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Structure —Activity Relationship for the Addition of OH to (Poly)alkenes: Site-Specific and
Total Rate Constants

J. Peeters, W. Boullart, V. Pultau, S. Vandenberk, and L. Vereecken*
Department of Chemistry, Usrsity of Lewen, Celestijnenlaan 200F, B-3001 L&, Belgium

Receied: October 24, 2006; In Final Form: January 5, 2007

A novel site-specific structureactivity relationship was developed for the site-specific addition of OH radicals

to (poly)alkenes at 298 K. From a detailed structuaetivity analysis of some 65 known OH alkene and

diene reactions, it appears that the total rate constant for this reaction class can be closely approximated by
a sum of independent partial rate constakisfor addition to the specific (double-bonded) C atoms that
depend only on the stability type of the ensuing radical (primary, secondary, etc.), that is, on the number of
substituents on the neighboring C atom in the double bond. The (nine) independent partial rate cénstants,
were derived, and the predicted rate constais,fe«= 2k) were compared with experiment@)y expvValues.

For noncyclic (poly)alkenes, including conjugated structures, the agreement is excallentL(0%). The
SAR-predicted rate constants for cyclic (poly)alkenes are in general also witthfo of the experimental

value. On the basis of this SAR, it is possible to predict the site-specific rate constants for (polyyalkene

OH reactions accurately, including larger biogenic compounds such as isoprene and terpenes. An important
section is devoted to the rigorous experimental validation of the SAR predictions against direct measurements
of the site-specific addition contributions within the alkene, for monoalkenes as well as conjugated alkenes.
The measured site specificities are within-115% of the SAR predictions.

Introduction accurate chemical atmospheric models. In the reactions of OH

Large amounts of volatile organic compounds (VOCs) are radic_als with upsaturated hydrpcarbons, addition is alvyays the
continuously being emitted into the Earth’s atmosphere, orig- dominant reaction chan_nel. Stlll,_ there are some cor_ltnbutlons
inating from both biogenic and anthropogenic soufdessat- from hydrogen abstraction reactions, wh!ch, depending on the
urated hydrocarbons, including ubiquitous biogenic hydrocar- exact structure of the hydrocarbon considered, can contribute

bons (BVOCs) such as isoprene, the terpenes, and the sesquilP t0 30% of the total rate coefficiehtin this paper, we wil

terpenes, constitute a major part of the emitted organic mass.first derive a_SAR for the addition reaction |n the good first-
The degradation of these unsaturated VOCs in the tropospherePTd€r approximation that the total rate coefficieky, equals

is initiated by reactions with highly reactive species, mainly OH the addition rate coefficientkon = Kaag + Kansr  kaaa The
radicals but also @and NQ radicals?—5 Reaction of OH with impact of the abstraction rate coefficiekibs: On the SAR is
unsaturated VOCs is known to proceed mainly by addition to discussed and illustrated in later sections of the paper.
a>C=C< bond? the subsequent reaction of the resulting adduct Alternative existing structureactivity relationships for the
radicals with Q leads to organic peroxy radicals that act as addition of OH to (poly)alkenes always accord a specific
intermediates in the photochemical hydrocarbon/NO-oxidation reactivity to a complete €C alkene structure or even to a
cycle, the most important source of tropospheric ozone. The complete conjugated diene structureeC—C=C.”~2° The total
lifetimes of VOCs in the atmosphere and the precise nature of rate constant for OH- polyalkene reactions is equal to the sum
the oxidation products is one of the prime research topics in of the rate constants for the reactions of OH with the various
atmospheric chemistry, with implications on many aspects of monoalkene substructures that make up the polyalkene. The
atmospheric chemistry. Policy makers increasingly need suchimpact of different substituents, conjugation effects for alka-
information and impact studies on the chemical weather to dienes, and ring strain effects for cyclic compounds are taken
address environmental issues. Atmospheric models describinginto account in some SARs by corrective factors for specific
the formation of photo-oxidants require the knowledge of all deviations from a given basic set of molecular templates. The
relevant processes, that is, rate constants and product distribuunderlying philosophy for considering an entire=C moiety
tions of the various important reaction paths. Because of the is the concept that an OHt alkene reaction proceeds viara
large variety of VOCs emitted in the atmosphere, it is impossible complex, as postulated by Cvetanovic more than 20 years
to unravel the oxidation scheme for each compound separatelyago?!?? according to this idea, the initial step amounts to a
in laboratory experiments or by theoretical work. A solution to loose association of OH to the double bond, that is, to the
this is to develop structureactivity relationships (SAR) for the  m-electron cloud spanning the double bond:

various reaction paths, which allows for the prediction of total

rate constants and detailed primary product distributions. Given 0

the importance of OH-addition reactions on unsaturated hydro- |

carbons as the initial step in VOC oxidation, a SAR for this H
class of reactions is an essential tool in the development of aL >
C=C,
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TABLE 1: Reference Compounds Used to Derive the SAR Parameters; with Experimental Rate Coefficients as Listed in
Reference 12

compound Kon,exp (298 K)/ 10 cmP st SAR expression

ethene 0.90 Kon = 2 X Kprim

2-butene (average cis/trans) 6.02 kon = 2 X Ksec
2,3-di-Me—2-butene 11.00 kon = 2 x Keert
1,3-butadiene 6.66 Kor = 2 X Kprim + 2 X Ksec/prim
2,4-hexadiene (average cis/trans) 13.4 kon = 2 X Ksect 2 X Ksecisec
2,5-dimethyl-2,4-hexadiene 21.0 kon = 2 X Kiernt + 2 X Ksecttert
2,3-dimethyl-1,3-butadiene 12.2 Kon = 2 x Kprim + 2 x Keeryprim

The T-shaped reactant complex between OH and acetylene ha&inetic bottleneck(s) in the addition pathways for addition of
been observed by infrared spectroscopy recéftand recent OH on a double bond contain a separable and indepen-
guantum chemical and theoretical kinetic calculations on alkene dent contribution of the different addition sites, that is, that
+ OH reactions incorporate this pre-reactive comgfex® each of the carbons in the double bond has an individual effect
Excellent reproductiol¥ of the temperature- and pressure- on the addition process, uncorrelated to the other addition
dependent rate coefficients is obtained by advanced theoreticalsite within that double bond, and in proportion to the proba-
kinetic methodologies using a two-transition-state model: an bility of adding to that specific site within the double bond. As
outer TS for reactant complex formation and an inner TS for the various possible addition processes of OH to the
the addition. The impact of these two TS on the addition rate double-bonded C atoms of the (poly)alkene are considered
coefficients depends on temperature; at room temperature bothwith an independent contribution, the total rate constks,
appear to be important but with a dominant effect from the inner is the sum of partial rate constarig,of addition on the specific

transition state. sitesi:

The development of a SAR for the addition processes of OH
radicals on alkenes as a function of the entirbonded system n
(singular or conjugated) has some drawbacks. The first is that Konw = z k

such an approach generates by default a large number of [

substitution patterns for which a rate coefficient must be derived.

The combinatorial number of patterns increases strongly for Each of the specific sitef,corresponds to an individual double-
conjugated systems; in practice, many substitution patterns areébonded C atom (§ on which OH adds; its partner carbon in
therefore grouped and a single rate coefficient is assigned tothe double bond, £is to be considered a separate, independent
each group. The second and most important shortcoming,addition site. This is different from other SARs that consider
however, is that considering thesystem as a single entity does  the set of two carbons in the double bond as the smallest entity.
not yield information on the relative importance of the different When hypothesizing that the site-specific addition contributions
addition sites within the system, that is, the probability of adding are separable, we do not propose a specific mechanism for
on a specific carbon within a double bond. In many cases, the addition. Indeed, for the purpose of this paper it is not relevant
subsequent degradation mechanism for asymmetric alkenegvhether the addition occurs through one of several independent
depends on the specific site of OH addition, especially if transition states or through one of several rate-determining
(chemically activated) unimolecular isomerization reactions channels involving a collective pre-reactizecomplex. None-
occur®®-42 The relative contribution for each site is therefore theless, we will confront this hypothesis with the available
often important in unraveling the oxidation mechanism and mechanistic data in a later section.

consequently assessing the impact on various issues in the A second hypothesis is that the magnitude of a site-specific
chemical atmosphere. rate constank;, for addition is determined solely by the stability

In this work, we propose a novel structtractivity relation-  type of the product radical being formed. For addition on a
ship for the rate coefficients at 298 K for the site-specific carbon G, the nature of the adduct radical formed is determined
addition of OH radicals on double bonds, derived from the by the environment of the partner carbon, Ghat is, the
available experimental data for alkenes, polyalkenes, and substitutions Xand X, on that carbon: the radical site is either
conjugated alkadienes. First, we develop the SAR from its primary (both X% and X are hydrogen), secondary (one of X
fundamental hypotheses and verify the resulting predictions onand X, are H), or tertiary (neither Xnor X4 are H):
the total rate coefficient for nonconjugated alkenes against the

available experimental data. The SAR is then extended within CH

the same framework to conjugated alkadienes and tested against xl\l %3 k; HO_ 2
literature data. Experimental evidence is presented to confirm S0 G
the site-specific contributions of the different addition sites as *2 4 *2 *4

predicted using the SAR. The performance of the current SAR
is then compared to other SARs available in the literature, and A direct implication of the hypothesis above is, because there
the fundamental hypothesis of the SAR are confronted with the are only three types of adduct radicals for monoalkenes and
available theoretical information. Finally, the most important nonconjugated polyalkenes, that there are only three partial site-
contributions in the residual errors are discussed, and an outlookspecific rate constantg;, depending on the stabilization type
for future improvements and testing is given. Parts of this work of the resulting hydroxy-adduct radicakyrim, Kseo andkier for
have been published earli®r;*® at this time, neither allenes  primary, secondary, and tertiary product radicals, respectively.
nor alkenes with heterosubstituents such as halogens or oxygenProvided the above working hypotheses holds, these three partial
bearing functional groups are considered. site-specific rate constants should enable one to predict the total
SAR Development. The basic hypothesis underlying the rate coefficients and site-specific contributions for all regular
novel, site-specific SAR that we describe here is that the alkenes:
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OH TABLE 2: SAR Parameters (10711 cm? s™1) for Addition of
X\l _H  Kpim HO_ M OH on a (Poly)alkene
/Ca=Cb . X—/Ca—Cb kprim =0.45 ksec: 3.0 ktert: 5.5
X “H X “H ksec/prim: 3.0 ktertjprim: 5.7
Ksecisec= 3.7 Kieryse— 8.3
OH Ksectter= 5.0 Kervten= 9.9
X l A K HO H 2 Not derived directly from experimental data (see the text).
\ sec N .
X/Ca:Cb\R AL NN TABLE 3: SAR Predictions for Linear, Branched, or
Monocyclic Nonconjugated (Poly)alkenes
on SAR expression Komexp?  Kom,pred®
i} l - "o N compound Kom,pred= o0 101t
tert .
I G S ethene Korim + Korim 0.90 (0.90)
FOENY e R propene Korim + Ksec 2.63 3.46
1-butene Korim + Ksec 3.14 3.46
It follows directly from our hypotheses that the valuesgin, 1:ﬁg;§1”ee Ez'im I ::S“ g? g'ig
kseo andkier can be derived, respectively, from the total rate 1-heptene kp::g 4 kZEZ 2.0 346
constant®46 (high-pressure limits at 298 K) for OH addition  2_pytene Keoot Keoo 6.02 (6.02)
to the symmetric alkenes ethene, 2-butene (we use an averag@-pentene Ksee T Ksec 6.6° 6.02
over cis and trans forms), and 2,3-dimethyl-2-butene (see Table'fzranSch-f}eptene Il::ec++kifc 2.5134 ggg
; ; ; -methyl-propene rim & Keert . .
i;xvgtre_rsee F)nly a primary, secondary, or tertiary product radical 3-methyl-1-butene K + Koo 318(2.95 346
IS€: 2-methyl-1-butene  Koim + Keert 6.1 5.95
N T P 2-methyl-2-butene  ksect Keert 8.69 8.51
Korim = 1Ko (ethene)= 0.45x 10" cm” molecule " s 2-methyl-1-pentene  Kyrim + Kien 6.3 5.95
2-methyl-2-pentene ksect Keert 8.9 8.51
o _ . trans-4-methyl-2- ksec+ K 6.1 6.02
Keoo= 1,Ko (2-butene)= 3.0 x 10" cm® molecule™* s™* pentene see e
2,3-dimethyl-2-butendker + keer 11.0 (11.00)
1y e . 3,3-dimethyl-1-butendim + Ksec 2.8 3.46
Kienn = "12Kon (2,3-dimethyl-2-buteney 2.3-dimethyl-2-  Ker -+ ke 10.3 11.00
5.5x 10 *cm® molecule*s™* pentene
X trans-4,4-dimethyl-2- Kseo+ Ksec 55 6.02
o . . pentene
The_ _complete set of site spemfk;_ needed to describe OH  ~C/ e Koot Koo 6.9 6.02
addmpn to (poly)alken(_es is listed in Table 2. 1,5-hexadiene Korim + keect Kseet Korim 6.2 6.91

Validation of the Basic HypothesesTo validate the above-  2-methyl-1,5- Korim 1 Keert 1 Ksec T Korim 9.6 9.40
stated site-specific SAR hypothesis, the predicted total rate hexadiene
coefficients, kop, calculated as the sums of the site-specific 215r;d'm§_thy|-1,5- Korim =+ Keert + Kiert + Korim 12.0 11.89

i i — Sl ; exadiene
apldmon rate coefficientkoy Zlg, and using pnly the threle 14-pentadiene Kom -+ Keech Keeo ko 5.3 6.91
given above, were compared with the experimental ovkgall trans 1,4-hexadiene kyim + ket Keoct Keec 9.1 0.46
values for 27 noncyclic alkenes and nonconjugated alkadienes,2-methyl-1,4- Korim ~+ Korim + Keert+ Keee 7.9 9.40
9 monocyclic structures, and 13 bi- or tricyclic compounds (see  pentadiene
Tables 3 and 4, and Figures 1 and 2), that is, for all relevant cyclopentene Ksec T+ Ksec 6.7 6.02
compounds for which data were found in the literature. Such a cyc:oﬂexttane 'IzseCI tsec ?-27 g-gé
comparison assumes that the overall rate of reaction is deter-SYCIOheptene sec | see : :

. ... 1-methylcyclohexeneksec+ kiert 9.4 8.51
mined solely by OH addition on the unsaturated double bonds. 4 imonene Korim + Koo+ Keert + ket 16.4 14.44
Alkenes are known to react predominantly with the OH radical 1,4-cyclohexadiene keec+ ksect Ksec+ ksee  9.95 (9.3§  12.04
by addition, but we will discuss the systematic bias induced by y-terpinene Ksect Ksect Kiert + Kt  17.7 17.02
this assumption in the comparison section later. The relative terpinolene Ksect Kiert - Kiert +- ket 22.5 19.51

a-humulene 4% Ksect 2 X Kiert 29.3 23.04

deviations from the experimental data were calculated as abs-
((ksar — kon)/kow)); note that the SAR developed in this work 2 Listed in ref 12.° Average of cis and trans conformefd/alues

does not contain any adjustable parameters. For the noncyclicin parentheses are used to derive the SAR (see the téxgjue in
nonconjugated alkenes, the SAR prediction agrees quasi_parenthes_es is the addition rate coefficidQta.ex, determined from
perfectly with the experimental data; the average deviation of g&ﬁ;@ﬁé?&rgg'tgigte coefiicietkor.exp and the fraction of H

9% and a largest deviation of 32% is comparable to the '

uncertainty on the measurements. For monocyclic structures,surprisingly well (Figure 4), considering that it contains no
including compounds with strained rings, the average deviation adjustable parameters and is derived solely from the experi-
is about 13% (see Table 3 and Figure 1). The SAR predictions mental rate data for only three symmetric reference compounds.
for the addition rate coefficient for the bicyclic compounds (see This strongly supports a number of conclusions concerning the
Table 4 and Figure 2) corresponds on average within 24% of basic tenets of our SAR as outlined above) the rate of

the experimental total rate coefficient of these compounds; the reaction can be described as a sum of independent site-specific
set of bicyclic compounds includes mostly terpenenes and rate coefficients,ii) the rate of addition can be described by
sesquiterpenes. Some notable large deviations exist for sabinenegnly three parameters determined solely by the substitution on
a-pinene, and bicyclo[2.2.2]-2-octene-49%, +63%, and the product radical carbon, and of couriig {he rate of reaction
+47%, respectively). Aside from these very few exceptions for is determined mostly by OH addition. A later section in this
strained bicyclic compounds, our SAR predicts the experimental paper will discuss some systematic and some specific deviations
rate coefficients for the diverse test set of 47 compounds between experiment and SAR in more detail.
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Figure 2. Bicyclic nonconjugated (poly)alkenes: comparison between
the experimental total rate coefficient for reaction with Ckdy exp
against the SAR predictionken,pres The solid line represents the ideal

1:1 comparison.

TABLE 4: SAR Predictions for Bicyclic Nonconjugated %
(Poly)alkenes 25

SAR expression  Kon,exp? KoH,pred

compound KoH,pred= 10 10 “w 204 *

B-pinene Korim + Keert 7.43 595 S ++
A3-carene Ksec T Kert 8.8 8.51 :° 154 s
A?-carene Ksect Kiert 80 851 e +
o-pinene Ksec T Kiert 523 8.51 10 £
a-cedrene Ksect Keert 6.7 8.51 g T
longifolene Korim + Kiert 4.7 5.95 &L
o-copaene Ksec T+ Keert 9.0 8.51 5
bicyclo[2.2.1]-2-heptene  Ksect Ksec 4.9 6.02
bicyclo[2.2.1]-2,5-heptadienksec + ksect Ksect Ksee  12.0  12.04 0 ——————————————,
bicyclo[2.2.2]-2-octene Ksect Ksec 4.1 6.02 0 5 10 15 20 25 30
camphene rim T+ Keert 5.3 5.95 A1 3
sabinene tz,im + Keert 11.7 5.95 Koren /10 0"
p-carryophyllene Kprim & Ksec+ Keert + ket 19.7  14.46 Figure 3. Conjugated alkadienes: comparison between the experi-

mental total rate coefficient for reaction with Okbh,exp against the
SAR predictions,konpres The solid line represents the ideal 1:1
. . . I . comparison. Foro-phellandrene and-terpinene, the experimental
Ext_enS|0n to Conjugated DleneSA_ _S'm'lar reasoning as addition rate coefficientskaqd,exp COrrected for H abstraction were used
described above applies for OH addition to conjugated dienes see discussion).

Cq—~Cp—C~=Cy, but here one must account for possible

aListed in ref 12.

resonance stabilization of the radical formed after addition of 30+
OH. This resonance stabilization only occurs when the OH
radical adds to one of the outer C atoms of the conjugated diene. 254
An example is 1 + 7
"0 20
- o a4
OH HQ, /CH3 g 1 +
—C CH, = 154 + +
l / N~ _ ./ o f
\ /CH3 Ksec/tent /CC_C : ] +
/Ca:Cb\ . /CH3 CHj 3 10-
C&Cq z ++
/ \ HO, CH 5
CH3 \E Pk x
7 Chb CH; 54
/ N
/Cc_Cd\
L CH; 77
0 5 10 15 20 25 30
whereksecerrdenotes the partial rate constant for addition to k.. /10" cm’s”

‘OH,exp

the specific site above resulting in a resonance stabilized _. . . .
dar tertiary radical. As before. we hvoothesize that Figure 4_. Companson betweer_1 the experlmenta_l t(_)tal rate coefficient
seconaary y ) ! yp for reaction with OHKkon,exp against the SAR predictionken,pres The

the site-specific rate of reaction depends on the stability of the solid line represents the ideal 1:1 comparison. The experimental addition
product radical; for resonance-stabilized radicals, this thereforerate coefficientskadaexp COrrected for H abstraction were used for
depends on the substitution of the two radical sitgsa@ G, a-phellandrene andi-terpinene; sabinene was omitted (see discus-
in the resonance structures. In general, there are six resonancéion).

cases and hence six partial rate constants for conjugated

dienes: for addition on £the first radical site, &(the second second radical site, £is reached by shifting the conjugated
carbon of the double bond whereon the reaction occurs) is eitherdouble bond and is a primary §Rs = H), secondary (R=

a secondary (R= H) or tertiary radical site (R= alkyl). The H, Rs = alkyl), or tertiary site (R/Rs = alkyl):
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[HQ R ] of 27 + 10% and 3Qt 7%, respectively. Hence, simply equating
O \\Ca_Cb/ R, the total rate coefficieriton to the addition rate coefficiefitqq
\l R ’ \cc=cd/\ as predicted by our SAR is not valid for these compounds. The
/Ca:cb\ R I 7 Rs experimental rate coefficient for addition can be obtained by
/Cc_ Ca HO R, subtracting the fraction of H abstraction from the total experi-
Rs \/\Ca—Cb/ Ry mental rate coefficient for the reaction with OH. Faphel-
\E:C—Cd/ landrene, withkoy = (3.14 0.4) x 10 %cm¥stand 27% H
N \R3_ abstraction, this leads to a total addition rate coefficierk.@f

= 2.3 x 10°1°cm® s™L. For a-terpinene, withkoy = (3.6 £
The six additionak; were evaluated from experimental data 0.4) x 1071° cm? s~ and 30% H abstraction, this results in
on the overallkoy of some conjugated alkadienes and are k,qy=2.5x 101°cm? s 1.6 These corrections for H abstraction
denoted airsuseconato indicate the stability types of the first  account for the bulk of the earlier difference with the SAR
and second radical sites,@nd G, respectively. The values  predictions of 1.8x 10720 and 2.1 x 107 cn® st for
for Ksec/prim Ksecisec Ksecrtert aNdkeerprim Were obtained (see Table  g-phellandrene andu-terpinene, respectively. These latter

1) from the experimental values of 1,3-butadieris; andtrans: predictions are within~25% of the corrected experimental
2,4-hexadiene (averaged), 2,5-dimethyl-2,4-hexadiene, and 2,3yalues and within the experimental uncertainty even if they still
dimethyl-1,3-butadiene. For the determination k@fysec and seem to underestimate the addition rate coefficient somewhat.

Kiertiers the recommended values of Atkinson were us8tlese  The effects of H abstraction on the general quality of our SAR
six site-specific rate coefficients for conjugated alkenes supple- predictions (Figure 4) is discussed in more detail below.
mentkprim, Kseo @Ndkert for nonconjugated alkenes; the complete Experimental Validation. The most important improvement
set of ni_nelq needed to describe OH addition to (poly)alkenes of the SAR described in this work compared to earlier work is
is listed in Table 2 'I_'he rate constants fpr conjugated structuresy, prediction of site-specific rate coefficients as opposed to
become larger with increasing substitution both on the first and total rate coefficients per double bond. Comparing the sum of

SeCO"?d _product radical site. .lt is_ intergsting that increased the SAR-predicted site-specificagainst the experimental total
ﬁg?sg#ggf?hgfrt‘;z g?sg(;tuﬁdf?%gﬁ rgggﬁ;i? datl)l;egi?)edc?gs rate coefficients for addition is a good test_for_ the overa_lll v_al_idity
from the energy difference imparted by the radical delocalisation o_f the SAR but o_Ic_)es not guarantee a priorl tha_t the individual
stabilization. In fact, the site-specific rates of reactiogand S|te-spec_:|f|c_ addition rate coefﬁ_ments are predlcted corre_ctly:
Keecrorimare néarly identical as ake,, andkeorim The transition the relative importance of the different addition carbons might
sigctgm?or conjugated alkénes isnnot aﬁepg{néd as much as bychange after the rate-determmmg TSis pa;sed, or_t_h e agreement
electron delocalization as the product radical is because in themlght be fortuitous. To fully y_alldate the site specificity of the
SAR, we therefore need additional, more stringent tests compar-

gg:g/orlixthee npgg?]:jmggnel?g::ggj ;:3 tf\tgléngg:;/giéir:\ the ing the contributions of the individual site-specific rate coef-
broken anggare not free ?at for delocalization Delocalizgtion ficients, k/Zk;, in the total rate coefficient for addition against
Y ) experimental data.

of the product radical electron is a rather late effect occurring . ) o
mostly after the TS and does not change the characteristics of 1° this end, the primary hydroxy adduct distributions of the

the transition state extensively. Hyperconjugation and induction "€action of OH radicals with a number of asymmetric (poly)-
stabilization act on the first radical site at all times, regardless &/kénes were measured directly using a multistage flow reactor

of the freedom of movement of the radical electron, and are €chnique in combination with molecular beam sampling mass
therefore much more effective in altering the transition-state SPectrometry (MBMS). The apparatus used has been described
characteristics. This is also the reason why we cannot consider glsewheréand is described only briefly here. The setup consists
for example, secondary> tertiary and tertiary— secondary ~ Of @ conventional fast-flow reactor consisting of a cylindrical
resonance structures as identical: the first radical site, igthe duartz tube (internal diameter 2.7 cm) equipped with a
position to the addition site, has a more dominant impact, microwave-discharge side arm and a set of three axially movable
whereas the substitution around the second radical site i the Central injector tubes. The positioning of the central injector
position has a minor impact. Analogous effects by late delo- tube’s outlets creates different reaction zones, the length of

calization stabilization were discussed earlier for H abstraction Which can be modified independently; this allows for the
by OH radicals in strained cyclic compourts. variation of the reaction times in each of the reaction zones.

To test the SAR hypotheses and the site-specific rate The gas at the reactor exit was sampled through a 0.3 mm
coefficients for conjugated alkenes, we again compare experi- Pinhole in the tip of a thin-walled quartz cone, giving access to
mental total rate coefficients for addition with the sum of the the first of three differentially pumped vacuum chambers. The
rates coefficients over all of the different sitds = Sk (see resulting m(')llecular begm is mechamcally modula’Fed to allqw
Table 5 and Figure 3). The set consists of 16 conjugated dienesPhase-sensitive detection, and, after passing an axial, high-yield
and the experimental total rate coefficients are reproduced on€lectron-impact ionizer, is analyzed by a high-transmittance
average within 11%. Most of the deviation is caused by the Extranuclear Laboratories quadrupole mass spectrometer, equipped
Compoundm_phe"andrene and_terpinene 640% underpre_ W|th an ijf-aX_IS on mu|tlp|lel’. Phase-senSItlve deteCtlon I’ejectS
diction of kow); excluding these compounds improves the any contribution of ions from the background gas. Helium was
average deviation to about 7%, directly comparable to the used as reactor carrier gas throughout, with a total pressure of
experimental errors. This indicates clearly that the total rate 2—5 Torr; flow speeds were in the 1162700 cm s* range.
coefficient for the reaction of OH radicals with alkenes is well Hydroxyl radicals were generated in the reaction of H atoms
predicted by the site-specific addition rate coefficients listed in with NO,; the H atoms ([HR 2 x 10" molecules cm®) were
Table 2. Earlier experimental work by our gréugxamined the created in an upstream microwave discharge through a flow of
reasons for the severe underestimationdgshellandrene and 5% H, in He, at a total pressure of-5 Torr, and then mixed
o-terpinene. It was found that significant H abstraction occurred with an excess of N©([NO;] ~ 6 x 10 molecules cm?) in
in the reaction of these compounds with OH, with contributions the first reactor stage. The concentration of added MQuired
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TABLE 5: SAR Predictions for Conjugated Polyalkenes

SAR expression KoH.exp? Kon pred”

compound Kot pred= 1011 10-11
cis-1,3-pentadiene Korim + KsecT Ksecisect Ksec/prim 10.1 10.15
2-methyl-1,3-butadiene Korim + Korim + Ksec/prim™T Keertjprim 10.1 9.55
trans-1,3-hexadiene Korim + KsecT Ksecisect Ksec/prim 11.2 10.15
2-methyl-1,3-pentadiene Korim + KsecT KsecrprimT Keervsec 13.6 14.76
4-methyl-1,3-pentadiene Korim 1 Keert T Ksecrtertt Ksec/prim 131 13.95
1,3-cyclohexadiene Ksec+ Ksect Ksecrsect Ksec/sec 16.4 (14.2) 13.40
1,3-cycloheptadiene Ksect Ksect KsecrsecT Ksecrsec 13.9 13.40
[-phellandrene Korim + Ksect Keervsect Ksecsprim 16.8 14.76
myfcene 2x kprim + ksecJr ktert + ksec/prim+ kterr/prim 215 18.06
ocimene l(prim +2x ksec+ ktert+ ksec/sec+ k(enlprim 25.2 21.31
a-phellandrene Ksec T Ksect Kierysect Ksecisec 31.3(22.8) 18.01
o-terpinene Keert + Keert + Ksecrtert+ Ksecrtert 36.3 (25.4) 21.00
1,3-butadiene kprim + kprim + ksec/prim+ kseclprim 6.7 (6.9)
2,4-hexadiene ksect Ksect Ksecisec Ksecrsec 13.# (13.4)
2,3-dimethyl-1,3-butadiene kprim + kprim + k(ert/prim + k(ert/prim 12.2 (12.2)
2,5-dimethyl-2,4-hexadiene Keert T Kiert T Ksectertt Ksecitert 21.0 (21.0)

2 Listed in ref 12.° Value in parentheses is the addition rate coeffici@qiex, determined from the experimental total rate coefficié®t,exp
and the fraction of H abstraction (see the teX#\verage of cis and trans conformefs/alues in parentheses are used to derive the SAR (see the
text).

to ensure quantitative conversion of the H atoms to OH radicals low enough that only the energetically most favored channels
was determined by titration experiments monitoring the NO will dominate.

coproduct concentration. Vibrationally excited OH radicals ( By performing the described experiment on the symmetric
= 1,v = 2) are rapidly quenched in collisions by H and N® alkenes 2-butene and tetramethylethene, where only one type
Some experiments were conducted with added &fting as of primary hydroxy adduct can be formed, we fofel that

an efficient collider to further enhance the quenching rates. In there are three dominant fragmentation routesfdrydroxy
these experiments, no differences were found in the relative cations: direct fragmentation and fragmentation after a 1,2- or
height of the measured mass spectrometric peaks compared td,3-hydrogen shift; these channels lead to the most stable
the Ch-free experiments, indicating complete quenching even products characterized by the formation of at least one additional
without CF; the results described below are without the,CF 7 bond:

additive to avoid interference of the CRragmentation peak

atm/e = 31. Ri g /H . o
The thermalized OH radicals were mixed in the second reactor \C—C\—OH _fragmentation ¢ ZR, +RyCH=OH
stage with a large excess of alkene ([OM]10* molecules R7 R,

cm~3, [alkene]> 10 molecules cm?) in a He flow, ensuring

quantitative reaction of the OH radicals with the alkene to form K.Y H
\8_ C/— OH fragmentation
/N

the (various) primary hydroxy adducts, within a few mil- Q=CHR, + R,CH=OH
liseconds. Wall losses of OH radicals were minimized by RS Rs with Q = CHX (X=H or Ry)
passivating the quartz reactor walls and inner tubes with HF. 1,2-H-shifts

Tpe reﬁu!tir:‘g hydrpxy adgucts ;/vert?j ssmpled a few mﬂligeoonds R, H RCHR, + R;C=OH

after their formation and analyzed by measuring their mass & / fragmentation ®

spectra as generated at a moderate ionizing electron energy of \C\_S( OH ————— 4 RCHR, *R,CH=0

30 eV. For all alkenes investigated here, the OH additions are R213_H_ Shiﬁg R,CHR, + R,CH-CHOH
known to already be in their high-pressure limit at the ’ withRs=H or alkyl

experimental pressures of-3 Torr*° such that redissociation

of the (initially hot) hydroxy adducts can be considered The major fragment ions of any hydroxy-alk(en)yl can be
negligible. Likewise, the hydroxy adducts are not expected to predicted from these predominant fragmentation pathways.
undergo significant secondary reactions prior to sampling: Though the relative importance of the individual fragmentation
oxygen is entirely absent, (hydroxyl)alkyl radicals react negli- channels for a given hydroxy radical cannot be evaluated a
gibly slow with alkenes, and the concentration of the other priori, the sum over all of the possible fragment ions is
potentially reactive species, N@nd NO, is sufficiently low. proportional to the total amount of parent radical. The contribu-
The results described here were found to be insensitive to thetion of fragmentation routes not included above is sufficiently
reaction time allowed: typical reaction times employed in the small to consider them negligible with respect to the other
reaction zones are about-8 ms, but varying the reaction times  uncertainties in the experiments.

from 2 to 10 ms did not change the results significantly. The  For hydroxy adducts formed in the reaction of OH radicals
lack of time dependence indicates that the reactions are completevith an asymmetric alkene, each site-specific adduct will have
for the purpose of this experiment both in the preparation and a different fragmentation spectrum with different contributions
the reaction zones, that mixing between the different gas flows of the fragmentation routes and (usually) different fragment ions.
is complete, and that no significant secondary reaction of the In the ideal case, each fragment ion observed in the mass
hydroxy adducts occurs. At an ionizing electron energy of 30 spectrum can be assigned uniquely as originating from one of
eV, ionization occurs by ejection of the radical electron, forming the possible hydroxy adducts. Then, the sum over the site-
B-hydroxy cations that fragment in a number of ways, thus specific fragment ions corresponds to the contribution of the
generating a specific mass spectrum. The electron impact energysite-specific adduct in the total fragment ion formation. lon
is sufficiently high to ensure near-complete fragmentation, but masses common to different adduct radicals cannot be assigned
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selected compounds studied here;19% of the fragment
ions are not site-specific; this nonspecific fraction was found
to be the largest contribution to the uncertainty on the product
analysis and is the limiting factor in the general application of
the current experimental methodology to a wider range of
compounds.

Following our analysis of the two symmetric alkenes 2-butene
and tetramethylethene, we applied the same methodology to
three asymmetric alkenes: 2-Me-2-butene, isobutene, and
1-butene, in order to determine their primary product distribu-
tions. In addition, we applied the same methodology to two
symmetric conjugated alkadienes, 1,3-butadiene and 2,3-di-Me-
1,3-butadiene, so as to examine the contribution of allyl-
resonance-stabilized adducts versus the regular addition sites.
Figure 5 shows the mass spectra as measured after OH addition
to each of these compounds. The fragmentation channels for
each of the hydroxy adducts were also predicted using the
aforementioned predominant fragmentation routes; comparison
of the expected fragment ion masses and the measured peak
heights allowed us to assign each peak to either of the addition
sites, or to determine that it was nonspecific to any site. This
analysis is comparatively straightforward but rather lengthy and
is not given in detail here; an explicit list of predicted fragment
ions and their individual formation channels can be found in
refs 50 and 51. Table 6 shows the experimental product
distribution, each averaged over a set of three experiments, in
comparison with the SAR predictions. The predicted distribu-
tions agree with the experimental data within% (absolute)
for both the monoalkenes and conjugated alkadienes, well within
the experimental error. For the 2,3-di-Me-1,3-butadien®@H
reaction, the large peak on mass 41 could in principle be formed
from both the primary and the tertiary/primary additions, and
performing the site-specificity analysis disregarding this peak
leads to an 89:11 ratio fderyprin/Korim, iN good agreement with
the SAR prediction of 93:7. However, because the largest
product peak is neglected in calculating the experimental ratio
the uncertainty is quite large, 89;11'5° However, the
measurements for unsubstituted 1,3-butadifenedicate that
the likelihood of mass 41 to originate from the primary radical
adduct is fairly small because the competing direct elimination
of singlet Ch is significantly more favorable. Hence, the peak
for mass 41 is most likely predominantly originating from the
tert/prim adduct; such an assignment yields a 95:5 ratio for
Keervprin/Kprim, ClOSe to our earlier experimental result and the SAR
predictions but with a significantly reduced uncertainty mar-
gin: 957757,

The results described in this section (Table 6) confirm by
direct measurements that the ratios of the site-specific rate
coefficients are in accord with the structuractivity relationship
described in this work. In combination with the good reproduc-
tion of virtually all experimentakoy as the sum of the site-
specific Zk;, the experiments qualify the basic hypotheses of
the SAR and the values of its parameters, even though each
site-specific rate coefficient is not examined explicitly in the
experiments.

We also performed a different set of experiments to further
validate the SAR by adding B[Br;] ~ 2 x 10' molecules
cm3) to the reaction mixture after the formation of the
p-hydroxy-alkyl radicals using an additional, third central

Figure 5. Fragmentation mass spectra (30 eV) of the mixture of OH- injection tube, yielding stable bromo-alcohols:
adduct radicals formed in the reaction of the alkene with OH.

: i . HO
uniquely and correspond to a fraction of the adduct formation J— +0H ) +Br, HQ Br
for which the addition site cannot be determined; this introduces - M *Br

an additional uncertainty in the product analysis. Even for the
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Resonance-stabilized hydroxy-alkyl radicals formed in the TABLE 6: Comparison of the Experimental Branching
reaction of conjugated alkadienes with OH can yield two Ratios Against the SAR Predictions

different bromo-alcohols: experimental SAR
compound branching ratio prediction

HOH,C—CH-CH=CH, B HOH,C-CHBr-CH=CH, 2-Me-2-butene KeerdKsec 661734720 65:35

2 isobutene keerdKorim 85:15 @10 92:8

CH=CH— e 1-butene KsedKorim 85:15 @10y 87:13
HOH,C—CH=CH—CH HOH,C—CH=CH—CH.B . se

2 2 z 257 1,3-butadiene KseciprifKorim ~ 87.57212.5'5 87:13

2,3-diMe-1,3-butadiene kerprin/Korim 95 3:5"7b 93:7

The fragmentation mass spectrum of the_mixture_of '_[he _bromo_- avalue in parentheses: approximate error margiRatio when
alcohols was then measured after sampling and ionization; this 5ssigning the peak at mass 41 to the tert/prim adduct; considering this
mass spectrum is a superposition of the mass spectra of eacheak to be nonspecific yields 88,11 (see the text).

of the different bromo-alcohols formed in the flow tube. The

mass spectra for the individual bromo-alcohols are characteristic:arpons. Their reference fragmentation mass spectra, yielding
fingerprints with constant relative intensitigs= |/l for each fmx Were measured at 5 Torr with an electron impact energy

mass peakn, and the total signal strengthy = Xl is linearly of 30 eV; the concentration of the bromo-alcohols was of the
dependent on the concentratiof] [of the compound consid-  grder of 5x 102 molecules cm3. Compound A was obtained
ered: Im ~ fu[X] and ot ~ Zfu[X]. Also, all of the bromo-  from Pfaltz and Bauer; compounds B and C were synthesized

alcohols formed are isomers, with virtually identical ionization - ang purified as described in ref 50. Fitting the mass spectrum
cross sections and hence an identical total signal strehgth, ¢ the bromo-alcohol mixture formed in the 1,3-butadiene

for identical concentrations. Therefore, the measured MassoH + Br, reaction against these reference spectra, using the
spectrum for the bromo-alcohol mixture is a linear combination 555 peaks atVe = 31, 41, 43, and 57, a ratio A/(B C) of

of these fingerprint spectra with, for each masgontributions  _5 504:102.5% was found, with a fairly large statistical error

Im proportional to the concentratioX] or the mole fractiorxx of £16% (absolute) but qualitatively supporting the 13%:87%
of bromo-alcoholX : SAR-predicted dominance dsec/prim OVer koim. Additional
experiments using propene yielded results with even larger
uncertainties; the difficulties in obtaining or synthesizing the

| ~f Tt Tt i pure sar_nples of the ther_mally ur)stable bror_no-alcohqls, a_nd
miot ™ Tm A T Tm e T ImcXe T - some evidence that chemically activated reactions are distorting
the mass spectra of the bromo-alcohols in the reaction mixture
relative to their reference spectra, caused us to abandon this
approach.

Comparison to Literature Data. Experimental DataThe
tables listed in this paper contain the relevant literature data on
the overall rate coefficients for the reactions of olefins with
OH: most of them are total rate coefficientgy, including
addition and other channels such as H abstraction, while others

It ™~ T Al + T dB] + ., JC] + ...

The relative peak intensitief, can be determined directly from
fragmentation spectra of the pure bromo-alcohols, either avail-
able commercially or synthesized in our lab. Consequently, one
can determine the relative concentration of each of the bromo-
alcohols, and hence the relative contribution of each of the OH
addition sites in the alkene, from a fitting procedure on the
relative contributionsyx, against a sufficiently large set of linear
equations for mass peak intensities. We opted to include more . " - o
mqass peak intensitigsmot, than strictly necpessary because a &€ effectively only.the OH .a.d Q|t|on ratis F.lndmg.addltlonal
fitting procedure on this overdetermined set of equations reducesev'dence for the S'te. specificity proved quite d|ff|cult because
the impact of the experimental uncertainties on individual peak W& Were able to find only one other experimental study
intensities and gives an indication of the uncertainty on the site- €X@MNiNg thez site s_pecn‘lcr[y of the_ OH addltlcnhrectl_y.
specific contributions of the OH addition. Note that this method Feltham et aF: Inve_stlgateq the reaction of photochemmally_
does not require that the formation channels of the individual 9enerated OH radicals with alkenes, including asymmetric
fragment ions are known, in contrast to the earlier methodology, &kenes, in low-temperature Ar matrices, finding that the
nor does it need the absolute concentrations of the bromo-Cconcentration of the secondary or tertiary radical always
alcohols. However, it relies on the availability of pure samples €xceeded that of the primary radical. However, these adduct
of all of the bromo-alcohols formed because one needs to concentrations are also affected by subsequent photolysis
determine the fingerprint relative intensitids, by measuring ~ "€actions, leading to carbonyl compounds; after taking formation
the fragmentation spectra directly. Very few of the bromo- of these carb_onyls into account, no addition elte preference was
alcohols are available commercially and usually only in @PParent. It is unclear whether the Ar matrix might alter the
(calibrated) mixtures. Synthesis and purification of bromo- @ddition mechanism from the two-step gas-phase mechanism
alcohols is rather troublesome, often compounded further by with a Iong-range pre-reactive complex followed by a rotation
fast decomposition of the samples within hours or days. This Of the OH radical toward either of the addition sites. In a
lack of stability also suggests that some of the chemically theoretical study, Alvarez-ldaboy et#iconsider the propene
activated intermediates within the experimental setup might T OH reaction in an inert atmosphere at low pressures; they
undergo isomerization or fragmentation reactions, making Suggest that the experimental quantification of the different
comparison to the reference mass spectra inaccurate. Thes@roducts for the two addition channels in these conditions might
difficulties led to rather large uncertainties on the site specificity Provide a definitive answer to the regioselectivity. We are
determined, especially for the sites with the lowest contributions. Unaware if such an experiment was ever attempted; the

We applied this technique to the 1,3-butadien®H reaction, intermediate isomerization TS above the entrance channel could
which can yield three bromo-alcohols: GHCH—CHOH— bias such experimental results by partial redissociation to the
CH,Br (adduct A) from addition on the central hydrocarbons, initial reactantz complex.
and CH=CH-CHBr—CH,OH (B) or CH.Br—CH=CH—CH,- We then turned our attention to product distribution studies

OH (C) after allyl-resonance-enhanced addition on the outer in reactive atmospheres because, in principle, an asymmetric
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parent alkene will yield different reaction intermediates for its the, mostly unknown, branching ratios for the peraxperoxy
respective addition sites and hence might yield different final radical reactions and might also be affected by unimolecular
products. In atmospheric conditions, fxaydroxy-alkyl radicals reactions. Cvetanovtreported 65% OH addition on the outer
formed after addition of OH to a double bond generally react carbon of propene based on the formation of different peroxide
with O, and, given sufficiently high levels of NO, subsequently products, in fair agreement with the 87% predicted by our SAR.
with NO forming ap-hydroxy-alkoxy radicalst NO,. These However, a theoretical stuéysuggests that Cvetanovic's results
B-hydroxy-alkoxy radicals in turn have a comparatively low might be explained not by an initial regioselectivity but by the
barrier to dissociatiof#>*and dissociate quickly in a carbonyl ~ energetics of the subsequeni themistry.

compound and an-hydroxy-alkyl radical. Unfortunately, for Theoretical WorkThe general mechanism of OH addition
many simpler alkenes the-hydroxy-alkyl radicals typically on z bonds is quite well established from quantum chemical
react with Q yielding a carbonyl compound that is the same as calculations’*~3133-35 the OH radical first forms a T-shaped
that formed directly from the alternative addition within the same complex with the alkene (the OH hydrogen pointing toward
double bond, making the two channels indistinguishable. For the alkene) through a barrierless association reaction, followed
more complex alkenes, the chemistry after the initial addition by an addition on the double bond through a TS slightly above

is usually quite complex, and (often unquantified) secondary thez-complex energy. The most recent, highest-level theoretical
reactions such as H shifts, ring closures, nitrate formation, or kinetic calculation® based on a two-transition-state model with

multiple dissociation routé$8404253make the assignment of ~ an outer association TS and an inner addition TS showed that
an observed product to a specific entrance channel hard,at room-temperature both have a significant impact on the rate
especia”y because these Secondary reactions probab|y have goefficient. Our basic hypotheSiS describes the rate coefficient
different impact on the subsequent chemistry of each the

different initial addition intermediates. For some monoterpe- Reactants TS1 182

nes2%5 several products are observed in experiments in atmo- C=C + OH
spheric conditions, but the total product fractions identified are
less than 50%, indicating that the product distribution is indeed
highly perturbed by subsequent chemistry. Hence, the available
data here is not a true measure of the initial site-specific
contributions, even if we find very good agreement for some
of these compounds, for example, the (296)/(20 + 3) =

1.45 ratio of dicarbonyl versus monocarbonyl products from
limonené® compared to the predicted ratikief + ksed/(Keert +

korim) = 1.43 from the SAR. Stevens et®lobserved evidence
for OH addition on all four sites in isoprene in a mass-
spectrometric study; the relative contributions were not quanti-
fied experimentally. There is a large body of literature data on
the reaction products of isopreAe OH in the presence of O
and NO; the main products observ&d® are methyl vinyl
ketone (32%) and methacrolein (23%) together with their
coproduct formaldehyde (60%), as well as hydroxycarbonyls
(15%), 3-methylfuran (5%), and nitrates (10%). Methy! vinyl
ketone and methacrolein are formed after OH addition on the
first and fourth carbon in isoprene, respectively, and their relative
yield is in fair agreement with the SAR-predicted relative
contributions for these sites (5.7 and 3.0). However, the
hydroxycarbonyls HOCk-CH=C(CH;)—CHO and HOCH—
C(CHg)=CH—CHO are also formed in subsequent reactiéns
of the initial adducts after OH addition on the first and fourth
carbon, respectively; unfortunately, their relative yield is as yet

uncertain. 3-Methylfuraf®is in turn most likely formed after 4 complex depends on the substitution. As long as the
cyclization and HO loss from the hydroxyaldehydes. Itis clear  characteristics of the outer complex-forming TS are properly
that the product distribution is again influenced strongly by cqrrejated with the (averaged) contribution of the two addition
subsequent chemistry, and direct and complete information ong;es 4 reasonable expectation for these long-range effects, our
the relative contributions of the initial addition sites is not yet st pasic hypothesis matches the general two-step addition
available. For the OH-initiated oxidation afpinene, we found mechanism: the site specificity is governed by the two inner
good agreement between the available experimental product datgqgition TS, whereas the overall rate coefficient for addition
and an extensive theoretical product distribution stibased  gepends on the two separate inner addition TS combined with
partly on the current SAR. However, given the complexity of the outer TS influenced by the averaged effect of both sites.
the degradation mechanism and the fact thainene is one of  Fytyre work on the temperature and pressure dependence of
the compounds with the largest deviations from the SAR the rate coefficient and site contributions might have to account
(attributed in ref 37 to nonoptimal hyperconjugation stabilization gy the two transition states explicitly.
due to the strained bicyclic geometry), this evidence might be  Quantum chemical calculations on asymmetric alkenes might
less compelling. also provide support for our second hypothesis, that is, that the
Data in low-NO conditions, that is, where subsequent site-specific contribution depends nearly exclusively on the
chemistry is determined by peroxyperoxy radical chemistry,  substitution around the product alkyl radical site and not on
was also found to be inconclusive because it often depends onthe substitution on the carbon added upon. Unfortunately, there

Adduct

for addition as an additive contribution from each of the two
addition sites within the double bond. This model clearly agrees
with separate, rate-determining inner addition transition states
for each of the addition sites, that is, rotating the OH radical
left or right toward one of the carbons. The existence of a shared
pre-additionr complex formed in a single outer TS governed
by longer-range effects, however, might not be compatible with
an additive site-specific model. Alternatively, the electron-
density of thewr bond is affected by the substituents on both
sides of the double bond, and these substituents therefore affect
the stability of thexr complex and the outer association TS.
Although the impact of substitution on the properties of the outer
association TS has not been studied directly, quantum chemical
calculations for OH addition on asymmetric alketfes28:31.32.34

all show an asymmetri@ complex; the energetic stability of
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are relatively few theoretical studies on asymmetric alkenes  for diolefins could be derived with good accuracy from summing
OH?4.25.28,31,32.345¢9 fall back on. Conventional wisdom tells the rate contributions from the individual double bonds as
us that substituted alkyl radicals are more stable, and combiningdetermined in experimental work on reference compounds.
this stabilization with a PolanyiEvans relationship linking Estimates for conjugated alkenes were derived from the rate
reaction exoergicity to barrier height would readily explain the coefficients for analogous monoalkenes using a multiplication
increasing site-specific contributid®yim, Kses kert With increas- factor of 1.24. This early work does not clearly define a fixed
ing product radical substitution. To test such a correlation, we set of compounds and associated rate coefficients to use as
performed a series of B3LYP-DFT calculations using Gaussian- reference compounds, introducing a certain level of arbitrariness;
98! for ethene, propene, isobutersds- and trans-2-butene, this makes a direct comparison to our work difficult.
2-Me-2-butene, and 2,3-diMe-2-butene. At that level of theory, A structure-activity relationship developed by Atkinson et
B-hydroxy alkyl radicals are stabilized by additional substitution al.>~*25 predicts rate coefficients for the reactions of OH
on the radical site, with secondary and tertiary radicals on radicals with organic species, including mono- and polyalkenes,
average 1.5 and 2.2 kcal/mol below primary radicals using a based on standard group rate coefficients modified by correction
6-31G(d,p) basis set, and 1.2 and 1.8 kcal/mol using a factors for substituents around the functional group examined.
6-31H-+G(2df,2pd) basis set. Unfortunately, virtually every For OH addition on alkenes, addition rate coefficients can be
other quantum chemical method we applied, including Mgller ~ estimated based on six standard substitution patterns; conjugated
Plesset, coupled-cluster, and Gaussian-type methodologiesalkadienes are subdivided into four groups, each with an
shows a reverse stability ordering, with prim@nydroxy alkyl additional associated group rate coefficient depending on the
radicals being the most stable, and secondary and tertiary lesssubstitution patterns. Correction factors are available for het-
stable. This is also reported in the literature for progéfe?® erosubstituents around the double bonds. Compared to our SAR,
at the PMP2 and PMP4 levels of theory; the results for the cyclic the SAR by Atkinson et & yields on average slightly lower
d-limonené* are less conclusive because of the ring structure. rate coefficients for addition (about 3.5% over 54 compounds);
We should therefore consider that the DFT results are erroneougthe deviation between the SAR predictions and the experimental
and caused by an overestimation of the stabilization effect of data has a comparable average (20.2% vs 18.7%) and maximum
substituents on the radical. In view of these results, a straight- deviation ¢-60%) as our SAR. The SAR by Atkinson et al.,
forward explanation of the site-specific relative rates based on however, does not yield site-specific addition contributions
reaction enthalpies seems unlikely. Theoretical work on the within a double bond or conjugatedsystem. Note that we did
addition transition states for propene show that both transition not include H-abstraction contributions in our comparison, even
states are very close in energy, with differences in relative though the Atkinson et al. SAR can predict these contributions;
energy of less than 0.4 kcal/m#t25:28the relative rates for the ~ as detailed in a later section, it is expected that H abstraction
different addition sites are therefore strongly determined by the Will contribute for a small extent, improving the predictions.
entropic differences between the transition states. The geometries Pompe et at° used multiple linear regression models to derive
in these studies were optimized at the MP2 level of theory, & predictive model based on six topological indices (MLR
suffering greatly from spin contamination, and higher-level model), as well as a regression model based on variable
quantum chemical and theoretic-kinetic calculations are neces-connectivity indices (Model 2) differentiating between different

sary to determine the relative contributions of the different TS hybridizations of the carbon atoms. Compared to our addition
in asymmetric alkenes. SAR, the MLR model yields slightly higher rate coefficients

(by about 6% over 43 compounds) but with a higher average

Theoretical studies on conjugated alkenes, more specifically \°7 <~ 0 0 . o o
isoprene?-32show that the barrier heights as well as the product deviation (24'5_/0 versus 17.3%) and maximum o!ewanon (80%)
from the experimental data. The average deviation for Model 2

radical energies are lower for the resonance-stabilized product.

channels compared to addition pathways for the inner carbons,'’® S|gn|f|c§ntly flarr]ger a%ailn ﬁ29,7%z, bUth the strgctural
favoring addition leading to resonance-stabilized adducts. |nter|;1)ret_at|on_ Oht (I)Sl-l’rm(l)ke shows that t ed$93t lmdpor:)allnt
Similar to propene, the barrier heights for the two addition TS mechanisms in the alkene reactions are addition to double

leading to resonance-stabilized adducts are found to be nearl)po,[]dfS I?jnd'tH abst.rfgctic()jr(;.f.rom allylic sfift.e.s. These models do
identical, with a small energetic advantage of only 0.2 kcal/ novyle St e-;pe(l:alflc a |t|on| rz(ijte _coz |C|ents.| iband
mol®! for the formation of the sec/prim adduct. Therefore, the ery recently, Pirang et al. derived a correlatiband a

G - .
relative contribution of these two channels is determined mainly SAERZkaor adgmor(lj of OH on alkenes ar;d nonconJuEate_d |
by the relative rigidity of the TS, and rate coefficient calcula- polyalkenes, based on an extensive set of quantum chemica

tions! show a dominance (6469%) of the formation of the calculations on the energies of the highest occupied molecular
tert/prim resonance stabilized product radical. This distribution o;b'hfl? ang |tr_1tcludtes grou%r:ahacgvn););‘a%torsafocr:dlfferenat%/pes
agrees very well with 0Ukeryprinf (Kervprim + Keearprin) prediction of alkyl substituents around the double bond. Compared to our

of 66% in isoprene. Our SAR-predicted contributions of 60:5: work, their addition rate coefficients are significantly lower,
5:30 for addition on carbons:(C,/C/C, of isoprene are alsd " underpredicting the experimental rate coefficients by 12% on

: - - ; - A average (46 compounds), but with a comparable average
comparable with the ratios derived in theoretical kinetic work S . L
by Stevens et 41 (72:<1:<1:28) and Lei et af? (56:2:5:37).  deviation (21.0% vs 19.5%) and maximum deviatiorb0%)
. : ) . . from the experimental data as our SAR. The work by Pfrang et
Other Structure-Activity RelationshipsThe deviations cited al20 also shows that the length and branching of the alkyl

in the comparisons below are calculated over so@setof g ptityents around the double bond is expected to show a
compounds accommodated by both our SAR and the SAR being yefinite but small effect £10%) on the total rate coefficient

compared against. We also removed compounds used to derivgq, aqgition. This SAR does not yield site-specific addition
the SAR from the comparison; the values fophellandrene . 4ntributions.

and a-terpinene are corrected for H abstraction. The number .
of compounds in the resulting subset is indicated below. Discussion

Estimating rate coefficients for OH addition on olefins was The SAR described in this paper provides a valuable tool
first proposed by Oht&a8 who showed that the rate coefficients for accurately predicting site-specific and total rate coefficients
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for the addition of OH radicals on (poly)alkenes at 298 K as  Sabinene is an exceptional case, defying all attempts at
needed in the construction of atmospheric chemistry models andpredicting its rate coefficients with OH, NOor Oz using SARSs.
the elucidation of degradation and product formation mecha- The most likely explanation is that the proximity of a strained
nisms of volatile organic compounds. The SAR is based on the three-membered ring to the double bond allows for additional,
experimental rate coefficients of only 3 (for isolated double nontraditional reaction pathways, such as concerted addition/
bonds) and 6 (for conjugated alkadienes) reference compoundsing breaking reactions or even addition or abstraction reactions
(see Table 1), yet the average deviation between the totalnear the three-membered ring enhanced by allyl stabilization
experimental rate coefficient and the predicted addition rate of the reaction product radical. For this reason, we expect that
coefficient using the SAR site-specific rate coefficients (see sabinene will have to be treated explicitly outside any SAR
Table 2) for the 64 compounds in Tables-3 is only 13% treatment.
without the need of fitted SAR parameters (Figure 4). In this  In our derivation of the SAR, we quantifiekle. from the
section, we will discuss certain aspects of the SAR in more averaged rate coefficients fois- andtrans-2-butene. Using the
detail, in particular systematic deviations and trends and rate coefficient for the trans conformer seems more appropriate
deviations for compounds that are apparently predicted with lessfor most noncyclic compounds, wherezs-conformers might
accuracy. be a better model for endocyclic double bonds. The difference
Ring Strain, Conformers, and Steric Hindrance. The between 2x ksecand the specific rate coefficients fois- and
average deviations for regular and monocyclic alkenes and for trans2-butene, however, is only about 7%, comparable to the
(most of the) conjugated alkadienes is about 10%. The averagestatistical uncertainty between our predictions and the experi-
error of the predictions for bicyclic compounds is significantly mental data. Also, ring strain is expected to have a larger impact
larger,~24%, and includes some of the compounds with the on the rate coefficient than the 7% difference with the averaged
largest deviations. This can for the largest part be attributed to ksec Hence, at the present time the use of an average over both
changes in the ring strain in these bicylic compounds: the sp conformers is sufficiently accurate and eliminates the need for
sp? hybridization of the double-bonded carbons changes to a additional parameters in the SAR.
sp-sp? hybridization, with corresponding changes in bond angles  Francisco-Maguez et af? studied the effect of cis and trans
and lengths. In some cases this reduces the ring strain, especiallgonformers of conjugated alkadienes in theoretical calculations
because the dgarbon-centered radical easily deforms fromits on butadiene and isoprene. They found lower barriers for
planar geometry to reduce overall strain, whereas in other casesddition in the cis conformers, with a larger effect for the inner
ring strain increases upon addition of OH. In the addition carbons. Hence, the existence of cis and trans conformers of
transition states, these ring strain changes will already be partlyalkadienes could affect the rate coefficients as well as the site
present, affecting the rate of addition to a certain extent. specificity. At 298 K, the population fraction afis-alkadiene
Monocyclic compounds (see, e.g., cyclopentene, -hexene, andconformers is only a few percent, such that it will probably not
-heptene) are hardly affected, so the effect is clearly not overly impact our predictions significantly, but future work on higher
large, but the highly strained nature of some bicyclic compounds temperature predictions and temperature dependencies might
makes them more sensitive to such geometric modifications. have to include cistrans conformism explicitly.
We are not aware of quantum chemical or theoretical-kinetic ~ The compound where the SAR prediction shows the largest
work studying the effect of ring strain for OH- olefine relative deviation isx-pinene, with an overestimation of 63%
reactions in detail, but we can illustrate the effects with some (experimental: 5.2% 10~ cm?® s™1; SAR prediction: 8.51x
exploratory B3LYP-DFT/6-31G(d,p) relative energy calculations 101t cm? s1). A tentative explanation based on steric hindrance
on p-pinene and isobutene, which have a similar alkene is that the>C(CH;), bridge hovering over the double bond is
substructure. partly blocking the formation of the pre-reactixecomplex for
OH addition on the syn side of the substituted bridge. In this
particular case, the rigid bicyclic structure would prevent
substituent reorientation to accommodate the approach of the
OH radical toward the double bond; the steric hindrance would
then reduce the addition rate coefficient. However, the deviation
for a-pinene might also be caused by strain in the ring structure,
B-pinene iso-butene similar to 5-pinene, as we find in exploratory B3LYP-DFT/6-
31G(d,p) calculations that the stability of the OH adducts with
The well depths for OH addition forming a tertiary radical are tertiary radical site is reduced by-2 kcal/mol (depending on
nearly identical (within 1 kcal/mol) fop-pinene+ OH and syn or anti orientation relative to the C(CHs), bridge) in
isobutene. In contrast, the OH adduct with a primary radical comparison to 2-Me-2-butene with an identical but unstrained
site is about 3 kcal/mol less stable ffifpinene compared to  alkene substructure. We attributed the difference in adduct well
isobutene; clearly, the geometry change of the carbon within
the ring structure of-pinene is energetically not favorable. This
is expected to impact the barrier height and rigidity, and hence
addition on the endocyclic carbon is probably even less X
important than that currently predicted by the SAR. Similar
energetic and entropic effect for other (bi)cyclic compounds will
also cause deviations between strained and strain-free, resulting a-pinene 2-Me-2-butene
in a larger error between experiment and SAR. Note that here
the underprediction of the rate coefficient by the SAR for depth earlie¥ to a suboptimal hyperconjugation overlap toward
p-pinene is due to the lack of H-abstraction contributions in the carbon in the adjacent strained four-membered ring in the
our prediction. For bicyclo-[2.2.2]-2-octene, where the SAR tertiary product radical, such that it behaves more like a
overpredicts the rate of addition by 47%, we also expect a large secondary radical. The addition pathway leading to the tertiary
influence of ring strain. product radical ker, is the largest contribution in the SAR
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prediction, and a lowering of the rate coefficient for this channel significantly closer to a 1:1 ideal correlation. Also, the horizontal
due to even a slight increase of the barrier height or TS rigidity artefacts in the lower-left corner of Figure 4, caused by an
would bring the SAR prediction much closer to the experimental identicalkaqq prediction for different compounds with slightly
values. More advanced theoretical work is needed to concludedifferentkey, are tilted to nearly match the ideal 1:1 correlation.
whether steric hindrance can be an issue in any of the As such, attributing the bulk of the remaining residual errors
compounds considered here or that the energetic and entropidbetween our SAR and the experimental data to H abstraction
impact of ring strain is the dominant reason for the larger scatter seems a promising avenue. Still, we refrain from including the
found for bicyclic compounds. H-abstraction contributions in the present paper because the
H Abstraction. It is generally accepted that H abstraction is current treatment of the H abstraction is too rudimentary. We
a minor channel in the reaction of alkene¢sOH; the good have shown earlier that the H-abstraction rate is correlated
agreement between our SAR addition rate coefficients and thenonlinearly to the GH bond strengti73 and, for example,
measured total rate coefficients concurs with this assertion. using a singléapstr erivalue for all tertiary sites is not sufficiently
However, as already indicated earlier, the stability of (super)- accurate. Also, for H abstraction enhanced by resonance
allyl stabilized radicals formed after H abstraction significantly stabilization, one should consider the substitutions on all product
promotes H-abstraction rates: forterpinene andx-phellan- radical sites; similar to the OH addition discussed in the current
drene, H abstraction was even measured diréttlgontribute SAR, one expects that substitution on the second (third)
for 30 £ 7% and 27+ 10%, respectively, and thereby resonance radical site will have a different impact on the
accounting for most of the difference between our SAR H-abstraction rate as the initial abstraction site. The accuracy
predictions for addition and the measured total rate coefficient. of the current simple treatment deteriorates further when
H abstraction from 1,3-and 1,4-Cy|0hexadiene is somewhat Considering (b|)cyc||c CompoundS, where ring strain can Sig_
lower because of the lack of tertiary hydrogen sites and npificantly alter bond strengths and abstraction ratésFinally,
measured at 10159 %%%and 7963 respectively. For 3-methyl-  the increase in rate coefficient for the series [1-butene, 1-pentene,
1-butene, abstraction of the ter_tiary hydrogen was estimated at1_hexene, 1-heptene], about2 x 10-12cm? s~ per additional
5-10%> For compounds lacking a superallyl-enhanced or a cp, group, is larger than that predicted for typical H-abstraction
tertiary H-abstraction site, contributions of H abstraction are |aie coefficients for secondaryCH,— hydrogens,~1.0-1.5
now generally considered minor10%, despite some earlier . 1g9-12 onp s, suggesting that perhaps the pre-reactive
work with higher contribution$?°*Tully®” found that H abstrac-  mplex formation also enhances H-abstraction rates. The lack
tion is the dominant channel at temperatures above 650 K for o aecirate H-abstraction contributions is one of the reasons
1-butene+ OH; extrapolation to room temperatures suggests e gnted not to numerically optimize the basic SAR parameters
an H-abstrac_:tlon contribution Of__zg%' In agreemer_n with Korim, Kses @and so forth at this time because doing so would shift
earlier _ex_perlmental work by Atkinson et @ suggesting an part of the uncertainty on the H-abstraction contribution into
upper I|m0|t of 10%. Some other _compounds, such as etffene, the addition rate SAR parameters, thereby also conceptually
isoprenel? and 1,3,5-cycloheptatrieiiéere also found to have 1\ i o contributions for addition and abstraction within these
a negligible H-abstraction contribution. The moderate increase parameters
in the experimental total rate coefficients for the series [1-butene, C . )
1-pentene, 1-hexene, 1-heptene] (see Table 3) also indicates that Heterosubstituents. With the exception of halogenated
each additiona-CH,— unit in the alkyl substituent contributes compounds, there is little systematic data available concerning

to the rate coefficient; the theoretical work by Pfrang e€a&P OH addition on heterosubstituted (poly)alkenes. This is unfor-
shows that the rate of addition is not affected appreciably (2 tunate because, for example, oxygenated compounds and
39%) upon elongation of the alkyl substituent beyone @Hs particularly hydroxy- and carbonyl-substituted compounds are
methyl group, suggesting that the increase is due to H abstractiorcommonly formed in the atmospheric oxidation of hydrocarbons;
on the alkyl chain. examples include methylvinylketone, methacrolein, terpinen-

Even with contributions of a few percent {0—15%), H _4-oI, a_nd (meth)acrylic acid._ The polyunsaturated terpenoi_ds,
abstraction would account for a large fraction of the residual M Particular, have the potential to form stable but very reactive
errors found in the comparison between our SAR-predicted unsaturated oxyg_enated_mtermedlates. The impact of hydroxy
addition and measured total rate coefficients. In particular, it O ¢arbonyl substituents in an alkene on the rate coefficient for
would explain the apparent curvature in tkg, versusksar addition is difficult to predict a prioria-Hydroxy substituents
plot in Figure 4 where larger compounds with higher rate t€nd to stabilize an alkyl radical (see, e.g., the rate coefficients
coefficients are typically underestimated: precisely, these larger, for thanol+ OH vs ethane- OH), but the -enol compounds
more branched compounds contain the most promising H- needed to ot_)serve this effect psually rearrange to the more stable
abstraction sites including tertiary hydrogens and hydrogens nextketo form. Vinoxy resonance in the product radical formed after
to conjugatedr systems shown experimentally to contribute OH addition on a>C=C—C=0 compound is not likely to
significantly® To test the potential impact of H abstraction, we €nhance the addition rate significantly, given that the second
generated predicted total rate coefficiekts = ksar + Kapstr radical site (the carbonyl oxygen) is a primary site, taadprim
by summing the addition rate coefficient as predicted by the and Kerprim are nearly identical toksec and kier, and that
current SARKksar, With predicted H-abstraction rate coefficients ~delocalisation in vinoxy resonance is less pronounced than in
Kabstr- The Kapsyr Were obtained by summing all site-specific ~ allyl resonance. However, the formation of H bonds between
abstraction rate coefficientkansyi, With each hydrogen abstrac-  the OH radical and the C=0, —OH, or —COOH bond could
tion site characterized based on its immediate environment assignificantly affect the stability of the pre-reactivecomplex
outlined earlier by Vereecken and Peef@rstimary, secondary,  and hence the rate of OH addition. We currently do not include
and tertiary hydrogen sites are distinguished, as well as theheterosubstituents in the structei@ctivity relationship devel-
presence/absence of allyl-resonance or superallyl resonanceped here, until more information is available, both experimen-
stabilization in the product radical. The resulting versuskeyp tally and theoretically, on the impact of H bonding on the
correlation is much more linear, with larger compounds being addition pathways of OH radicals onto alkenes.



1630 J. Phys. Chem. A, Vol. 111, No. 9, 2007

Conclusions

In this work we developed a novel, quantitative SAR for the
prediction of site-specific rate coefficients for the addition of

OH to alkenes. The deduction of the SAR rests on two basic Bu

hypotheses: i) the overall rate coefficient for addition is equal
to the sum of the site-specific rate coefficients of all addition
sites and i{) the site-specific rate coefficient is determined
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