in nature; it is
not, at any rate, a commonly studied reaction. However, isoprene
is emitted by many species of trees and other vegetation, and
so is widely present in a variety of polluted and unpolluted
settings; 1,3-butadiene will be widely present in polluted outdoor
air. Isoprene also constitutes a significant fraction of the organic
compounds emitted in human breath, and may be present in
appreciable concentrations inside buildings. Therefore, the
necessary ingredients for the intramolecular double H-atom
transfer are ubiquitous in air.
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