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Isomerization and Decomposition Reactions of Primary Alkoxy Radicals Derived from
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This paper presents quantum chemical studies of the unimolecular isomerization (1,5 H-shift) and decomposition
(B C—C scission) reactions of a series of six oxygenated alkoxy radicals and 1-butoxy radical. The goal is to
better understand the effects of ether, carbonyl, and ester functional groups on the reactivity of alkoxy radicals
relevant to atmospheric chemistry. We also report the first quantum chemical study af-elster

rearrangement: C{€(=0)OCH,0O® — CH;C(=O)OH + HC=0. The six radicals are GOCE=O)CHOr,
CH3;C(=0)OCH,Or, CH;CH,C(=0)CH,O*, CH;C(=0)CH,CH,O*, CH;OCH,CH,O*, and CHCH,OCH,O-.

All these radicals are, like 1-butoxy, primary alkoxy radicals with a methyl gibupo the radical center.
Calculations are carried out at the B3LYP/6-31G(d,p) and /6-311G(2df,2p) level of theory for all reactions.
In addition, the G2(MP2,SVP) level of theory is used to study all isomerization reactions and selected
decomposition reactions. Substituent effects on structure are very large and certainly significant for the fate
of these radicals in the atmosphere; fates depend as much or more on the position of functional groups as
their identity. We also make a preliminary examination of the effects of tunneling on the computed rate
constants for thet-ester rearrangement and the 1,5 H-shift reaction of 1-butoxy. At 298 K, we find tunneling
to increase the rate of the 1,5 H-shift reaction by a factor ef210, and the rate of the-ester rearrangement

by a factor of 1.3 to 6. The effects of tunneling have been neglected in most previous computational studies
of the 1,5 H-shift reaction.

|. Introduction SCHEME 1

Oxygenated compounds, such as ethers and esters, are 0
receiving increased attention for use as solvents and additives K/\
to diesel fuel and gasoline. Oxygenated organic compounds are
present at high levels in the atmosphérsgme of these are / \
directly emitted from anthropogenic sources, some are biogenic, o
and others are atmospheric degradation products of directly CH,=0 2 H
emitted compounds. While there have been a number of studies + o o bHZ
of the degradation of oxygenated solvents in environmental CH,CH,CH, k/\
chamberg; 10 the absence of authentic standards for many
potential products limits the knowledge that can be gained from Decomposition +
these studies. A better understanding of the effects of oxygen- l
substituents on the fate of radical intermediates formed in the HO, OH
degradation of oxygenated compounds would help fill the gaps
in our understanding of their atmospheric chemistry. This
knowledge will improve the reliability of chemical mechanisms
used to model air pollution and develop ozone abatement Isomerization
strategies.

Degradation of volatile organic compounds (VOCs) in the isomerization and decomposition reactions are highly sensitive
atmosphere is typically initiated by reaction with an OH radical to molecular structure. The reaction pathways of alkoxy radicals
and, in the presence of NOforms alkoxy radicals in high ~ may have a substantial effect on the extent of formation of ozone
yield.11 Alkoxy radicals constitute a critical branching pointin  and secondary organic aerosol in polluted‘aiReaction with
the tropospheric oxidation of VOCs, because their fate is Oz results in the prompt (seconds to minutes) formation of one

CH,"

determined by the competition between reaction withadd molecule of ozone, but the unimolecular reactions propagate
multiple unimolecular reactions. The most common reactions the organic radical chemistry, and have the potential to promptly
of alkoxy radicals are reaction with Odecomposition by produce two or more molecules of ozone. Alkoxy radical

C—C bond fission, or isomerization via a 1,5 H-shift, as shown chemistry will also affect the formation of secondary organic
in Scheme 1112 The rate constants for the unimolecular aerosols, defined as those formed by gas-to-particle conversion.
These aerosols are most likely to form from condensation of
* Corresponding author. Fax: 315-470-6856. E-mail: tsdibble@syr.edu. large compounds (those with low equilibrium vapor presstites)
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and the decomposition reactions of alkoxy radicals tend to study of thea-ester rearrangement, which has previously been
reduce the size of stable product compounds. observed in chamber experiments?—3°
Although laser induced fluorescence (LIF) has been used to
study the kinetics of alkoxy radical reactions for decaddéisere
are large gaps in the database of rate constants. Absolute rate
constants for reactions of,vith small alkane-derived alkoxy
radicals are well-know—2° but only recently have absolute ~ Finally, we consider tunneling corrections to the rate constants
rate constants been determined for |arger a|k0xy radicals for the isomerization reactions and theester rearrangement.
(=Cy).2122 Atkinson'2 and Zellne?® suggest that 298 K rate
constants for the ©reactions of alkane-derived alkoxy radicals |l. Computational Methods
are all approximately the same, with secondary alkoxy radicals
being slightly more reactive than primary alkoxy radicals. Much,
though not all, of the rate data on the unimolecular reactions of
the larger alkoxy radicals consist of rates of reaction relative to
the rate of the bimolecular reactions with @ NO; the absolute
rate constants for the unimolecular reaction can be obtained if
one knows or estimates rate constants for the bimolecular
reactions?? It has been established that isomerization reactions
are relevant only for those molecules that can form a six-
member, effectively strain-free, transition st&é*2>Rates of
decomposition reactions have been measured directly using
laser-induced fluorescence to monitor the first-order rate of
disappearance of alkoxy radicals produced by flash photolysis,
but almost exclusively for the smaller members of the series of
alkoxy radicals derived from alkané%:2° Computation¥®32
and product yield studiés'-*2indicate that the activation barrier
is significantly affected by the addition of functional groups.
In previous computational studies of alkoxy radical chemistry,
we have relied upon density functional theory to provide
efficient and reasonably reliable results, and we do so again
here. Recently, Somnitz and ZellR&rR® reported computational
results for a number of aliphatic alkoxy radicals. They found

that G2(MP2,SVP¥ performed very well in calculating rate then relea_sed_ to carry out a dlrgct transition state search.
constants for alkoxy radical decomposition and isomerization _ Harmonic vibrational frequencies were calculated at B3LYP/

reactions. We use this approach to check some of the B3LYP 6-31G(d,p) to verify the nature of potential energy minima and
results. transition states, and were used without scaling to calculate zero-
This paper describes quantum mechanical investigations of Point energies (ZPE). Geometries were recalculated using the
the effects of oxygen-containing functional groups on the B3LYP/6-311G(2df,2p) approach. We recalculated activation
decomposition and isomerization of alkoxy radicals. We con- barriers to all the isomerization reactions and three of the
sider three pairs oprimary alkoxy radicals, one pair derived ~decomposition reactions using the G2(MP2,S¥Rpproach.

from each of butanone, methyl ethyl ether, and methyl acetate. 1 iS method employs HF/6-31G(d) ZPEs and single-point
The reactions to be studied are show below. calculations at MP2/6-31G(d) geometries (with all electrons

correlated). The correlation energy is treated using QCISD(T)/
6-31G(d) (frozen core) energies, and the effect of basis set on

CH,C(=0)OCH,0" — CH,C(=0)OH+ HC=0 (1)

Molecular mechanics calculations were carried out using
SPARTAN to explore the conformational space of reactants
and products, and the GAUSSIANS4and GAUSSIAN9&?
series of programs were used for subsequent calculations. To
find the most stable conformer of a radical, theGconformers
reported as most stable by molecular mechanics were re-
optimized using a 6-31G(d,p) basis set and density functional
theory, specifically the correlation functional of Lee, Yang, and
Parf? combined with the three-parameter hybrid exchange
functional of Becké&* (B3LYP). The unrestricted Hartred=ock
formalism was used for all radicals. The lowest energy
conformer was used in subsequent B3LYP calculations.

First guesses for geometries of transition states for decom-
position were obtained, starting from the B3LYP/6-31G(d,p)
geometry of the corresponding radical, by increasing the length
of the breaking &C bond to~2.0 A and performing a
constrained optimization. The resulting geometry was then used
for a direct and unconstrained transition state search. Transition
states for isomerization were found by optimizing the geometry
while constraining the length of both the breaking & bond
and the forming ©-H bond to~1.25 A. The constraint was

Decomposition Isomerization the QCISD(T) energy is estimated from an MP2/6-3Gi(3df,
2p) calculation. An empirical correction is used to further refine
N
0. -CH,=0 oo > 7o oH the energies (this term cancels out in the calculation of activation
0 O~ o barriers). The conformational analysis of the reactant radicals
< 7°N. .CH,=0 - O. = N0 was repeated at MP2/6-31G(d) for the G2(MP2,SVP) calcula-
tions.
/w. o /ﬁ(\O. — ./ﬁ(\OH Intrinsic reaction coordinate (IRC) calculations were used to
e 2 0] 1) verify the nature of the reaction for most, but not all, of the

transition states studied. The transition states for the isomer-
—-— . ization reactions possess very distinctive structures that are hard
. -CH,=0 O. OH

to confuse with other reactions, so we carried out few IRC

o) (0] o calculations for those transition states. For each transition state
e - 0 - : . )
m' : : j(\OH where an IRC calculation was not carried out, the motion of
o -CH=0 0 0 the vibrational mode with an imaginary frequency was analyzed
to confirm the nature of the transition state. IRC calculations
- o No. — I~ were carried out for the-ester rearrangement and all decom-
O- -CH=0 . ; 0~ TOH position reactions.

The UNIMOL*6 program was used to calculate rate constants
The results for these reactions are compared to the resultsfor the a-ester rearrangement of GE(=0)OCHO. Lennard-
for the decomposition and isomerization of 1-butoxy depicted Jones parameters wese= 5.4 A ande = 549 K, based on the
in Scheme 1. In addition, we report the first quantum chemical recommendations of Gilbert and Snfitiand the boiling points
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TABLE 1: Absolute B3LYP Energies (Hartrees) at Two
Basis Sets and Zero-Point Energies (ZPE, kcal/mol at
6-31G(d,p)) of Alkoxy Radicals, Transition States (TS), and
Reaction Products for Isomerization (isom.) and
Decomposition (decomp.)

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

CH3CH,CH,CHOr —233.01132 77.0 —233.07974
isom. TS —232.99201 74.8 —233.06064
product —233.00813 77.2 —233.07877

decomp. TS —232.98378 75.0 —233.05524
product —118.48115 55.6 —118.51471

CH3;0OCH,CH,O —268.89487 62.7 —268.97998
isom. TS —268.88256 60.4 —268.96751
product —268.90184 63.2 —268.99028

decomp. TS —268.87749 60.5 —268.96637
product —154.36896 41.4 —154.41998

CH;CH,OCH,O —268.90862 62.1 —268.99434
isom. TS —268.87989 59.9 —268.96539
product —268.90258 61.9 —268.99163

decomp. TS —268.87455 60.8 —268.96077
product —154.37575 41.5 —154.42398
CH3C(=0)CH,CH,O* —307.02066 64.8 —307.11653
isom. TS —306.99613 62.7 —307.09201
product —307.02665 65.5 —307.12522

decomp. TS —306.99472 63.2 —307.09315
product —192.50223 44.2 —192.56244

CH3CH,C(=0)CH,O* —307.02156 65.1 —307.11804
isom. TS —306.99825 62.3 —307.09461
product —307.01317 64.3 —307.11289

decomp. TS —307.00950 63.6 —307.10907
product —192.50196 45.4 —192.56343

CH;OC(=0)CH,O* —342.92898 50.7 —343.04167
isom. TS —342.90546 47.8 —343.01876
product —342.93209 50.2 —343.04824

decomp. TS —342.90256 49.0 —343.01855
product —228.40060 30.8 —228.47893

CH;C(=0)OCHO* —342.94635 50.3 —343.05968
isom. TS —342.90885 48.0 —343.02194
product —342.95421 51.7 —343.06932

decomp. TS —342.90764 48.1 —343.02187
product —228.41566 30.0 —228.49101

CH=0 —114.50320 16.8 —114.54320

of two similar alcohols (CHC(=0)OCHCH,OH and CHOC-

(=0)CH;OH).

I1l. Results and Discussion

Ill. A. Relative Energies. B3LYP energies of the radicals,
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Previous work has shown that calculations at the B3LYP/6-
31G(d) or 6-31G(d,p) levels of theory produce fairly accurate
activation barriers for many alkoxy radicd&compositiorfnot
necessarily isomerization) reactiol'®51 while studies of
decomposition using B3LYP with larger basis sets may tend to
underestimate activation barriers but yield more accurate
reaction energie®4%51|t should be noted, however, that recent
work raises questions about the accuracy of B3LYP for
activation energies less than about 10 kcal/PAéP. Little is
known about basis set effects on relative energies for isomer-
ization reactions at B3LYP, but results for 1-butoxy appear very
good?53051Therefore, activation barriers discussed in the text
are those of the B3LYP/6-31G(d,p) basis set, and enthalpies of
reaction are at BSLYP/6-311G(2df,2p), unless otherwise speci-
fied. The B3LYP results are not likely affected by spin
contamination because the value @for B3LYP wave
functions was always less than 0.76 for all radicals and transition
states.

Ill. A. 1. DecompositionTable 3 lists relative energies of
decomposition in order of increasing B3LYP/6-31G(d,p) barrier
height. As expected;*8-51 B3LYP activation barriers are always
lower for the 6-311G(2df,2p) basis set than for the 6-31G(d,p)
basis set; the differences are ©234 kcal/mol.

Barrier heights for decomposition of all these radicals depend
strongly on the position of the oxygen atoms relative to the
breaking bond, as shown in Figures3. For the ester-oxy and
ketone-oxy radicals the barriers are lower by 7 and 8 kcal/mol,
respectively, when the carbonyl carbon is bound to the leaving
CH,0 group. An even greater effect is seen for the ether-oxy
radicals, where the barrier is lower by 11 kcal/mol when oxygen
is not bound to the leaving GI&® group.

Figure 4 depicts the potential energy profile for the 1-butoxy
radical. The B3LYP barrier height for 1-butoxy is 15.2 kcal/
mol, about the same as that for gbCE=O)CH,O* and
CH3C(=0)CH,CH,O". CH;CH,OCH,O and CHC(=O)OCH.O
are the only radicals with much higher barrier heights than
1-butoxy.

As can be seen from Figures-4 and Table 3, all B3LYP
values of the enthalpy of decompositionGK (AH (0 K)),
are positive. Results at 6-311G(2df,2p) are-1327 kcal/mol
lower than those at 6-31G(d,p). The reaction enthalpies are less
dependent upon the functional group present and its position

transition states, and products are given in Table 1. G2(MP2,- than are the activation barriers. Values\oH (0 K) for ketone-
SVP) energies of the radicals, transition states, and productsoxy radicals are lower than those for the ether-oxy and ester-
are shown in Table 2. For simplicity, alkoxy radicals derived oxy radicals. For ketone-oxy radicals and ether-oxy radicals that
from ketones, ethers, and esters will be referred to in the textyield products with their radical centers on methylene groups,
as ketone-oxy radicals, ether-oxy radicals, and ester-oxy radicalsA/H (0 K) is lower than the corresponding reaction which

TABLE 2: Absolute G2(MP2,SVP) Energies (Hartrees) of Alkoxy Radicals and Transition States for Isomerization Reactions,
and Transition States and Products for Selected Decomposition (decomp.) Reactions

G2(UMP2,SVP)

G2(PMP2,SVP)

radical reactant TS reactant TS

CH3;CH,CH,CH,Or —232.62714 —232.61490 —232.62755 —232.61544
CH;OCH,CH,O* —268.52196 —268.51772 —268.52236 —268.51829

decomp. —268.51602 —268.51570
CH3CH,OCH,Or —268.54310 —268.51779 —268.54360 —268.51831
CH3;CH,C(=0)CH,O* —306.60367 —306.58660 —306.60415 —306.58713

decomp. —306.60077 —306.60085
CH3;C(=0)CH,CH,O* —306.60854 —306.58539 —306.60904 —306.58566
CH;0C(E=O)CHO® —342.52741 —342.50656 —342.52788 —342.50711
CH3;C(=0)OCHO* —342.54685 —342.50773 —342.54735 —342.50817

reaction products

G2(UMP2,SVP)

G2(PMP2,SVP)

CH3;CH.C(=0)
CH3O0CHy

CH2=O

—192.23005
—154.13630
—114.37248

—192.23019
—154.13638
—114.37248
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TABLE 3: Barrier Heights ( E*) and Enthalpies of Reaction A;H) at 0 K in kcal/mol for Decomposition Reactions of Alkoxy

Radicals Using B3LYP and G2(MP2,SVP)

E” AH (0 K)
B3LYP B3LYP
6-311G G2(MP2,SVP) 6-311G G2(MP2,SVP)

radical 6-31G(d,p) (2df,2p) UMP2 PMP2 6-31G(d,p)  (2df,2p) UMP2 PMP2
CH3;CH,C(=0)CH,0O* 6.1 4.1 1.8 2.1 7.3 4.2 0.7 0.9
CH;OCH,CH,O* 8.7 6.3 3.7 4.2 9.8 6.1 8.3 8.5
CH3;C(=0)CH,CH,O* 14.6 13.0 5.7 3.0
CH3;OC(=O0)CH,O* 14.9 12.8 12.6 9.1
CH3;CH,CH,CH,Or 15.2 13.3 15.9 12.3 9.0
CH3;CH,OCH,Or 20.1 19.8 14.8 13.2
CH3;C(=0)OCHO* 22.1 215 36.6 26.7 13.7 12.4
a Reference 34.

30 : Decomposition

Decomposition 15 Isomerization
25 + Isomerization 10 ]

20 ¢

15 4
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Figure 1. Potential energy profiles (kcal/mol) for the decomposition
and isomerization reactions of GE(=0)OCHO* and CHOC=O0)-
CH;O at B3LYP. The relative energies of GE(=0)OCHO" and CH-
OC(E=O)CH,Or are as indicated in the figure.
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Figure 2. Potential energy profiles (kcal/mol) for the decomposition
and isomerization reactions of GEH,OCH,O* and CHOCH,CH,O*
at B3LYP. The relative energies of GBH,OCH,O* and CHOCH,-
CH;O are as indicated in the figure.

A\O/\/OH
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5 4 cHmo

Figure 3. Potential energy profiles (kcal/mol) for the decomposition
and isomerization reactions of GE(=0)CH,CH,O* and CHCH.C-
(=0) CHOr at B3LYP. The relative energies of GE(=0O)CH,CH,O*
and CHCH,C(=0) CH,Or are as indicated in the figure.
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+CHF0
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Figure 4. Potential energy profiles (kcal/mol) for the decomposition
and isomerization reactions of 1-butoxy radical CH,CH,CH,0")
at B3LYP.

The barrier heights for the ether-oxy and ester-oxy radicals
follow Hammond’s postulate. In fact, considering all seven
radicals, the only significant deviation from Hammond’'s
postulaté* is for CHyC(=0)CH,CH,O*, which has a much
larger barrier height than would be expected from its enthalpy
of decomposition.

Activation barriers of decomposition were calculated using
the G2(MP2,SVP) method only for GBH,C(=0O)CH,O*, CHs-
OCH,CH,0r, and CHC(=0)OCHO*. Wave functions for the
transition states were severely contaminated by higher-lying spin
states, with values df¥[lof 0.97, 0.88, and 0.93, respectively.
Looking only at the first two of these three compounds, it can

produces radicals centered on carbonyl groups or oxygen atomsy . caen from Table 3 that using PMP2 rather than UMP2

Therefore, the radical with the lowest barrier to decomposition

(CH3CH,C(=0)CH,O) is not the radical with the most negative

energies creates only very small differences in the G2(MP2,-
SVP) energies, and B3LYP activation energies ard

enthalpy of reaction. Although one might assume that resonancey .,1/mol higher than G2(MP2,SVP). In the case of £H

stabilization in the CHC(=0)O radical makes it more stable

C(=0)OCH,Or, projecting the spins lowers the activation

than the CI—3|OC':(=O) radical, the heats of reaction obtained energy by fully 10 kcal/mol, still leaving it 5 kcal/mol higher

here contradict that expectation.

in energy than the B3LYP/6-31G(d,p) value.
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TABLE 4: Barrier Heights ( E*) and Enthalpies of Reactions A;H) at 0 K in kcal/mol for Isomerization Reactions of Alkoxy

Radicals Using B3LYP and G2(MP2,SVP)

E* AH (0K)
B3LYP B3LYP
6-311G G2(MP2,SVP) 6-311G
radical 6-31G(d,p) (2df,2p) UMP2 PMP2 6-31G(d,p) (2df,2p)
CH;OCH,CH,O* 55 5.6 2.7 2.6 —-3.9 —6.0
CH3CH,CH,CH,0Or 9.9 9.8 7.7 7.6 2.2 0.4
CH3;CH,C(=0)CH,Or 11.8 11.9 10.7 10.7 4.5 2.5
CH;OC(=0)CH,O* 11.8 11.4 13.1 13.0 -24 -46
CH;C(=0)CH,CH,Or 13.2 13.2 14.5 14.7 —-3.1 —4.8
CHz;CH,OCH,O* 15.8 16.0 15.9 15.9 35 1.4
CH;C(=0)OCH.O 21.2 21.3 24.6 24.6 —-3.5 4.7
25— tions of the electronic configurations of the reactant and product,
CHaC(=0)OCH,O- differences which are significant in this ca&8€® It may also
2 3 270 be the case that the stability imparted to thesCfH=0)CH,*
i © product of the decomposition reaction by the presence of two
CH3CHy0CH,0- resonance structures is not realized in the transition state; this

] (@]

—
W

CH30CH,CH,0.
CH30C(=0)CH50.

—_—
(=]
1

(®]
CH3OCH,CH,0.

i
1

CH3CH,C(=0)CH,0e

Activation Barrier (kcal/mole)

(=1

5 10 15
Reaction Enthalpy (kcal/mole)

(=]

Figure 5. Relationship between B3LYP activation barrier to decom-
position (6-31G(d,p) and reaction enthalpy 6-311G(2df,2p) at 0 K).
The trend line is based on all the alkoxy radicals excepiGi#HO)CH,-
CHO.

Atkinson'? proposed a structureactivity relationship (SAR)
for the activation barrierEy, to decomposition of alkoxy
radicals:

E, (kcal/mol)=a + bAH (2)
with recommendations foa andb of
a=24(IP)— 8.1, andb=0.36 3)

where IP is the ionization potential (in eV) of the radical
produced in the decomposition angH is the standard enthalpy
change for the reaction in kcal/mol (at 298 K). Typical values
of a are 11.3 kcal/mol for primary alkyl radicals and 9.3 kcal/
mol for secondary alkyl radicals. The IPs of the radical products
of the decomposition reactions studied here are expected to var

considerably, because they possess very different substituent
and the radical center is sometimes associated with a carbon
atom and sometimes with an oxygen atom. Therefore, we should

not expect a simple plot of activation barrier versus reaction

yglkoxy radicals have IPs significantly higher than alkyl

issue has been discussed by Vereecken and Peeters in the context
of H-atom abstraction from allylic sites in alkerf@sThe
differences between Atkinson’s recommendations and these
values ofa andb are quite large, and may reflect, in part, some
bias in the B3LYP treatment of these reactions (we assume that
the effect of temperature of\/H is not significant here). To

the extent that these results are valid, they seem to contradict
the notion of including a term for ionization potential in the
SAR. It should be noted that the activation barriers used were
the B3LYP/6-31G(d,p) values and the reaction enthalpies used
were B3LYP/6-311G(2df,2p) values, both at 0 K. The use of
two different basis sets is in accord with the arguments given
in the Computational Methods section as to which was expected
to give the more accurate values. However, a comparison of
the results in Table 3 with the results of higher level calcula-
tions®® and the thermodynamic data used by Atkingamplies

that in the case of 1-butoxy, 6-31G(d,p) appears to give a more
accurate reaction enthalpy than 6-311G(2df,2p). Nevertheless,
recent modifications to Atkinson’s SAR by Aschmann and
Atkinson offer some reason to believe that the strong correlation
seen in Figure 5, and the very different valueaobbtained
here, are not solely artifacts of the B3LYP method. They
considered alkoxy radicals of the type ROQER'" undergoing
decomposition reactions in which the radical leaving group was
an alkoxy radical (as in C}¥H,OCH,O"). To account for
experimental product yields they found it necessary to lower
the value ofa (the IP-dependent term) in Atkinson’s SAR to a
value intermediate between the recommendation for primary
alkyl radicals and that for secondary alkyl radicals. In fact,

radicals®8-60

lll. A. 2. Isomerization Relative energies of isomerization
are shown in Table 4, and listed in order of increasing B3LYP/

energy to show a good correlation. However, as shown in Figure 6-31G(d,p) activation energy. Figures -4 depict the potential

5, six of the seven points lie very close to a single trend line,
defined by

E,

where we used\H at 0 K instead of 298 K.

The rms deviation for these six radicals is 5.8% and the
maximum error is 8.9%. The single alkoxy radical for which
this relationship works very poorly is GB(=0)CH,CH,O.
(Recall that this radical is the only one of the seven alkoxy
radicals to significantly violate Hammond’s postulateHow-

1.29 kcal/moH- 1.76 AH (4)

ever, Hammond'’s postulate does not take into account interac-

energy profiles for isomerization alongside those for decomposi-
tion. B3LYP activation energies differ remarkably little between
basis sets. Results are again more dependent upon the placement
of the functional group than on the nature of that group, except
for the ketone-oxy radicals, for which the placement of the
carbonyl group makes little difference. The activation barrier
for the ether-oxy and ester-oxy radicals are lowert0 kcal/

mol when the oxygen is adjacent to the methyl group from
which abstraction occurs than when it is closer to the alkoxy
radical center. It is interesting that the same structural element
lowers the barrier to decomposition of these radicals to roughly
the same degree.
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TABLE 5: Absolute Energies (Hartrees) and Zero-Point Energies (ZPE, kcal/mol), of Alkoxy Radical, Transition State (TS),
and Products for the a-Ester Rearrangement

B3LYP G2(MP2,SVP)
species 6-31G(d,p) ZPE 6-311G (2df,2p) UMP2 PMP2
CH;C(=0)OCHO* —342.94635 50.3 —343.05968 —342.54685 —342.54734
TS —342.92917 47.6 —343.04385 —342.52903 —342.52977
HCO —113.85183 8.2 —113.89304
CH;C(=0)OH —229.09147 38.9 —229.17004

TABLE 6: Barrier Heights ( E*) and Enthalpies of Reactions AH) at 0 K in kcal/mol for the a-Ester Rearrangement Using
B3LYP and G2(MP2,SVP)

E* AH (0K)
B3LYP B3LYP
6-311G G2(MP2,SVP) 6-311G G2(MP2,SVP)
6-31G(d,p) (2df,2p) UMP2 PMP2 6-31G(d,p) (2df,2p) UMP2 PMP2
8.0 7.2 11.2 11.0 -1.4 —5.4 -7.6 -7.4

1-Butoxy has a B3LYP activation energy to isomerization 20
of 9.9 kcal/mol at 6-31G(d,p), and only GBCH,CH,O* has a s
lower barrier. Recall that, for decomposition, 1-butoxy has the 15
third highest activation barrier and GEH,OCH,O* the second
highest. CHOC(=0)CH,O* has the same activation energy 10

(11.8 kcal/mol) as the isoelectronic ketone-oxy radical with the
carbonyl group in the same position (gEH,C(=0)CH,O").
Enthalpies of isomerization at 6-311G(2df,2p) are commonly
2 kcal/mol more negative than 6-31G(d,p) values, which
represents a much bigger basis set effect than the differences 5
in activation energies. Structure effects on energies of reaction
for ketone-oxy radicals are surprising when compared to Figure 6. Potential energy profile for the two possible mechanisms
activation energy; the pair of ketone-oxy radicals violate of the itso-ester rearrangement of GE(=0)OCHO". The dashed
Hammond's postulate (as they do for decomposition reac- lines connect CEC(=0)OCHO- to the first transition state in the two-
tions): the ketone with the lower activation energy undergoes S€P_Mmechanism proposed for the reaction; as the structure of this
an endoergic reaction, and the one with the highest activationtransmon state was never obtained, it is not shown in this figure.
energy undergoes an exoergic reaction. The ether-oxy radicalsyions; so there is only a small (0.2 kcal/mol) difference
follow I—!ammqnd’s rule, but the activation ba_mers for the ester- | orveen the G2(UMP2,SVP) and G2(PMP2,SVP) barrier heights.
oxy radicals differ by~9 kcal/mol despite having the sameH The transition state for the GB(=0)OCHO" a-ester

(0 K). . . . rearrangement is that of a concerted mechanism; we also
We examined our data to determine whether there existed a.,sidered a two-step reaction sequence:

relationship between reaction energy and activation barrier to

isomerization similar to that described previously for the .

decomposition reaction. The narrow distributions of reaction CH;C(=0)OCH0" — [TS] — CH,C(OH)OCHE0)  (5)
energies do not sustain any convincing correlation. We do see

correlations, similar to those developed for substituent effects CHsé(OH)OCH(zo) — [TS] —

on rates of H-atom abstraction by OH, between pairs of alkoxy

radicals with the same functionality: an ether linkage activates CH,C(=0)OH+ Hé(=O) (6)
an adjacent-CHjs group and the presence of a carbonyl group
deactivates an adjacertCHs group®! The B3LYP/6-31G(d,p) energy of the radical product of reaction

Activation barriers to isomerization, but not reaction enthal- 5, above, is only 1.0 kcal/mol higher than the energy otCH
pies, were calculated using the G2(MP2,SVP) method for all (=0)OCHO". However, as shown in Figure 6, the activation
molecules studied. Table 4 includes results calculated using bothenergy of the decomposition of this intermediate vid i8S .6
the UMP2 and PMP2 energies, the small effect of spin projection kcal/mol higher than the activation energy of the concerted
is consistent with the modest extent of spin contamination in mechanism. Therefore, we can conclude that thester
the transition states$*2 (= 0.78-0.80). Differences between rearrangement proceeds via the concerted mechanism #@-CH
B3LYP and G2(MP2,SVP) activation barriers for isomerization (=0)OCHO". Spin contamination was small, wif?Cless than
are never more than 2.4 kcal/mol. G2(MP2,SVP) yields lower 0.76 and 0.78 for B3LYP and Hartre&ock, respectively.
barriers than B3LYP for the reactions with low barrierslQ— Experimental evidence for the occurrence of thester
13 kcal/mol). rearrangement and near-absence of fhester rearrange-

Ill. A. 3. a-Ester Rearrangemenfbsolute energies of the  men#337-38might seem odd in light of the much more favorable
CHsC(=0)OCHOr a-ester rearrangement are shown in Table six-member ring of the latter reaction; strain energy in the five-
5 and relative energies are listed in Table 6. The G2(MP2,- member transition state is the primary reason the 1,4 H-shift
SVP) barrier height of 11.0 kcal/mol is significantly higher than reaction is insignificant in comparison to the 1,5 H-shift2:2551
the B3LYP values of 8.0 and 7.2 using the 6-31G(d,p) and Some insight may be gained from the depiction of the B3LYP/
6-311G(2df,2p) basis sets, respectively. There is little spin 6-31G(d,p) potential energy profile along the reaction coordinate
contamination in either the B3LYP or HartreEock wave in Figure 7. As the reactant evolves toward the transition state
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Figure 7. Electronic energy along the reaction coordinate for the
o-ester rearrangement of GE(=0)OCHC". Bond lengths for the
breaking C-O and C-H bonds are given at selected points (indicated
by the circles).

the extension of the breaking—@4 bond is small relative to
the extension of the breaking ©€8 bond. Consideration of
the structural changes upon lengthening the;CHO)O—
CH,O* bond suggests the following: lengthening this bond

creates radical character of the carbonyl oxygen of the radical Figure 8. Structures of species on the potential energy surface of the

(O6 in Figure 7), which causes the oxygen to become reactive: cj,c(=0)O0CHO" radical: (a) the structure of the most stable
the Mulliken spin densities in the transition state at O6 is 0.22, conformer of the radical, (b) the transition state for dsester

while that of the original radical center (O9) is 0.47. The spin rearrangement, (c) the transition state for its decomposition reaction.
density of O7, which would be the radical center in the Critical bond lengths of the transition states are reported for B3LYP/
decomposition product, is only 0.03. The absence pfester 6-31G(d,p) and B3LYP/6-311G(2df,2p), in that order. MP2(full)/6-31G-
rearrangement in REO)OCH,CHR'O* compounds is then (d) values are reported in italics.

rationalized in terms of the absence of any radical character on
the carbonyl oxygen.

In fact, minimizing the radical energy at increasingly stretched
CH3;C(=0)O—CH,0* bond lengths leads to the-ester rear-
rangement whenever a hydrogen atom is suitably positioned to
transfer. The transition state for the decomposition reaction:

CH,C(=0)OCH,0" — CH,C(=0)0" + CH,0  (7)

which is significantly higher in energy than the transition state
for the concertedx-ester rearrangement, can only be reached
from conformations that orient both hydrogen atoms of the
CH,0 group away from the carbonyl group, as shown in Figure
8.

Ill. B. Trends in Transition State Geometries and Rela-
tionship to Reactivity. BALYP geometries may be found in
the Supporting Information. The structures of the transition states
are discussed below.

Ill. B. 1. DecompositionThe structure of the transition state
for decomposition of CECH,OCH,O" is shown in Figure 9,
and that for CHC(=0)OCHO" in Figure 8. The lengths of Figure 9. Structures of species on the potential energy surface of the
the breaking bonds for transition states are shown in Table 7, CH;CH,OCH,Or radical: (a) the structure of the most stable conformer

. . - oo of the radical, (b) two views of the transition state for its isomerization
in order of increasing B3LYP/6-31G(d,p) activation energy. The reaction, (c) the transition state for its decomposition reaction. Critical

B3LYP values of the breaking bond length in the TS are very pong lengths of the transition states are reported for B3LYP/6-31G-
consistent between basis sets except for where the 6-31G(d,p)d,p) and B3LYP/6-311G(2df,2p), in that order. MP2(full)/6-31G(d)
basis set suggests lengths greater than 2.2 A; here, the largevalues, where available, are reported in italics.

basis set yields much smaller distances. For two transition states

showing such long breaking-€C distances in the transition  group and bond length, and little correlation between activation
state, the MP2 calculation suggests thoseQCdistances are  energies and bond lengths.

0.2-0.3 A shorter than the B3LYP/6-31G(d,p) values. For lll. B. 2. Isomerization Two views of the structure of the
CH3C(=0)OCH,Cr, the MP2 value of the breaking-€O bond six-member transition state for isomerization of CiH,-
distance is only 0.02 A shorter than the B3LYP value of 1.83 OCH,O" are shown in Figure 9b. As is typical of the transition
A. Both B3LYP and MP2 show the same ordering in the lengths states not constrained by a&=© double bond, four of the six

of the breaking bonds. There is no correlation between functional atoms of the transition state lie nearly in a plane, with the
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TABLE 7: Length of the Breaking Bond (A) in the
Transition State for Decomposition of Alkoxy Radicals, in
Order of Increasing B3LYP/6-31G(d,p) Barrier Height

B3LYP/ B3LYP/ MP2(full)/
reactant 6-31G(d,p) 6-311G(2df,2p) 6-31G(d)
CH;CH,C(=0)CH,O* 2.26 2.19 1.95
CH;OCH,CH,O* 2.32 2.22 2.05
CH;C(=0)CH,CH,O* 2.09 2.07
CH;OC(=0)CH,Or 221 2.17
CH;C(=0)OCH0O" 1.83 1.83 1.81
CHz;CH,CH,CH,O 2.23 2.18
CH;CH,OCH,Or 1.85 1.83

shifting H-atom only slightly out of the plane. Critical bond

Ferenac et al.

corresponding to a pseudo-first-order rate constant of 20
s1in 1 atm of air?® However, this conclusion is based on
measurements for alkane-derived alkoxy radicals only, and
results from our laboratory suggest that the rate constant should
not be assumed constant even for members of this class of
radicals?>22 Aschmann and Atkinson suggested, on the basis
of thermodynamic arguments, thas, is 2—3 times higher for
alkoxy radicals of the type RCH(O)OR2 In the absence of
experimental data we will assume that the rate constant does
not differ from the recommended value in these radicals by more
than an order of magnitude.

The potential energy profiles for the isomerization and
decomposition reactions of the alkoxy radicals were shown in

lengths in the transition state are shown in Tables 8 and 9 at allFigures 4. By inspection of these figures and Table 4, and

levels of theory employed. There are only slight variations in

by comparison to 1-butoxy, it is clear that of all the oxygenated

lengths of breaking/forming bonds between molecules at a givenalkoxy radicals studied herein, only for GAICH,CH,O* does

level of theory, and no trend with activation energy or energy
of reaction. The MP2 transition states are slightly more like
reactants than the B3LYP transition states.

Ill. B. 3. a-Ester Rearrangementigure 8 illustrates the
structure of the transition state for tlheester rearrangement
and for decomposition, and lists the length of critical bonds in
the transition states at various levels of theory. The MP2
structure of the transition state is significantly different from
the B3LYP structure: the breaking-€C bond is~0.2 A shorter
at MP2 and the transferred H-atom~€.1 A further from the
carbon atom. While some of the difference in thelCdistance
might be due to the absence pfolarization functions in the
MP2 geometry calculation, that would not explain the large
difference in the G-C distance. The length of the breaking-O
bond (at B3LYP) is nearly the same for theester rearrange-
ment as it is for decomposition.

Ill. C. Atmospheric Fate of Alkoxy Radicals. It is known
from previous calculations that the Arrhenidsfactors for
isomerization and decomposition are in the rangé-$023s-1
and 1030-133 571 respectively (at 1 atm and 298 R93551
Activation barriers derived from quantum computations are
usually very close to, and generally within 1 kcal/mol of, the
values obtained upon carrying out an RRKM calculation of the
rate constant at 1 atf:3>51This may not hold for the lowest

isomerization outcompete @eaction kiso~ 10° st at B3LYP
and 16° at G2(MP2,SVP)). However, the computed barrier for
decomposition is only 23 kcal/mol higher than that for
isomerization. Given that th&-factor for decomposition is about
10 times higher than that for isomerization, the isomerization
reaction is computed to be favored by a factor of ontylB at
298 K. Also, considering the uncertainties in the calculated
activation barriers, it is quite possible that decomposition
constitutes a significant reaction pathway of this radical, nor
would it be entirely surprising if decomposition was found to
be faster than isomerization.

For two other compounds, GBH,C(=0)CH,O* and CH-
OC(E=O)CH,Or, activation barriers to isomerization are com-
puted to be about 12 kcal/mol at B3LYP, and 9 and 13 kcal/
mol, respectively, at G2(MP2,SVP). The B3LYP barrier heights,
if taken at face value, would imply that isomerization is
somewhat slower than the expected rate of thes@ction, while
the G2(MP2,SVP) result for G€H,C(=0)CH,O* implies
isomerization to be faster than the @action. However, for
CH3CH,C(=0)CH,C®, the computed activation barrier to
decomposition of 4 kcal/mol implies a rate constant dP50?,

5 orders of magnitude faster than the expected rate of the O
reaction. None of the other alkoxy radicals studied here has a
barrier to decomposition sufficiently low to make decomposition

activation energies (fastest reactions), but in these cases the errdiaster than the @reaction. Isomerization might be nonnegligible

will not alter the conclusions of our kinetic analysis unless the

barriers to both isomerization and decomposition are very low.

for CH;OC(=O)CH,O, if the computed barriers are too high
or if the O, reaction is slower than it appears to be for alkane-

Therefore, the atmospherically relevant rate constants for thesederived alkoxy radicals.

reactions can be estimated using théactors cited above and
the activation barriers listed in Tables 3 and 4.

The computed barrier for the-ester rearrangement of GE-
(=0O)OCH,Or ranges from 7.2 to 11.2 kcal/mol, depending on

For 1-butoxy, the calculations presented here (and those ofthe level of theory, and there are no previous estimates of the

other groupsf-3435suggest rate constants for isomerization
(~1C s1) and decomposition~10' s71) that agree with the

Afactor. The results of our RRKM-Master Equation calculations
are presented in Figure 10 for a range of assumed activation

experimental finding that there is no decomposition and that barriers. Figure 10 also displays results inferred from recent

isomerization outcompetes the, @eaction by a factor of
~35264 The 3 reaction of most alkoxy radicals is supposed
to occur with a rate constant of about-50 x 10715

chamber studie¥:3°If the O, reaction is occurring at the rate
commonly assumed (that of ethoxy radical), it implies an
activation barrier of~10.5 kcal/mol. If the rate constant is a

TABLE 8: Critical Bond Lengths in the Transition State for Isomerization of Alkoxy Radicals at B3LYP, in Order of

Increasing B3LYP/6-31G(d,p) Barrier Height

B3LYP/6-31G(d,p)

B3LYP/6-311G(2df,2p)

radical r(C—H) r(O—H) r(0—C) r(C—H) r(O—H) r(0—-C)
CH;OCH,CH,O* 1.295 1.261 2.456 1.284 1.272 2.457
CH3CH,CH,CH,Or 1.304 1.226 2.460 1.291 1.237 2.461
CH;CH,C(=0)CH,O* 1.314 1.207 2.453 1.302 1.217 2.454
CH;0C(=O)CHO 1.302 1.203 2.421 1.288 1.210 2.423
CH;C(=0)CH,CH,0O* 1.298 1.232 2.448 1.289 1.240 2.450
CH3;CH,OCH,O® 1.297 1.238 2.437 1.286 1.248 2.438
CH;C(=0)OCH0O* 1.297 1.230 2.410 1.290 1.235 2.409
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18+ In a previous papéf we employed similar calculations for
- the 1,5 H-shift reaction of 1-butoxy radical (using the B3LYP/
164 Hﬁ“‘“‘-«x\ 6-31G(d,p) imaginary frequency) to suggest a very large effect
14 Ly -““x of tunneling: I'(298 K)= 19. Our present MP2/6-3_1G(d) result_s
.K \_ suggesi'(298 K) = 210. Note that these calculations are valid
3 124 \\ '9\\ only in the high-pressure limit, and the 1,5 H-shift reaction is
= i \ not in the high-pressure limit at 298 K and 1 atm (neither is the
= KT \. o-ester rearrangement). However, if these valueE(888 K)
8-—e— 10 Kcal/mole \ are approximately correct for the 1,5 H-shift, they imply a barrier
—4— 12 Kcal/mole \ height closer to 11:513.5 kcal/mol rather than the 10 kcal/
Ml B AERAR . mol calculated at B3LYP in this work or at G2(MP2,SVP) in
o ref 34. This means the apparent success of the B3LYP and G2-

4 T T T 1

0.0026 00030 00034 00038  0.0042 (MP2,SVP) approacheé’;30:343551cited in the Results and
1T (K Discussion section, was somewhat degeiving. In the future we

i i intend to look more carefully at tunneling effects on the rate

Figure 10. Calculated and experimental rate constants fouttester constants for this and other H-atom transfer reactions, including

rearrangement in 1 atm of air. Calculated values are given assuming - . . . .
activation barriers of 8, 10, and 12 kcal/mol (at O K, including zero- the difference in the effect in the falloff region versus the high-

point energy), which roughly spans the range of computed activation Pressure limit.

barriers. The experimental data are derived from the relative rate of

the decomposition and Qeactions’-*°with the rate constant for the IV. Conclusions

O, reaction assumed equal to that of the ethoxy radical at a given ~ Quantum chemical calculations lead to the prediction that
temperaturg or three times that value. reaction with Q will be the sole atmospheric fate of GEH,-
OCH,O* and CHC(=0)CH,CH,O*. For CHfOC(=0)CH,Cr,

TABLE 9: Length of the Bonds Involved in the Transition reaction with Q is likely to be the dominant fate, although we

State for Isomerization of Alkoxy Radicals at UMP2/

6-31G(d), in Order of Increasing G2(UMP2,SVP) Barrier are reluctant to conclude that isomerization is negligible. For
Height CH3CH,C(=0)CH,O, we predict decomposition to be the sole
reactant MCo—H)  r(Oe—Hi))  r(0s—Cy) fate. For CHOCH,CH,Or, decomposition and isomerization will
CHOCHCHO" 1237 1308 2426 both be much fgster than the2®eact|_o_n, but isomerization
CH:OC(=0)CH,O" 1233 1262 2393 appears to dominate over depomposnmn. A structure activity
CHsCH,CH,CH,0O* 1.244 1.270 2.429 relationship (SAR) for the activation barrier to decomposition
CH3;CH,C(=0)CH0O* 1.241 1.268 2.409 reaction was constructed, analogous to the one proposed by
gnagﬁg)c?séCHzO' i-ggg 123451 3-33(2) Atkinson. Although the values obtained for the two parameters
ek " : : : in this SAR may be biased by the computational method, the
CH3;C(=)OCH,O* 1.253 1.252 2.366 y y b y

suggest no role in the SAR for the ionization potential of the
factor of 3 higher, as suggested by Aschmann and Atkinson, radical product of decomposition. These results, combined with
this activation barrier appears to be about 10 kcal/riible estimates of other structural effects on the rate constants for
activation barriers to decomposition and isomerization imply the isomerization and decomposition reactions, will enable
rate constants of5 x 104 s~ for both reactions: far too  reasonable predictions of the importance of decomposition and
slow to compete with the ©reaction. isomerization reactions in a host of related alkoxy radicals.
lll. D. Effects of Tunneling on the Rate Constants.The Tunneling appears to contribute enormously to the room-
above calculations of rate constants for isomerization and thetemperature rate constant for the 1,5 H-shift reaction, at least
a-ester rearrangement assume that quantum mechanical tunin 1-butoxy, a subject necessitating further research.
neling of the hydrogen atom is unimportant. The impact of  The concerted bond-breaking/H-atom transfer mechanism
tunneling can be estimated by modeling the reaction coordinatepreviously proposed for the-ester rearrangement has been
with asymmetric Eckart potenti&},56 which commonly gives  Validated by these calculations, and the absence /deater
reasonable agreement with more exact computations of tunnelingr€arrangement has been rationalized. Tunneling may contribute
effectst” The ratio, I'(T) of the quantum mechanical versus Significantly to the rate of the-ester rearrangement.
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