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Abstract

Therelatively low lying first eledronic excited states of peroxyl radicds are suggested to play a
dired role in determining the rate of their addition to alkenes, with there being, in the vicinity of
the transition state, an unavoided crossng of C, symmetry of the groundand first excited states. If
there is no charge transfer between radica and alkene during the formation o the adduct, then the
barrier height is approximately equal to the energy required to excite an isolated peroxyl radicd to
its first excited state; with charge transfer, the adivation energy for the alditionislowered in
propation to the energy released by the dharge transfer. It is also suggested that for the speafic
case of hydroperoxyl radicd addition to ethene, this description is compatible with the generally
acceted medhanism for the readion o ethyl radicds with moleaular oxygen whereby the
resulting ethylperoxyl radica can decompose to ethene and a hydroperoxyl radicd via a gclic 2A”
transition state. Eledron affinities, ionisation energies, absolute dedronegativities and hardness
of acdylperoxyl, hydroperoxyl, methylperoxyl, ethylperoxyl, iso-propylperoxyl and tert-
butylperoxyl radicds have been cdculated at the G2ZMP2 level.

Introduction

Radicd additionto alkenesis atopic of grea interest in the fields of radicd polymerization,
organic synthesis, combustion, and atmospheric chemistry, and there has been much recent work
on developing an uncerstanding of the fadors that control the rate of readion.* Barrier heights
for the addition o radicas to alkenes often show a strong dependence on some property of the
isolated readants. Examination o these Structure Activity Relationships can have pradicd use,
allowing the prediction o adivation energies for readions of interest,” as well as helping the
development of a general understanding of the physicd and chemicd processesinvolved in a dass
of readion.®”’

The body of work produced over the years by Waddington et al.®*® and Baldwin and
Walker et al.!”?3 on the rate of readion o alkenes with hydroperoxyl, aceylperoxyl and various

alkylperoxyl radicas provides an excell ent database for the study of the dependence of the rate of
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readion onthe properties of both the dkene and the atadking radicd. Thirty-six readions have
been studied in the gas-phase, involving five structurally related radicds attadking 17 alkenes, and
Arrhenius parameters have been determined for most. This classof radicd - alkene readionis
also important in the autoxidation d propene to propene oxide, atopic which has been
investigated as a possble commercial route for the manufacure of the epoxide.?*?’ Further, the
addition o peroxyl radicasto alkenes can be of significance during the autoxidation o
hydrocarbonfuels at relatively low temperatures (below ca 850K).?®

The rate of addition o peroxyl radicds to alkenes show a strong dependence on the dkene
ionisation energy, with alower ionisation energy correlating to alower adivation energy,
identifying the readion as an eledrophili ¢ addition.'®*® It has also been uncerstood for some time
that the more dedrophili c the radicd, the faster the readion rate.***3*>'® However, lack of data
for the dedronic properties of peroxyl radicds has prevented the quantification o this
dependence. So to fadlit ate this analysis, relatively high level abinitio caculations of the dedron
affinities and ionisation energies of six relevant peroxyl radicds have been performed.

For the adition d peroxyl radicadsto alkenes it has recently been demonstrated that all of
the rate constants are strongly correlated to the degreeof charge transfer occurring during the
readion.® This dependence has been re-evaluated to acaount for the more acarate peroxyl radica
eledron affinities and ionisation energies reported here. Also, a description o the physicd
processes involved in the aldition d peroxyl radicasto alkenesis suggested, involving low lying
eledronicdly excited states.

The adition d hydroperoxyl radicds to ethene is the simplest readion o this class and as
such has been investigated by Baldwin and Walker et al.?*** Their propased mechanism however
has been seen as incompatible with the work of particularly Gutman et al.>**° on the readion o
moleaular oxygen with ethyl radicds. At high temperatures or low presaure, the resulting
ethylperoxyl radicds decompaose to ethene and hydroperoxyl radicds, whereas conversely, the
reverse the readion between ethene and hydroperoxyl radicds gives ethene oxide and hydroxyl
radicas.?*** The debate has been over both the readion mechanism and the barrier heights of key
stepsin the readion. The readion d oxygen and ethyl radicds has been extensively studied as
being the simplest case of areadion d oxygen with alkyl radicas that can show decomposition to
the conjugate dkene; atopic of paramount importanceto the understanding hydrocarbon
combustion in automotive engines.?*3? An attempt is made to reconcil e the radica addition
medianism reported here with the aurrent understanding on the mecdianism for the readion o

oxygen and ethyl radicads.



Ab Initio Calculations

Standard ab initio quantum chemica caculations were performed using GAUSSAN 94%
for the anions, radicds and cations of the peroxyl spedes for which rates of addition to alkenes
have been measured, namely, aceylperoxyl, hydroperoxyl, methylperoxyl, iso-propylperoxyl and
tert-butylperoxyl. Ethylperoxyl was also investigated to give values for a cmmplete range
alkylperoxyl structures. The cdculated zero-point correded eledronic energy at 0 K (E) allowed
the determination d the adiabatic dedron affinities (A) and ionisation energies (1) via:

A = Eneutral - Eanion equation 1
I = EcaIion - Eneutral equation 2

Structures and energies for HO, and CH,O, were determined using the G1,** G2MP2%* and
G23¢ procedures, which are gproximations to caculations of the dedronic energy at the
QCISD(T)-FC/6-311+G(3df,2p)//MP2=full/ 6-31G(d) level that assume the alditivity of various
corredive termsthat use alarger basis <t at lower levels of theory, or viceversa. The dedron
affinities and ionisation energies of hydroperoxyl and methylperoxyl radicas cdculated at more
resource dficient G2ZMP2 level were within 0.03 eV of those foundat the G1 or G2 levels; this
differenceis smaller than the typicd standard deviation quded for G2 cdculations of ca 0.04
eV.*" Therefore cdculations for the larger spedes were only performed at the G2MP2 level.
Recantly, eledron affiniti es have been pulbished for the HO,, C,H.O, and CH,0O, radicds at the
G2MS level ,*® which is a density functional equivalent to the G2 level; these values were within
0.015eV of the G2MP2 cdculations reported here.

Geometries were initially optimised at the HF/6-31G(d) level with nosymmetry restrictions,
to confirm that the lowest energy structure had C, symmetry (*A” for the radica or *A’ for the
anion a cation). The geometry of the lowest energy conformer was then used (with forced C,
symmetry) for the G2ZM P2 cdculations. Energies cdculated at the G2MP2 level and geometries
optimised at the MP2(Full)/6-31G(d) level are given in the suppating literature, whil st eledron
affinities, ionisation energies, absolute dedronegativities and hardness(y and # respedively,
defined by equations 3 and 4) are shown in table 1.

(I +A)/2 equation 3
(- A2 equation 4

=
1

Optimisations of the geometry for the aceylperoxyl caionwould na converge with O,

bondkd to the acéyl group, with the geometry tending towards isolated O, and CH,CO*



fragments. G2M P2 cdculations give an energy for the dissociation o CH,C(O)O, to CH,CO" +
O, + eof only 8.539eV, which is considerably lower than that adiabatic ionisation energy for the
other peroxyl radicds examined. Whil e this value might be valid as an estimate of the adiabatic
ionisation energy of aceaylperoxyl, it would seem inappropriate for estimating the charge transfer
during the addition d the radicasto alkenes, where the structure of the peroxyl groupwould be
expeded to be similar to that of the radicd. A verticd ionisation energy at the G2ZMP2 level was
therefore cdculated for this gedes; thisvalueis given in table 1 and used in the subsequent
analyses.

The cdculated G2MP2 eledron affinity for hydroperoxyl (1.088€V) iswithin one standard
error of the experimental result (1.078+0.017 eV),* whil e the cdculated eledron affinity for tert-
butylperoxyl (1.227eV) iswithin 0.03 eV of the measured value (1.20+0.01 eV).*° The difference
between the hydroperoxyl G2ZMP2 (11.50 eV) and experimental ionisation energies (11.35+0.01
eV)* of 0.15eV islessthan the typicd maximum error quated for G2MP2 caculations of 0.27
eV.*" For the other peroxyl radicas examined, experimental results for the gas phase dedron

affinities and ionisation energies are not yet avail able.

The M echanism of the Addition of Peroxyl Radicalsto Alkenes

The medhanism by which peroxyl radicds add to alkenes has been understoodfor some
time, primarily through studying the readion o the radicds with cis- or trans-2-butene. If, for
example, cis-2-butene is readed with peroxyl radicds, then bah cis- and trans- isomers of the 2-
butene gooxide ae formed, and in the same ratio asis foundif trans-2-butene is used instead,*’
demonstrating that the two buene isomersread via a common peroxyalkyl adduct (readions 1
and 2show a generic example)®. This also demonstrates that the intermediate adduct exists as an
independent spedes for long enough to undergo many rotations aroundthe C-C bond so that the
eventual ring closure and decompaosition o the alduct to the cis- or trans- epoxide has no
memory of which isomer of the dkene was readed. Further, if trans-2-butene is readed, then the
dominant products are the gpoxide isomers, and nd cis-2-butene, demonstrating that
decomposition d the peroxyalkyl adduct to the gpoxide dominates over decomposition back to
the dkene (k, > k,).}"?

N/ \ 7 Q
ROO +/C=C R—O—O—/C—C\ —k2> RO + \C/—\C/ readions1, 2

The experiments of Waddington et al., and Baldwin and Walker et al. all involve end



product analysis of areading gas mixture, with the rate of epoxide formation being compared
with the formation rate of areference @mpound As a cnsequence of the peroxyalkyl adduct
predominantly decomposing to the gpoxide, measured rate constants and Arrhenius parameters
for epoxide formation can also be taken as representative of the initial addition o the peroxyl
groupto the dkene. The mechanistic evidence foundfrom the readions of 2-buteneis not

avail able for the readion o other alkenes. However, the medanism described by readions 1 and
2 has been assumed to be goplicable to all alkenes, because rate data for a particular peroxyl
radicd attadking a series of alkenes all show a strong dependence on the ionisation energy of the
alkene (figure 1), suggesting a common uncerlying mecdhanism.

The variation in rate of readion is dominated by variations in the adivation energy for the
readions over afairly wide range; from 16 kJ mol™ for aceylperoxyl + 2-methyl-2-butene'® to 75
kJ mol™ for hydroperoxyl + ethene® (giving, for example, arange of rate constants of six orders
of magnitude & 500K). In comparison, steric fadors play alesser role, with experimentally
determined pre-exponrential fadors covering arange of only two orders of magnitude. Indeed, the
A-fadorsfor all the reported alkyl and acyl peroxyl readions are essentially the same within
experimental error at log, (A/dm® mol™ s*) = 8.1+0.5,%° with those for hydroperoxyl being 10-50
times higher.?* Therefore any explanation o readivity of peroxyl radicd additionto alkenesis
primarily concerned with the fadors that determine the adivation energy of the readion.

Previous work has demonstrated that the rate of addition d a peroxyl radicd to an alkene is
strongly dependent on the ionisation energy of the dkene, with alower ionisation energy giving a
lower adivation energy (seefor example, figure 1).1**8 It has also been naed that for a series of
peroxyl radicds attacking one dkene, the readionisfaster the higher the dedrophili city of the
peroxyl radica .***3151% However, in the asence of measurements or caculations of eledron
affinities, this observation has only been qualitative. The abinitio cadculations described in the
previous dion now allow this dependenceto be examined quantitatively. Figure 2 shows the
correlation between peroxyl radicd eledron affinity and the rate of epoxidation d 2-
methylpropene, the dkene which has been most thoroughly examined in this context. The dedron
affinities of the dkylperoxyl and hydroperoxyl radicas are dl fairly similar to ead cther,
consistent with the adivation energies for their addition to a particular alkene dso being similar.
The dedron affinity for aceylperoxyl is substantially higher, again consistent with the adivation
energy for its addition to a particular alkene being much lower than the other peroxyl radicas.

The variation o rate of epoxidation with peroxyl eledron affinity or alkene ionization
energy is usually rationalised by describing the readion as an eledrophili c addition, ie. the
transition state involves a degreeof eledron density transfer to the radica.* This can be

quantified by using the parabola model of Peason and Parr.****Figure 3 shows the energy of the



system as eledron density is transferred from one spedes to the other, for the example of
CH,C(0)0O, addition to 2-methyl-2-butene, which is the fastest, most polar epoxidation readion
that has been reported.’® The energy for integer charge transfer can be estimated from the
ionisation energies and eledron affinities of the isolated spedes, with the energy at intermediate
fradional charge transfers found ty fitting a parabola through the threeknow points (1,1, ,gca -
Aieds (-1, Likae = Aragica) @nd (0,0).%%%° This approximation will be valid insofar as the isolated
spedes retain their identity at the transition state. In this example a darge (AN,) of 0.19 d an
eledaron flows to the aceéylperoxyl radicd releasing an energy (4E,) of 33 kd mol™. This
behaviour can be expressed quantitatively in terms of the asolute dedronegativity (y) and

hardness(#) of the isolated spedes:***°

AN, (tradca = Xakened) 2(Mradicar + Maikene) equation 5
AE; = -(lradea = Xaiked) T(radca + Nakene) equation 6

The energy released (4E,) by the dharge transfer can be interpreted as a driving force for
the readion, which suggests that the best correlation o rate of readion shoud be with 4E, and
not necessAlY | e Aradgca OF 4N.. The arrelation between AE, and adivation energies for all
peroxyl radicd epoxidation readions that have been measured is given in figure 4, with the data
tabulated in the suppating literature. It has been re-evaluated using previously coll ated rate data®
and the dedronegativities and hardnesses reported in table 1. However as can be seen from figure
3, 4E, isitself very strongly dependent on AN, or |, qeAradcas INdEEd epoxidation adivation
energies also show good correlations With | jqe A agica OF 4N..°

The rrelation shown in figure 4 between epoxidation adivation energy and 4E, suggests
that an addition readion involving no charge transfer would have an adivation energy of ca 80-
90 kJ mol™?, and also that the energy released by the dharge transfer lowers the barrier for the
addition approximately in propartion. Interestingly, 80-90 kJ mol™ is also the energy required to
excite peroxyl radicds to their first eledronicdly state; these values have been included onthe
verticd axis of figure 4 and are given in table 1.*°“° This suggests that the first excited states of
the peroxyl radicd play arolein their addition to alkenes.

Thisiswhat would be expeded if the radicd and alkene gproach ead other with the
peroxyl radicad and carbons of the doulde bondin the same plane (C, symmetry). The ground
states of peroxyl radicds have the free éedron mostly locdised in a p-orbital on the terminal
oxygen atom that is perpendicular to the plane of the radicd, (ie. 2A” for radicas with C
symmetry),*’ therefore there would be no ret overlap and littl e readion. However, the first

excited state has the free @edronin ap-orbital on the terminal oxygen that isin the plane of the



radicd (®A’ for radicds with C, symmetry)*® and can have anet overlap with the forming C-O
bond Thisis $rown schematicdly in figure 5.

If the peroxyl radicd approadches the vinyl group d the dkene with C, symmetry, the
addition readion can be described by a surface cossng of the first excited state of the peroxyl
radicd (which correlates with the groundstate of the resulting peroxyalkyl radicd) with the
groundstate of the peroxyl radica (which correlates with the first excited state of the
peroxyalkyl radicd). For the case of an addition that involves no charge transfer, the adivation
energy for the aldition appeas smilar to the energy of the first excited state, therefore the
potential energy surfaces must crossat a value nea to the first excited state. This implies that the
crossng must be unavoided, also known as a wnicd intersedion.*® A schematic potential energy
diagram is shown in figure 6.

Unavoided crossngs are well know from the phatochemistry of polyatomic moleaules.”® If a
system has, say, F degrees of freedom, then the dimension d the subspacein which the two
surfaces acually touch is high, at F-2. In the remaining two dmensions (the branching space the
surfaces only touch at a single point, with the surfaces diverging on moving away from this point.
The readion co-ordinates that define the branching space ae one that maintains the high
symmetry of the system, and ore that lowers the symmetry of the structure.

A preliminary abinitio investigation d the addition o HO, to ethene was made & the
UCIS/6-31(d) level, detail s are avail able in the suppating literature. The cdculated geometry of
the transiti on state®® deviates from C, symmetry by having the terminal hydrogen atom on the
hydroperoxyl group ou of the plane of the CCOO atoms, with a dihedral angle of ca 90°.

Setting this dihedral angle to 0° forces C, symmetry on the system. The readion coordinate of the
branching spacethat maintains the high symmetry of the system can be identified as the C-O bond
length (R..), and with forced C, symmetry an urevoided crossng was identified at R. o ~2.6 A.
The symmetry lowering readion coordinate of the branching space ca tentatively be identified as
the dihedral angle for the COO-H bond increasing this angle from 0° bre&ks the C, symmetry of
the system and lowers the energy from the conicd intersedion and towards the (C,) transition
state for the addition.

It can be agued that the height of the barrier for the aldition (T,, figure 6) is determined by
being proximate to, and lower than, the wnicd intersedion. In turn, the conicd intersedion (at
least for readions involving littl e charge transfer) must be dose in energy to that required to
excite the isolated peroxyl to itsfirst A’ excited state. The strong effed of charge transfer on the
T, barrier height must be ather through lowering of the conicd intersedion, or increasing the gap
between the transition state and the wnica intersedion; this asped shall be investigated in future

work.



Oncethe barrier (T,, figure 6) for the addition has been surmounted, the peroxyalkyl adduct
(which is A’ for C, symmetry, though the lowest energy conformer will be ?A) can decompose via
the relatively constrained bu low barrier to the epoxide (T,, figure 6), preduding any significant
badk readion to reform the dkene and peroxyl radicd. That the barrier for decompaosition to the
epoxide islower than that for the decomposition badk to the dkene isimplicit in the good
correlations between the gooxide formation and the properties of the readants, such as alkene
ionizaion energy,'® and that the hydroperoxybutyl radica formed by HO, + trans-2-butene
decomposes to predominantly to the epoxide and nd bad to cis-butene.*”*

It isinformative to compare the addition o peroxyl radicdsto alkenes, which can have a
significant barrier for the readion, with the barrierlessaddition o hydroxyl radicas.* In the
ground( X 2I7) state of the hydroxyl radicd, the free déedronis also situated in ore of two p-
orbitals on the oxygen atom. However, for this case the two states have the same energy, at least
until the gproadh of the g¢hene moleaule lifts the degeneracy. The state of the hydroxyl radicd
that correlates with the A’ groundstate of the hydroxyalkyl adduct deareases in energy on the
approach of the dkene, giving, to afirst approximation, a barrierlessreadion. Therefore the key
fador in determining the differencein readivity between hydroxyl and hydroperoxyl radicdsis
that the former has a higher symmetry and that a groundstate of the radicd correlates with the
groundstate of the adduct, whereas for the lower symmetry hydroperoxyl radicd, an excited state
correlates with groundstate of the alduct, necesstating a surface cossng at an energy higher
than the readants. It isnot necessary to presume that the hydroxyl radicd isin any sense
inherently more readive than peroxyl radicds to explain their differing readiviti es towards
alkenes. Indedd, hydroxyl radicds are not unusually eledrophili c; the energy released by charge
transfer by addition to alkenes (ranging from 19 kJ mol™ for ethene to 40kJ mol™* for 2,3-
dimethyl-2-butene) is comparable with the range foundfor peroxyl radicds (3 - 33 kJ mol™).
Also, the bondformed by OH addition to alkenesis not unusually strong, with the aldition being
reversible & the relatively low temperature of 500- 600K .>*

Similarly, radica atoms are know to uncergo barrierlessaddition to alkenes,**** thisis
consistent with the dove explanation for hydroxyl, as they are of even higher symmetry than OH.
The readions of threeother triatomic or larger spedes with alkenes have been examined
extensively (difluoroamino (NF,,%5%), nitrate (NO,,%"%%) and azone (O,,%*%%); they do have
appredable adivation energies and also show strong correlations with the ionisation energies of
the dkenes, again indicating eledrophili c addition. The behaviour of these spedes will be

investigate in future work.



The Reactions of Alkyl + O, and HO, + Alkenes

There has been along running debate éou how the widely acceted medhanism describing
the readion o alkyl radicds with moleaular oxygen relates to that for the readion o
hydroperoxyl radicds with alkenes. Experimental work has $hown that while & low temperature
and high presaure the dkylperoxyl radicd isformed from alkyl + O, (eg. readion 3), at high
temperature or low presaure the conjugate dkene and hydroperoxyl radicd are the main products
(eg. readion 4).2°*° The discusson has tended to concentrated onthe example of ethyl + O,,
which has been the system most studied:

CH;+0O, - C,H.O, readion 3
-  CH,+HO, readion 4

As there now many reviews of this problem in the literature, 202832406264 this saction will
only describe the two main, apparently irreconcil able, diff erences between the mecdhanisms. The
first isthat for the aldition d HO, to ethene, the work of Baldwin and Walker et al. suppatsa
relatively high barrier for the initial addition, whereas that of Gutman et al.?** onthe readion o
C,H; + O, imply that this barrier shoud be relatively low.

The second pont of differenceisthat it was suggested that the products formed from the
HO,..C,H,/O,..C,H, system shoud be independent of which readants were used, ie. that the
products shoud be independent of the diredion d readion.*® Therefore, if ethene +HO, are the
main products from C,H; + O,, then the expedation was that reading HO, and ethene under the
same oondtions $oud give ather adducts that decompose badk to the readants, or C,H; + O, as

the main products, and nd ethene oxide and OH as was argued by Baldwin and Walker.?°?

The Medhansm

From the work of particularly Gutman et al.**° it appeas incontrovertible that reading
oxygen with ethyl radicds leads predominantly to the dkene & higher temperatures; monitoring
the formation o the gpoxide!”®® or the OH radica® confirmed that fradion o O, + ethyl going to
the epoxideis only minor. The potential energy surfacesuggested by Wagner et al.* for the C,H,
+ O, system is given by the solid line in figure 7. An important result was that the readion o
C,H; + O, was observed to have anegative adivation energy, even at higher temperatures where
production d the ghene was sgnificant. This preduded dred abstradion o a hydrogen atom by
the oxygen moleaule, and implied that the éhene must be formed via an adduct. Secondy, no
equili brium was observed for between the rea¢ants C,H; + O,, and the product, C,H.O,, which

strongly suggested that any barriers to further readion must be lower in energy than the readants;



the further readions being isomerisation to the hydroperoxyethyl radicd (T, figure 7 and readion

5), and its subsequent decompaosition to ethene and hydroperoxyl (T, figure 7 and readion 6).

CH;+0O, - C,H.O, readion 3
CHO, —» CH,OH readion 5
CHOH —» CH,+HO, readion 6

The potential energy diagram for the system as suggested by Baldwin and Walker® is given by the
dashed linein figure 7 (with C,H, + O, as the datum). Their reasons for proposing a relatively
high barrier for the addition HO, + C,H, and having C,H,O,H decompose to the goxide have
already been described in an ealier sedion.

There have dso been many ab-initio studies onthe C,H; + O, system; the work of Schader
et al.®#% refined the mechanism of Gutman et al. by suggesting that the transiti on state for the
isomerisation o C,H.0O, to C,H,0O,H (readion 5 of C, symmetry (T,, figure 8), was acually
higher in energy than a®A” transition state that leads diredly to C,H, + HO, (T,, figure 8). This
implied that formation d C,H,O,H and consequently of any epoxide could orly be very minor.
Therefore éhyl and axygen can read on asingle, groundstate surfaceof 2A” symmetry to form
the d@hylperoxyl radicd, which if not colli sionally stabili zed, will decompose to C,H, + HO,; a
schematic potential energy diagram is given by the solid line in figure 8. Not shown isaloosely
boundcomplex between C,H, and HO,, which is unlikely to greatly affed the kinetics of the
system.

Clifford et al.*° further discussed the readion o oxygen with alkyl radicas and commented
that the synchronous proton transfer mechanism described by Quelch et al.®? for the
decomposition o C,H.O, to HO, + C,H, would adually correlate the X 2A” groundstate of
C,H:0, with an energeticaly unfavourable highly excited B 2A” state of HO,. They suggested
that the 2A” transition state (T, in figure 8) involved mixing of the X ?A” C,H.0, groundstate
with an excited 2A” state of C,H.O, that did correlate with the X 2A” groundstate of HO, on
decomposition, with the latter becoming more significant as the readion proceads. Alternatively,
they suggested the possbility of the dired decompasition o C,H.O, to HO, + C,H, viathe A%A’
first excited state of C,H;O,, but sincethis would correlate with the energeticaly unfavourable
A’ first excited state of HO,, they suggest a surface cossng of the A’ and ?A” states to allow
the dired formation o the X A" groundstate of HO,. Like Quelch et al.,%? Clifford et al.** also
considered the formation d the hydroperoxyethyl radicd via an internal hydrogen abstradion
readion by C,H.O, to form the C,H,O,H radicd, suggesting that the C, symmetry is broken at the
transition state to allow overlap between the radicd orbital on the oxygen and the astraded
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hydrogen. Like Quelch et al.®? though, Clifford et al.** do na discussthe possble decomposition
of the hydroperoxyalkyl radicd to the gpoxide and OH.

Pilli ng et al.?%* also recognised the importance of alow lying eledronicaly excited state in
the system and propased a two state mechanism to explain the formation o the egoxide, either
from C,H, + HO, or C,H; + O, (figure 8). The ?’A” surface describing the readion o C,H; + O,
to C,H, + HO, was as suggested by Quelch et al.,®* whilst a®A’ surface onneded the first
excited state of O, (*4,) and C,H.O, (°A"), with the groundstates of C,H,O,H (°A’) and C,H,O +
OH. The small fradion d C,H. + O, leading to the epoxide was suggested to be due to
occasional intersystem crossng at point “a” onfigure 8 leading to formation o C,H,O,H and
subsequently the epoxide. Thereadion o C,H, + HO, was uggested to lead to the goxide
indiredly, viathe formation o the ehylperoxyl radicd:

C,H,+ HO, = C,H.0, readion 7
cHO, ~» (CHOMH~») CHO+HO readion 8

The relatively high adivation energy for the formation d the goxide from the readion o
ethene with HO, observed by Baldwin and Walker et al.?**! was explained by assuming that
decomposition o the ehylperoxyl radica to C,H, + HO, was the dominant route (ie. that k ; >>
ks) consistent with Gutman’s experimental observations. The rate mnstant for the overall readion

(9) could then be described by the composite expresson:

ke = k(kiky)
CH,+ HO, - CH,0O+HO readion 9

The adivation energy for the overall readion can be large by assuming a high barrier for the 2A’
decomposition o C,H,0O,H to C,H,0O + OH (T, figure 8).

This description is capable of rationalising all the results from the C,H; + O,/C,H, + HO,
system. However, as demonstrated by Baldwin and Walker, it canna be valid for describing the
addition o hydroperoxyl to 2-butenes or larger alkenes, as, if applicable, reating HO, with trans-
2-butene would lead to the sec-butylperoxyl radicd that would mostly decompaose bad to cis-2-
butene or trans-2-butene, and orly occasionally to the gooxides, whereas experimentally,
epoxides of 2-butene ae observed to be the main products, not cis-2-butene.*”* It is of course
posgble that HO, reads via adifferent medhanism with ethene in comparison with 2-butene.
However, the structure adivity relations described by Baldwin and Walker and elaborated onin
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the previous fdion suggest that the gpoxidation d ethene by hydroperoxyl is consistent with
other hydroperoxyl epoxidation readions, and indeed in line with many other peroxyl radicd
addition readions.

The description d peroxyl radicd epoxidation given here, which also involves low lying
excited states, can also be combined with the mechanism of Gutman et al.>** and Schaefer et
al.®?%in an attempt to reconcil e the experimental results of Gutman et al. with those of Baldwin
and Walker. From figure 6, if a hydroperoxyl radicd approaches an alkene, with the system
having C, symmetry, then the hydroperoxyl ground?A” state and the first excited A’ state
intersed at some point at an uravoided crossng (marked C.1.). From Quelch et al.,®® the 2A”
hydroperoxyl radica will be diredly conneded to the ?A” transition state (T, figure 9) for the
decomposition d the dkylperoxyl radicd to the dkene, again shown schematicdly by the solid
linein figure 9.

The ?A’ first excited state of the hydroperoxyl radica connedsto the ?A’ groundstate of
the hydroperoxyalkyl radica, which in turn conneds to the ?A’ first excited state of the
alkylperoxyl radicd, via a?A transition state (T,, figure 9) as suggested by Quelch et al.%® and
Pilli ng et al.?®% (shown by the dotted line in figure 9). Also shown is the ?A transition state (T5)
for the addition o HO, to the dkene to form the hydroperoxyl radicd, which is contiguous with,
and recessarily lower than, the conicd intersedion. For clarity the route for the decompasition o
the hydroperoxyalkyl radica to the gpoxide is not shown. The A’ and ?A” states for the system
will be described by two readion co-ordinates that will be largely independent, and will only
coincide & the wnicd intersedion; it is not suggested that there is any surface cossng between
T,andT,.

A conicd intersedion dffersin an important resped from atransition state, in that the
behaviour of the system depends not only on the mordinates of the nuclel, but also on nuclear
motion,*® henceit is necessary to consider the dynamics of the system. The readion o C,H; and
O, will produce C,H.O, radicds, which will read further if they have enough energy. Sincethe
lowest energy transition state (T,) has C, symmetry, those @hylperoxyl radicds that do read via
T, will tend to have geometries nea to C, symmetry, particularly at lower temperatures. After
crossing the transition state, nuclear motion will carry the radica onthe ?A” surfacetowards the
conicd intersedion. At the aosdng point, the system is nat likely to go to the hydroperoxyalkyl
radicd; nuclea motion will ensure that formation o the conjugate dkene and hydroperoxyl
dominates.

However, the readion in the reverse diredion (the aldition o HO, to alkenes) nead na
necessarily give the dkylperoxyl radicd as a significant product. One reason is that the barrier for

the aldition (T;) is necessarily lower than the cnicd intersedion, which in turn islower than the
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ZA” transition state (T,) that would give the dkylperoxyl radicd. Hence formation o the
hydroperoxylalkyl radica (and subsequent decompaosition to the gpoxide) will tend to daminate
for energetic reasons.

The barrier heights given in figure 9 are for the spedfic example of the C,H, + O,/C,H, +
HO, system and are discusd in the next sedion. For this g/stem, the height of T, isadually
sufficiently close to T, to suggest that a significant propartion o C,H, + HO, could in fad go to
C,H.0, and na C,H,O,H. However, thisroute would na affed the C,H, + HO, experiments of
Baldwin and Walker as only the formation o ethene oxide was monitored,?®* and any C,H;0,
formed at the temperatures used (653- 773K) would decompose bad to C,H, + HO,. This does
not however contradict the experiments of Baldwin and Walker on HO, + trans-2-butene,*"?®
which foundthe formation d the gpoxide and nd cis-2-butene, sincethe barrier for the formation
of the hydroperoxylbutyl radica (equivalent to T,, figure 9) is ome 20 kJ mol™ lower than for
HO, + ethene, so at least for the readions of trans-2-butene, the epoxide would still be expeded
to be the dominant product. This argument could be chedked by examining whether HO,
caalysed the isomerisation o cis-dideuteroethene to trans-dideuteroethene and dd na just form
the eoxide.

There is another reason for the aldition d HO, to alkenes giving the hydroperoxylalkyl
radicd, and nd the crrespondng alkylperoxyl radicd. Consider an alkylperoxyl radicd reading
via T, (figure 9) and approaching the conicd intersedion onthe upper surface in the two degrees
of freedom of the branching space the mnicad intersedion would tend to ad as an attrador and
the radicd would be funnelled towards it. On approaching the bottom of the conica intersedion,
the radicd would transfer to the groundstate and carry onto decompaose to the dkene and HO.,.
However, approaching the conicd intersedion onthe lower surface(from HO, + akene), the
conicd intersedion ads as arepeller, ie. if the system was dightly off C, symmetry, then the
symmetry breging coordinate (the dihedral angle for the COO-H bond would increase in
magnitude on approaching the wnicd intersedion, preventing the system from passng through
the intersedion. This would make the formation d the dkylperoxyl radicd much lesslikely to
occur, even if energeticdly possble.

This mechanism is consistent with the work of Baker et al.'” who monitored the formation
of epoxide and conjugate dkene and that of Clague,®® who monitored the formation o OH
radicds, during the readion o O, + akyl. Both came to the anclusion that their results were
best explained by a medhanism in which the mnjugate dkene was formed diredly from the
decomposition d the dkylperoxyl radicd, and nd via an isomerisation to the hydroperoxyalkyl
radicd. Clifford et al.*’ recently suggested that the readion o alkyl radicas with O, would leal to
apropation d the resultant chemicdly adivated alkylperoxyl radica being in the first excited
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state. If not colli sionally stabili sed, a?A’ alkylperoxyl radica with enough energy can isomerise
viathe A internal hydrogen transfer transiti on state (T,, figure 9) to form the hydroperoxyalkyl
radicd, which can decompose to the small quantiti es of epoxide and OH observed by Baker et

al.*” and Clague.®®

Barrier Heights for the C,Hs + O, /C,H, + HO, System

The dove description can help explain why the readion d oxygen with alkyl radicds leads
to the formation o the mnjugate dkene and HO,, whil e the reverse readion d hydroperoxyl
radicad addition to an alkene gives the epoxide. However, the mecdhanism appeas to require that
any unavoided crossng shoud be lower in energy than the hea of formation o alkyl + O,.

This requirement can be satisfied by propene or larger alkenes, as they have barriers for HO,
addition that are comparatively low. However, for ethene itself, it remains difficult to reconcile
the high barrier (E 4 = 74.7+4.5 kJmol %) for C,H, + HO, found ty Baldwin and Walker et al.**
with the implication from the work of Gutman et al.?**° that E ; shoud be lower than the hed of
readion for ethene +HO, to ethyl + O, (4H,(298K) = 56.0+4.6 kJ mol™)*°. Indeed Wagner et
al.*° quate avalue of E4 ~ 25 kJ mol™?, based onthermochemica estimates by Benson,®” which in
turn were based ona presumed simil arity between the aldition to alkenes of HO, and O(*D)
radicds.

The conclusion that the barrier (E.;) shoud be lower than 56.0+4.6 kJ mol™ was largely
based onthe &sence of an observation d an equili brium for the readion C,H; + O, = C,H.O,.
Subsequently though, Gutman et al.®® did report a small temperature range (up to 660K) where
an equili brium could be observed. However, in a detailed RRKM kinetic analysis of the system,
Wagner et al.*° varied parametersin afour readion model to oltain agreement with experiment,
and foundan optimal value for the barrier height for the rate determining step in the formation o
ethene (T, figure 7) of 16 kdJ/mol below AH,q, (C,Hs + O,). Further work by Kaiser® determined
the gparent adivation energy for the readion C,H; + O, > C,H, + HO, as 4.6+1.0 kJ mol ™,
though again this was interpreted as being consistent with the low barrier for T, suggested by
Wagner et al.*°

It shoud be noted however, that in the analysis of Wagner et al.*° the parameters that were
floated to oltain an opgimum fit were not uniquely determined; it was dated that other
combinations of parameters could give an equivalent match between theory and experiment. This
raises the posgbility that the barrier height of T, (figure 7) could adually be higher than
AH,eq(C,Hs + O,). Thiswould allow a straightforward explanation o the observation o an
equili brium for the reacion C,H; + O, > C,H:O,. That the equili brium was not observed above a
certain celing temperature (660K) indicates that the barrier height could only be higher than
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AH,45(C,H; + O,) by a small margin; at higher temperatures a significant propartion o the
popuation would go straight over the barrier to form ethene, preventing a significant
decomposition o C,H.O, bac to C,H; + O,. It can be suggested that the small apparent
adivation energy report by Kaiser® acuall y does represent the height of the barrier for the rate
determining step in the formation o ethene T,, figure 9 (ie. E, ~ 4.6+1.0 kImol™).

If thiswas accepted, it could therefore be agued that the barrier for the aldition o
hydroperoxyl to ethene (E.) need orly be lessthan 60.6+4.7 kJ mol™ to na contradict the
findings of Gutman et al. The difference between the value for E ; implied by Kaiser’s work, and
the determination of 74.7+4.5 kJ mol™* by Baldwin and Walker?! is 14.0+6.5 kJ (the aror quated
is 1 o, the 95% confidence limit would be ca +14 kJ mol™?). This difference between these two
determinations of E 4 would clealy benefit from being addressed by further experimental
investigation; however, they do nd differ by such alarge margin asto be mnsidered
fundamentally irreconcilable. The E 4 value implied by Kaiser’'s E, = 4.621.0 kJ mol™, is unlikely
to be the source of the discrepancy, since azen a hypotheticd relative eror of, say, 50% in the
measured value would only give an absolute aror of 2-3 kJ mol™. The E value of Baldwin and
Walker though, sinceit is measured from the much lower baseline of the hea of formation o
C,H, + HO,, will be more susceptible to error.

Baldwin and Walker’ s determinations of epoxidation rate constants (along with virtually all
other epoxidation rate constants) were determined by a relative rate method. There has however
been ore reported epoxidation rate anstant obtained by more “dired” methods. Arsentiev et
al.”*"* monitored the total peroxyl radica concentration in the gas phase by ESR during the
autoxidation o ethene. The rate of production d the eéhene oxide was foundto correlate well
with the product of the peroxyl radica and alkene concentrations and was used to derive
(effedively, spedes averaged) rate nstants for the gooxidation d the éhene by the peroxyl
radicds present. For ethene autoxidation at the temperatures used (637-688 K), the dominant
peroxyl radicd present is very likely to be the hydroperoxyl radicd, so the rate constant of
Arsentiev et al.”®"* can be used to give abarrier height for the aldition d HO, to ethene of E 4 =
56.6+3.4 kJmol™. Thisvalue is consistent with that derived from Kaiser’s work of 60.7+4.6 kJ
mol™. Arsentiev’s litary, direaly measured value for E ; canna onits own provide compelling
evidencethat Baldwin and Walker’s value** istoo high by ca. 15 kJ mol™. Nevertheless it does at
least highlight the need for further direa experiments onthe HO, + C,H, readion.

Baldwin and Walker**?* determined the rate constant for the goxidation o ethene and
propene by competition with the hydroperoxyl radica self readion. Subsequent determinations
for other alkenes'®2%#223 ere by competition with propene or ethene. Henceif it was suggested

that the adivation energies for propene and ethene were too high by ca. 15kJ mol™, all their
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other evaluations would also need to be reduced, thus maintaining the excelent correlation
between adivation energy and alkene ionization energy that they observed. The AH,(298K)
energies quated in figure 9 are sourced from; C,H, + HO,,*° T, T,,"*"* C,H,O,H,** T, from
evaluations of a 1,4p hydrogen transfer readion®* and excited states.*®

If it were accepted that E; ~ 60 kImol™, E, ~ 5 kJmol™ and that there was an uravoided
crossng of the ?A” and ?A’ states of the system in the vicinity of the transiti on state for the
addition d the peroxyl to the dkene, then the benefits for the understanding of hydrocarbon
oxidation are amnsiderable, asit could be contended that the two well developed mecdhanisms
describing O,+ dkyl — alkene +HO, and HO, (or RO,) + dkene - epoxide + OH (or RO) are

able to co-exist without contradiction.

Conclusions

Ab-initio cdculations of the dedronic properties of seleded peroxyl radicas have dlowed
adetalled examination d structure adivity relationships describing their epoxidation o alkenes. A
goodcorrelationisfound ketween the adivation energy for the initial addition d peroxyl radicds
to alkenes and the energy released by charge transfer during the formation d the transition state.
A physicd description o the readionis suggested whereby if no energy isreleased by charge
transfer, then the adivation energy is smilar to the energy required to excite the peroxyl radicd
from the ground?A” state to the first eledronicaly excited A’ state; with charge transfer, the
adivation energy for the alditionislowered in propartion to the energy released by the dharge
transfer. The first eledronicdly excited ?A’ state of the peroxyl radicd correlates with the ground
state of the peroxyalkyl adduct, whil st the ground?A” state arrelates with an excited state of the
peroxyalkyl adduct, and it is suggested the surfaces crossat an uravoided crossng of C,
symmetry, which is proximate to, and higher than the transition state for the aldition.

It is suggested that monoand datomic can add to alkenes with littl e or no adivation energy
because they are of high symmetry and have agroundstate that correlates with the groundstate
of the adduct, in contrast to larger, lower symmetry radicds.

For the spedfic case of hydroperoxyl addition to alkenes, it is suggested that the presence
of an uravoided crossng of high symmetry between the 2A” and A’ surfaces can help explain the
long standing problem of the goparent irreconcil ability of the acceted medchanism for the readion
of oxygen and alkyl radicas forming the conjugate dkene and the hydroperoxyl radicd, while the
mechanism for the reverse readion d hydroperoxyl radicas with alkenes yields the gpoxide. It
appeas necessary though to suggest that the aurrently accepted adivation energies for the
epoxidation o alkenes by hydroperoxyl radicas have been overestimated by ca. 15 kJ mol™.

Similarily, it is necessary to suggest that the ?A” barrier for decomposition o ethylperoxyl radicas
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to ethene and hydroperoxyl radicas has been uncerestimated, and it shoud be ca 5 kJ mol™
higher than 4H{(C,H; + O,). Further experiments are dealy needed to establi sh whether thisisin
fad the cese.
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Figure Legends

Figurel.

Figure 2.

Figure 3.

Figure4.

Figure5.

Figure®6.

Figure?.

Figure8.

Figure9.

The relationship between alkene ionisation energy and the adivation energy for the
addition to alkenes by aceylperoxyl®** (squares), methylperoxyl*>*3 (circles), iso-
propyl peroxyl**** (horizontal li nes), tert-butylperoxyl radicas'® (triangles),
hydroperoxyl radicas'®? (diagonal crosses).

Relationship between radicd eledron affinity and adivation energy for addition to
2-methylpropene by peroxyl radicds; seefigure 1 for key.

Schematic representation o the parabola model of Pearson and Parr*?*° showing the
dependence on the energy of the system onthe fradional charge on the rea¢ants, for

the example of acdylperoxyl radicd additionto 2-methyl-2-butene.

The relationship between adivation energy for the addition to alkenes by peroxyl
radicds and the energy deaease due to the charge transfer in forming the adduct,
AE,. Seefigure 1 for key. The energies of the transitions to the first eledronicaly
excited states of the peroxyl radicas (PA” - ?A’) are shown onthe verticd axis of the

diagram.

Schematic orbital diagram for the example of the aldition d hydroperoxyl radicasto
alkenes with C, symmetry, for the ground(°A”) and first excited (?A’) states.

Schematic potential energy diagram for the addition o peroxyl radicdsto alkenes.

Schematic potential energy diagram for the C,H; + O,/HO, + C,H, system; solid line,
Wagner et al.*% dashed line, barrier heights from Baldwin and Walker et al.2>*

Schematic potential energy diagram for the C,H; + O,/HO, + C,H, system; solid line,
Schadfer et al.®*®%; dashed line, Robertson et al.**

Schematic potential energy diagram for the C,H; + O,/HO, + C,H, system; solid line
2A" state, dashed line A’ state, C.1., conicd intersedion; hatched line, transition state.
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Tablel. Calculated G2MP2 eledron affinities (A), ionisation energies (1), absolute
eledronegativities (y) and hardness(n), and energy of first excited state
(E(*A"-2A"))*%% of aceaylperoxyl, hydroperoxyl and methylperoxyl, ethylperoxyl, iso-
propylperoxyl and tert-butylperoxyl (eV).

A | x n ECCA"-2A")
CH.C(0)0, 2.468 11.37 6.917 4.449 0.689
HO, 1.088 11.50 6.294 5.206 0.872
CH.O, 1.205 10.35 5.776 4571 0.914
C,H:0, 1.211 9.994 5.603 4.391 0.941
i-C;H,0, 1.196 9.655 5.425 4.230 0.938
t-C,H40, 1.227 9.616 5.422 4.195 0.967

#Verticd ionisation energy.
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Figure 1. Therelationship between alkene ionisation energy and the adivation energy for the
addition to alkenes by aceylperoxyl®** (squares), methylperoxyl*>*3 (circles), iso-
propylperoxyl***® (horizontal li nes), tert-butylperoxyl radicas'® (triangles),
hydroperoxyl radicas'®? (diagonal crosses).
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Figure 2. Relationship between radicd eledron affinity and adivation energy for addition to
2-methylpropene by peroxyl radicds; seefigure 1 for key.
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Figure3. Schematic representation o the parabola model of Pearson and Parr***° showing
the dependence on the energy of the system on the fradional charge onthe
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Figure 4. Therelationship between adivation energy for the aldition to alkenes by peroxyl

radicds and the energy deaease due to the charge transfer in forming the adduct,
AE,. Seefigure 1 for key. The energies of the transitions to the first eledronicaly
excited states of the peroxyl radicds (?A” - ?A’) are shown onthe verticd axis of

the diagram.
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Figureb5. Schematic orbital diagram for the example of the addition d hydroperoxyl radicds
to alkenes with C, symmetry, for the ground(*A”) and first excited (A’) states.
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Figure®6. Schematic potential energy diagram for the aldition o peroxyl radicas to alkenes.
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Figure8. Schematic potential energy diagram for the C,H; + O,/HO, + C,H, system; solid

line, Schader et al.®?%* dashed line, Robertson et al.**
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