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Pressure-dependent product yields have been experimentally determined for the cross-radical rg#égction C

+ C;Hs. These results have been extended by calculations. It is shown that the chemically activated combination
adduct, 1-GHg*, is either stabilized by bimolecular collisions or subject to a variety of unimolecular reactions
including cyclizations and decompositions. Therefore the “apparent” combination/disproportionation ratio
exhibits a complex pressure dependence. The experimental studies were performed at 298 K and at selected
pressures between about 4 Torr (0.5 kPa) and 760 Torr (101 kPa). Ethyl and vinyl radicals were simultaneously
produced by 193 nm excimer laser photolysis gHSCOGH3 or photolysis of GH3Br and GHsCOG;Hs.

Gas chromatograph/mass spectrometry/flame ionization detection (GC/MS/FID) were used to identify and
quantify the final reaction products. The major combination reactions at pressures between 500 (66.5 kPa)
and 760 Torr are (1c) £is + C,H; — 1-butene, (2¢) €Hs + C,Hs — n-butane, and (3c) £i; + C,H; —
1,3-butadiene. The major products of the disproportionation reactions are ethane, ethylene, and acetylene. At
moderate and lower pressures, secondary products, including propene, propane, isobutene, 2-butene (cis and
trans), 1-pentene, 1,4-pentadiene, and 1,5-hexadiene are also observed. Two isomides ofcdbutene

and/or 1,2-butadiene, were also among the likely products. The pressure-dependent yield of the cross-
combination product, 1-butene, was compared to the yieldttmitane, the combination product of reaction

(2c), which was found to be independent of pressure over the range of this study. Thds][{65H,] ratio

was reduced from-1.2 at 760 Torr (101 kPa) te-0.5 at 100 Torr (13.3 kPa) and0.1 at pressures lower

than about 5 Torr 0.7 kPa). Electronic structure and RRKM calculations were used to simulate both
unimolecular and bimolecular processes. The relative importance 6f&hd C-H bond ruptures, cyclization,
decyclization, and complex decompositions are discussed in terms of energetics and structural properties.
The pressure dependence of the product yields were computed and dominant reaction paths in this chemically
activated system were determined. Both modeling and experiment suggest that the observed pressure
dependence of [1-4Eg)/[C4H1q] is due to decomposition of the chemically activated combination adduct
1-C4;Hg* in which the weaker allylic G-C bond is broken: HC=CHCH,CHz; — C3Hs + CHs. This reaction

occurs even at moderate pressures-800 Torr (26 kPa) and becomes more significant at lower pressures.
The additional products detected at lower pressures are formed from secondary—nadicall reactions
involving allyl, methyl, ethyl, and vinyl radicals. The modeling studies have extended the predictions of
product distributions to different temperatures (2000 K) and a wider range of pressures (301 Torr).

These calculations indicate that the high-pressureHslfC4H,q] yield ratio is 1.3+ 0.1.

Introduction A number of papers from our laboratortory have previously
i o . ) reported on the kinetics and products of vinyl radical reactidns

Free radicals are among the critical intermediates in hydro- 55 \well as the cross-radical reactiopHg + C,Hz — products
carbon reaction systems. Small unsaturated hydrocarbon radical:@l) at ambient temperature and pressures up to 700 Torr (93
are p_arucularly important. Rel_atlvely little is k_nowq aboqt the kPa)8 Major products of reaction (1) at room temperature were
kinetics and dynamics of radicatadical reactions involving identified by GC/MS/FID analysis. These include 1-butene,
unsaturated radicals. Hydrocarbon radical termination reaction _putane. and 1.3-butadiene formed respectively, through the
rates and Fheir product yields are of_ great importancg for combination reactions: (1c) Bs + C,Hs — 1-butene, (2¢)
understanding and modeling combustichand atmospheric CsHs + CoHs — n-butane, and (3c) &3 + CHz — 1,3-
reaction system&.Vinyl radical reactions are believed to be | tadiene. An overall rate constantiaf= (9.6 + 1.9) x 1011
partlcularly |mportant in high-temperature hydrocarbon combus- -8 molecule s~ was directly measured using time-resolved
tion as well as in low-temperature planetary atmospheres. |y absorption spectroscopy. In addition, products of the
disproportionation reaction, ethane, ethylene, and acetylene,

TPart of the special issue “M. C. Lin Festschrift”. ~were identified and quantified. From the product yields and
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Sequential reactions of chemically activated combination use theoretical calculations where the role of measurements is
product are particularly important for any study of radical  to provide a check on the theory.
radical reactions. Recent reports indicate a significant pressure
effect on product distributions for the radieahdical reactions Procedures
CH; + CyH35>% 1l and GHz + CyH3.%7 Separate studies
demonstrate that the total radieahdical rate constants for these
reactions are generally independent of pressure; however
product yields vary greatly in such reactions involving unsatur-
ated radicals. For example, in the reactionsCH CyHs, the
contribution of the combination channel leading to propene
declines from about 78% at pressures higher tk@90 Torr
(26.6 kPa) to about 39% at pressures of a few Torr. At low
pressures, an additional reaction channel producing allyl radical
(CsHs) and H-atoms becomes competitive with collisional 54 nt of the radical precursor, usually in the range of about
stabilization®®-11 Similarly, for the reaction gHs + C,H3 at 1 x 10%5t0 6 x 10 molecule cm®, in an excess of He. Two
pressures higher than roughly 10 Torr (1.3 kPa), the combination ggf.enclosed gas circulating pumps, operational up to atmo-
reaction producing 1,3-butadiene is the major channel, with a gpheric pressure, were used to flow the gas mixture through
yield of about 70% and a combination/disproportionation ratio the reaction cell so that the cell contents were replaced between
= [1,3-butadiene]/[ethylene} 3.4 + 0.3. The contribution of 45 the photolysis laser was pulsed at a-®5z repetition rate.
the product channel yielding 1,3-butadiene decreases with A total system volume of about 2000 times that of the active
pressure; at about 3 Torr (0.36 kPa), the [1,3-butadiene]/ photolysis volume was used. Because of the removal of the
[ethylene] ratio is~0.6°" At low pressures, various isomeric  photolyzed sample and significant dilution of products, second-
forms of the GHe combination product (1,2-butadiene and/or ary reactions due to product photolysis are not important. End-
cyclobutene), as well as a number of &d G products not  product analysis was performed using a specially modified, on-
present significantly at high pressures, have been detected. Inine Hewlett-Packard 6890 series gas chromatograph (GC)
contrast to reactions involving unsaturated radicals, no pressurecoupled to a 5970 series mass spectrometer (MS) and flame
effect has been observed for the product channels of thig C  ionization detector (FID). The photolyzed sample was admitted

1. Experiment. Experiments were performed using excimer
laser photolysis: gas chromatograph/mass spectrometry/flame
'ionization detection (GC/MS/FID) end-product analysis. The
experimental methods have been described elsefvharkare
expanded on in the Supporting Information, hence only a brief
description will be given here. Ethyl and vinyl radicals were
simultaneously produced in equal amounts from 193 nm
photolysis of dilute mixtures of ethyl vinyl ketone {ds-
COGH3, EVK) in He. The photolysis samples contain a small

+ C;Hs reaction over a pressure range ©2—700 Torr!? to an evacuated injection loop that was immersed in liquid N
Product analysis for that reaction indicates that the ratio of The content of the reaction manifold was passed through the
combination/disproportionation= [n-C4H10/[C2H4] remains loop and reaction products were collected, while the He inert
constant within experimental error at A480.7. gas was pumped out. The concentrated sample was warmed to

In general, combination reactions of unsaturated hydrocarbon00m temperature and directly injected onto two separaf®@Al
radicals produce an excited combination product with large coated capillary columns (HP-19095P) by admitting the carrier
excess energy. The rates of these reactions are primarily9as into the collection loop. Temperature programming of the
determined by the formation of the combination product, not GC 0ven was required to separate the products. However, it is

its ultimate fate. This suggests that the reverse reaction isPOSSiPle that not all the isomeric forms of the products are
relatively insignificant. However, as mentioned above for the SeParated under the flow and temperature conditions of the GC

reactions CH + C,Hs and GHs + C,Hs, yields of the product runs. The retention times and response of the FID and MS were
channels of radicaitradical reactions cgan vary with changes in calibrated by Injection of available known standard samples with
pressure. Results on the reactiosHg + CoHs show that there concentrations similar to those produced as a result of the laser
is a competition between collisional deactivation and uni- ph;):]olys:sj_anld subsequent rea(t:)Uo_ns.d iall d
molecular reactions even at pressures-tifatm, which accounts e radical precursor was obtained commercially and was

for the observed changes in relative product yields. Conse- purified by trap-to-trap distillation. UItrghigh purity He .
quently, the pressure dgpendence of yipelds fror?: unimolecular (99.9999%) was used for sample preparation and as the carrier

steps appears as a pressure dependence of the combinatio¥P> for the gas chromatograph.
2. Calculation. Enumeration of Potential Reaction$he

disproportionation ratio. ) ) .
his is the fi d studv of ﬁ h chemically activated 1-butene product results from the combina-
This is the first reported study of pressure effects on the cross-y,, o ethyl and vinyl radicals. The competition between

reaction of ethyl and vinyl radicals. The open reaction pathways imolecular collisional stabilization of the chemically activated
are compared to recently reported results for the cross combina-zqquct and unimolecular processes are expected to produce a
tion of allyl and methyl radicals to form 1-butene. The work  yressyre dependence. However, the competing disproportion-
presented here extends our efforts, systematically combining ation reactions that involve an intermolecular hydrogen migra-
experiment and calculation to understand complex pressuretion from a donor to an acceptor is not expected to exhibit a
effects on the reaction kinetics and mechanisms of hydrocarbonpressure dependence because the energy released will be
radical-radical reactions. It is a truism that it is much easier to gjstributed between the two sets of products. Three classes of
measure reaction rate constants than product yields, but the latteinimolecular reactions are available: simplet€bond rupture,

are as, if not more, important. Theoretically based calculation simple G-C bond rupture, and isomerization (cyclization/
has become increasingly useful for elucidation of product yields. decyclization) involving H-atom migration. These reactions will
Even where product yields are known for a limited set of pe designated as-€H, C—C, and cycH, respectively. The
pressure and temperature conditions, calculation is necessarylecyclization (the reverse of the cyclization) reaction will be
to extend the experimental results to important regimes. The symbolized as -cycH. The combinatioc),(disproportionation

set of experimentally determined product yields for a reaction (d), stabilization §), and decompositionY) steps used in the

can be both extremely difficult to measure and limited in range. modeling of the GHs + C;Hs reaction are listed below.

In such cases, this being one, the only accessible pathway is toVibrational excitation is designated by an * following the
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TABLE 1: Experimental Conditions and Yields of the Major Final

Fahr et al.

Products (1012, molecule cnt3) Following the 193 nm

Photolysis of Mixtures of EVK in He at T = 298 K and a Total Pressure of 700 Torr (93 kPa)

[EVK] a lasere? [C2H2] [C2H4] [CzHe] [1,3-C4H5] [1-C4H3] [n—C4H10]
6.5x 10'° ~200mJ 131 25.4 8.9 27.7 37.2 36.2
8.0x 10 ~130 8.2 20.8 7.8 21.4 28.0 27.5
6.5x 10'° ~T70 5.4 9.9 7.6 11.3 13.9 12.8
13 x 10 ~T75 121 18.7 8.2 22.9 33.6 29.8

aMolecule cnt3. ® Laser energy as monitored at the source.

chemical formula. For reactants, the number preceding a
chemical formula indicates the position of unsaturation, while
for products, the unsaturation position does not change. The

TABLE 2: Experimentally Determined Relative Yield of
1-Butene andn-Butane, [1-CHg)/[n-C4Hg at T = 298 K
and at Various Total Pressures

number after the chemical formula designates the position of P (Torr/kPa) [1-GHg]/[n-CsH1q]
the “free” electron in the radical. For methyl cyclopropane §CH 760/101 1.20k 0.1¢¢
c-C3Hs), the methyl or ring G-H bonds can dissociate; these 700/93 1.07
are designated by -€H or C—H', respectively. Likewise if a 600/80 110
ring C—H bond is involved in the decyclization, then this is 500/66 1.1G£0.07
designated ak- 100/13.3 0-40
cycH 80/10.5 0.78
63/8.4 0.41
Disproportionation: 11/1.5 0.30
CoHs + CoHz — CoHa + CoHy Kid 1) 4.1/0.55 0.20
C2H3 + C2H5 - C2H2 + CzHe k]_d (2) 35/046 0.07
Combination: . o .
CoHs + CoHs — 1-CyHg* Kec ©) aThe listed uncertainties are determined from.at Ieast three measure-
isomerization: ments from separate experiments at nearly identical experimental
1-CiHg* = CHs-c-CHs* Keyerh Kooyt (—4,4) conditions.
CHs-c-C3Hs5* = cis-2-C4Hg* kfcych I(cycH (51_5)
CHs-c-CgHs* = trans-2-C4Hg* K-cycrr, Keyeri (6,—6) of how pressure effects the yields of all the detectable final
CHsz-¢-C3Hs* = iso-CuHs* KecyeH s Keyen (7,-7) products, while feasible, would require calibration samples of
decomposition: B each product including isomeric forms in order to quantitatively
1-CiHg* — CoHs + CoH3 K-1c = kc-c (8) . . K .
1-CiHg* — CsHs + CHa ke o ) determine their GC retention times and the MS and FID detector
1-CyHg* — CyH-(3) + H Ken (10) response factors. The scope of such a study would be enormous.
1-C4Hg* — C4H+-(1, 2, or 4+ H Ke-n Major reaction products at pressures abev&00 Torr are
Cis-2-C4Hg* — C3Hs-(1) + CHs ke-c 1-butene,n-butane, and 1,3-butadiene formed, respectively,
c!sg-q:zi - 24:7-(%)1 i ke-n 11 through the combination reactions: kG + C,Hs — 1-butene
AR —>4C37H(5-)(1) A kkﬁiﬂ (1c), GHs + CzHs — n-butane (2c), and £t + CHz — 1,3-
trans 2-CsHg* — CaHr-(1) + H ket 12) butadiene (3c). Ethane, ethylene, and acetylene resulting from
trans-2-C4Hg* — C4H7-(2) + H Ken disproportionation reactions were also observed as were a
is0-C4Hg* — CaHs + CHs ke—c number of other minor products.
iso-CaHg* — CaHr-(3 0r 4) + H ket 13) Table 1 describes the experimental conditions and the yield
g:féHéH; %'Jgé:grc?HtfH E‘: of the major final products af = 298 K and 700 Torr (93
CHa-c-CsHs* — CHa-c-CaHs (1 or Ko rv kPa) pressure as derived from calibrated GC/MS product
2)+H analysis.
stabilization: Minor quantities of 2-butene (cis and/or trans isomeric forms)
1-GiHg* + M = 1-CaHg + M ks (14 or isobutene were found, with yields of about 5% relative to
SSH_;CCS}?:'E ++MM—»_::|(5:-|_2|354ISI:ZTI\7 M E ggg 1-but_ene.__SeveraI £Cs, and G hydrocarb_on products were
trans2-CiHg* + M — trans2-CiHs ke 17) also identified at these pressures. At the highest total pressures,
iS0-C4Hg* + M — is0-C4Hs ks (18) the following reactions should dominate.

The numbers given in parenthesis after the radical species
indicate the position of the radical center. Reactions that are
not numbered are unimportant for the present study.

Results and Discussion

1. Experimental. The 193 nm photolysis of £1s:COGH3
(EVK) generates ethyl and vinyl radicals with nearly identical
yields® Product studies were performed at 298 K and at selected
pressures between3 Torr (0.4 kPa) and 760 Torr100 kPa).
Final reaction products were identified and quantified using GC/
MS/FID analysis. Examples of the mass spectra and FID traces
from the final product analysis of EVK samples photolyzed at
different pressure conditions and more information on the data
analysis are available in the Supporting Information. The
experimental study focused on the effect of pressure on the
primary combination reactions (1c) and (2c¢) which produce,
1-butene and-butane respectively. Experimental quantification

C2H5COC2H3 + hV - C2H5 + C2H3 + CO

C2H5 + C2H3 +M— l-C4H3 +M klc
C2H3 + C2H5 - C2H2 + CzHe kld
C2H3 + C2H5 - C2H4 + C2H4 kld
C2H5 + C2H5 +M— C4H10 kz(;
C2H5 + C2H5 - C2H4 + CzHe kzd
C2H3 + C2H3 +M— 1,3-QH5 K’gc
C2H3 + C2H3 - C2H2 + C2H4 |Qd

The yield of 1-butene, at various pressures andl &t 298 K,
was compared to the yield ofbutane formed from the self-
combination of ethyl radicals. The combination reaction between
ethyl radicals (2c), within the pressure range of this study, has
been shown to be independent of presiti€able 2 and Figure
1 display the experimental [128g]/[C4H1g] values at various
pressures.

At the highest pressures used in this study, an experimental
value of [1-GHg]/[C4H10] ~ 1.2 is obtained. Unfortunately, the
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Figure 1. Calculated curves (14) and experimental points (filled
squares) for the product ratio [1465]/[C4H10] as a function of pressure
at 298 K. The parameters used to generate curve 1 (solid line) are from
B3LYP calculations for vibrational frequencies, tAdactor (1.02x
10% s71) andE, (25100 cnt?) for the bond dissociation energy. Curve
2 (dotted line) is a two-parameter (high-pressure limiting value and
rate coefficient) least-squares fit to the experimental data. Curves 3a
and 3b (dashdash-dot lines) result whek is increased and decreased
by 1000 cnm! from the values used for curve 1. Curves 4a and 4b
(dash-dot—dot lines) results wheA is 0.3 and 3 times the value used
in curve 1. Statistical errors limits on each point ar@.1

calculated high-pressure value of [4HG]/[C4H1g] cannot be
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isobutene (7). These chemically activated iSomers can
subsequently either be collisionally stabilized (15, 16, 17, and
18), decompose via allylic €H rupture (11, 12, and 13) or
isomerize back to methylcyclopropane§, —6, —7).

In our ongoing study of pressure effect on product channels
for the GH3; + CyH3 system, we have observed the formation
of cyclobutene, 1,2-butadiene, and 1,5-hexadiyne at very low
pressures. Computational modeling suggested that cyclobutene
and 1,2-butadiene can be formed from the isomerization of
excited 1,3-butadiene, the combination product of vinyl radicals
(3c). Propargyl and methyl radicals were also produced at low
pressures by the sequential decomposition of 1,2-butadiene:

C,H; + C,H, — C,Hg* — 1,2-butadiene*~ C;H, + CH,

Support for this scheme was based on the detectiongbl C
products. One of the Bl products matched both the retention
time and the MS fragmentation pattern of 1,5-hexadiyne (the
combination product of the self-combination of propargyl
radicals). The secondg¢He peak could not be identified with
certainty, but it did not match the retention time and MS
fragmentation pattern of benzene.

The energetics and rate coefficients for unimolecular reactions
leading to isomerization and decomposition are examined in
the following section. The calculated results for the pressure
dependence of product yields are then compared with the
experimental observations of the 1-butene arulitane ratio.

tested by the present experiments as pressures above 1 atm af€inally, the effect of temperature on the product distribution

not feasible with the apparatus used for this study Figure 1
indicates a high-pressure ratio of [1#G]/[C4H10] ~ 1.3. This

and the apparent rate coefficient is calculated.
2. Computational Methodology. General Calculational

ratio decreases to about 0.5 at 100 (13 kPa) Torr and to lessSetupThe chemical system presented in this paper can be repre-

than about 0.1 at pressures below 4 Ton0(©6 kPa). The
measurement uncertainties of the [IHg]/[C4H1] ratio, de-
termined from repetitive experiments at higher pressures, were
typically about 10%. However, at low pressures, the uncertain-
ties tend to be larger.

The GC/MS/FID spectra from the end-product analysis of
photolyzed EVK samples were congested, particularly at lower
pressures, with peaks representing a large number of additiona
and isomeric products that were not present at a significant level,

sented by the following scheme abbreviated for strong collisions:

Formation: R+ R —R(E) f(E)

Isomerization: R(E) — R(E) ki(E)
Decomposition: R(E) — Dia kia(E)
Stabilization: R(E)+M—S wl[M]

whereR andR are the ethyl and vinyl radicals, ai8—Ss are
ktabilized 1-butene, methylcycloproparuis-2-butene trans
2-butene, and isobutene, respectives D3a Dass andDsg

relative to butane, at higher pressures. The detected productsyre the products from the allylic-€H bond ruptures in 1-butene,

included propene, propane, at least three isomers 46f5,C

cis-2-butene trans-2-butene, and isobutene, respectively, and

1-pentene, 1,4-pentadiene, 1,5-hexadiene, and two isomericp,, is the product from the allylic €C bond rupture in

forms of GHs.

1-butene. The nascent 1-butene is formed with a thermal

The presence of products such as pentadiene, 1-pentene, angistribution of energies(E), displaced by the energy released
1,5-hexadiene, particularly at lower pressures, suggests théfrom the combination reaction. The rate coefficient for colli-

formation of allyl radicals. The subsequent self-reactions and
cross-combination reactions of allyl radicals with ethyl and vinyl
radicals would yield:

Csz + C2H3 - 1-C4H3* - C3H5 + CH3
CsHs + CoHs — 1-pentene

C3Hs + CoHs; — 1,4-pentadiene

CsHs + CsHs — 1,5-hexadiene

In general, due to the higher density of internal eigenstates for
comparable critical energies, thg Embination products will
have a smaller unimolecular rate coefficient than thg C
combination products. Hence, the collisional deactivation of the
Cs and G products resulting from radical combination will
dominate at all pressures used in the current study.

sional stabilization is determined by the collision frequency,
w, and the collider concentration, [M], i.e., the pressure. The
kij(E)’s are the microscopic rate coefficients for the conversion
between thgth andith C4Hg isomerskis(E) is the microscopic
rate coefficient from theth isomer via channel a. Energy
conservation relates reaction exo/endo ergicity to isoenergetic
levels of isomers andj: AE( — i) = Eo(j) — Eo(i). A set of
coupled differential equations for each energy level of each
isomer is solved and the yields of each product are then
calculated as a function of time. For the present pulsed
experiments only total (infinite time) yields of the products are
measured. However, kinetic simulations indicate that steady-
state calculations are sufficient to reproduce the pressure
dependencies for the total 1-butene and butane yields reported

Isobutene and 2-butene isomers can be formed by sequentiahere. Thus our calculated results are based on the time-

reversible isomerizations; first the isomerization of the chemi-
cally activated combination adductdg* to methylcyclopro-
pane (4) followed by reversible decyclization of methylcy-
clopropane to eithecis-2-butene (5) otrans-2-butene (6) or

independent (steady-state) solution of the coupled equations.
The strong collision scheme can be expanded to include weak

collisions; the details and solution of this have been reported

earlier!® Briefly, weak collisions “couple” the energy levels
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TABLE 3: Thermodynamic and Kinetics Parameters for the C,Hg System (Energies in cm?)

reaction AEfcmt  Efcm!  Eycalcfem ™t Eglit)dcmt  A(calcylis  A(li)91/s  Q(P)/Q(R)®
1-butene— butenyl-3+ H 29300 29300 29860 4.46 10% 1.2x 10
1-butene— propenyl-1+ CHs; 25100 25100 25620 1.02 106 1.02x 10
1-butene— C;H3 + C;Hs 35000 35000 35540 1.5¢ 106 5.81x10*
1-butene— methycyclopropane 3400 25494 6.92101 42x 101
methycyclopropane> CsHg-1 —3400 22094 22559 2.34 10% 1.1x10% 2.4
methycyclopropane- cis-2-C,Hg —4000 21674 22139 4910 24
methycyclopropane> trans-2C;Hg —4300 22234 22699 5.6 10 24
methycyclopropane> iso-CsHg —4900 22759 23224 6.5 10 24
cis-2-butene~ C,H7; + H 30800 30800 31360 1.34 104 1.2x 10
trans-2-butene— C,H; + H 30800 30800 31360 1.34 10% 1.2x 10
isobutene—~ C4H; + H 30800 30800 31360 1.34 104 1.2x 10

aTaken from ref 19° Calculated from either bond dissociation enerd¥, or literature value of, and transformed t&,. ¢ E, corrected for
thermal energy of reactant and transition stéfBaken from ref 22¢ Calculated at 298 K using geometry and frequencies from B3LYP calculations.

TABLE 4: Calculated Structural and Energy Parameters for the C4Hg System

species | 10*°g cn? [Eldod cmt frequencies cmt

CsHg-1 28.4, 215,234 550 124, 241, 289, 463, 526, 819, 827, 893, 986, 993, 1010, 1062,
1134, 1224, 1285, 1302, 1399, 1413, 1451, 1473, 1480, 1658,
2921, 2938, 2943, 2995, 3004, 3018, 3031, 3106

methycyclopropane 53.8, 133, 152 420 216, 326, 351, 744, 770, 793, 842, 914, 967, 1027, 1038, 1077,
1111, 1163, 1174, 1197, 1359, 1395, 1437, 1463, 1471, 1480, 2919,
2977, 2980, 3017, 3021, 3024, 3087, 3101

C4Hg-TS-c3IP 39.6, 221, 230 700 174, 202, 266, 310, 391, 482, 577, 740, 864, 879, 970, 984,
999, 1112, 1221, 1271, 1314, 1374, 1431, 1446, 1466, 1565,
2866, 2981, 3034, 3039, 3053, 3080, 3139

C4Hg-TS-c3c4 77.0, 415, 456 1080 16, 73, 91, 222, 228, 409, 524, 550, 572, 762, 816, 909, 988,
1008, 1220, 1251, 1380, 1381, 1397, 1484, 1534, 3032, 3039,
3049, 3063, 3137, 3155, 3207, 3209

C4Hg-TS-c2c3 46.9, 559, 591 1050 17, 84, 101, 120, 204, 265, 619, 701, 764, 790, 879, 940, 1000,
1054, 1166, 1352, 1358, 1432, 1435, 1459, 1605, 2804,
2891, 2942, 2996, 3005, 3073, 3093, 3169

methcyc-TS 104, 188, 264 920 87, 110, 119, 209, 315, 407, 444, 557, 893, 908, 921, 984, 1039,
1158, 1277, 1374, 1406, 1414, 1449, 1471, 1633, 2776, 2842, 2
922, 2981, 3009, 3032, 3038, 3115

a Average thermal energy at 298 K with zero of energy taken as the zero point energy of the $pEeiasition state for reaction 10 Transition
state for reaction 9 Transition state for reaction 8Transition state for reactions 4, 5, 6, 74, —5, —6, and—7.

within each energy manifold so that collisional stabilization of transition state calculation was not used. The results of these
R requires a sequence of collisions. The end of a sequencesimplified and computationally less demanding calculations are
occurs when the internal energy is less than the lowest critical tabulated in Tables 3 and 4 .

energy for reaction of that species. The weak collider is The RRKM calculations also require critical energies for the

described by a collision probability modeé®(E',E) in which reactions and structural quantities (moments of inertia and

the internal energy i€ before the collision andt’ after. For vibrational frequencies) for both reactants and transition states.

the present calculations an exponential model is used, The procedure we used in determining the appropriate values
is described below.

P(E'.E) O exp(—(E' — E)/AEL])) forE' < E For thermal systems, the rate coefficient for unimolecular

reactions can be efficiently parametrized using macroscopic

with the average energy removed per “dowR” £ E) collision, Arrhenius parametersA (pre-exponential factor) art, (activa-

[AE[] set at 400 cm™., tion energy). These parameters can also be computed from

The Marcus-Rice formulation (RRKM)® was used to electronic structure calculations using the generated critical
calculate the microcanonical unimolecular rate coefficients. The energy, vibrational frequencies, and geometry. Although the
required vibrational frequencies of the “reactants” and transition present system involves a nonthermal distribution of 1-butene
states were calculated using Gaussia®’ @dth a 6-31 G(d) reactants, it is beneficial to compare calculateshdE, factors
basis set using DFT with B3LYP functionals. Vibrational for the reactions in this system with those previously reported
frequencies for stable reactants were calculated from fully for the same or similar reactions. The comparison is helpful in
optimized geometries, while those for transition states involving bracketing the derived and E; quantities into feasible sets.
simple decomposition were calculated from optimized geom- The approach is to use the calculated vibrational frequencies to
etries with the breaking of €C or C—H bonds set to 0.45 or  model the energy dependence of the microscopic rate coef-
0.30 nm, respectively. For decyclization reactions, the critical ficients and the published activation or critical energies And
energy was assigned to the maximum energy along the pathfactors from the literature or analogous reactions to simulate
when the appropriate ©C bond length was sequentially the observations.
incremented and the other coordinates optimized. Vibrational Critical Energies: Thermodynamics and Energetitber-
frequencies calculated from the optimized geometry were scaledmodynamic parameters for the stable and radical species were
by a factor of 0.9613% Because the spirit of this paper is to obtained from the NIST DATABASE accessed through the
semiquantitatively assess the importance of various pathways,web!® and are also listed in Table 3. Estimates based on bond
a more accurate but more computationally intensive variational dissociation energies and heats of formation were made for those
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species where the values have not been reported. The bondhe relative constraints of the transitional modes for these two
energies determined from the B3LYP calculations were con- reactions and any restricted motions in the radical fragment.
sistently smaller than the reported experimental values. The We believe the reported values Af> 10' s~ for C—H bond
critical energies for reactions involving simple bond rupture, ruptures are too large and that further work is needed in this
C—H or C-C, were set to the endoergicity of the specific area.

reaction, i.e., it was assumed that there was no barrier for the  Computational PredictionsCalculations for the decomposi-
reaction of a radical with another radical or H atom. However, tion of butane (details not reported here) resulting from the
the critical energies determined from the reaction path for the combination of ethyl radicals indicate that, at the lowest

B3LYP calculations indicated a barribigher than the endo-
ergicity of the reaction.

Structure, Vibrational Frequencies, and A FactorBhe
calculated and reported factors for the reactions involving
C—C bond rupture are within a factor of 2 of each otffeFhey
are large, 18—-10'7 s7, about 16—10* larger than those for
“normal” unimolecular reactions. This is predominately a result

pressures of the present experiments, all of the butane is
collisionally stabilized. Therefore, there is no pressure depen-
dence of the butane yield at pressures used in the current study.
This is also consistent with the previously reported experi-
mentst?

The 1-butene formed by the combination of ethyl and vinyl
radicals has about 419 kJ m&(35 000 cn1?) of internal energy

of the “loose” transition state for these reactions. When the and an average thermal energy of 6.6 kJ Th¢550 cn1?) for

transition state structure is indistinguishable from the products,

this factor would just be the ratio of partition functions for the

a total internal energy of426 kJ mot? (35 500 cn?). This
is ~53 kJ moi® (4500 cntl) more internal energy than when

vibrational and rotational modes of products to reactants. As ethyl radicals combine to give butane. Not only does the

seen in Table 3, th&.(products)Q(reactant) values are of
the order of 18 Thus, becausa < 10'8s1, it can be concluded

chemically activated 1-butene have more energy than chemically
activated butane from the formation of twg @agments, it

that there are geometric constraints on these transitional modesalso can react with lower critical energies via the rupture of

in the transition state.

The A factors for C-H bond rupture are expected to be
smaller than that for €C bond rupture because the transitional
modes for the departing H atom become only translations,
i.e., there are no rotations. This is shown by @g(products)/
Qui(reactant) values in Table 3, which are of the order of 10,
i.e.,~1000 times smaller than when two polyatomic fragments

allylic Cz3—H and G—C,4 bonds and the cyclization to methyl
cyclopropane. However, because-C bonds are generally
weaker than €H bonds the paths involving vinylic G —H
bond and aliphatic £-H bond rupture require additional energy
above the internal energy provided by the combination reaction.
The path involving allylic G—H bond rupture has a critical
energy of~75 kJ mol (6300 cn1?) below the internal energy

are formed by the rupture. This is understood because eachprovided by the combination reaction. The allylig-€C4 bond

rotation contributes a factor ef10 to the partition function of

rupture channel has a critical energy that~i425 kJ mot?

the products so that three rotations for a nonlinear polyatomic (10 500 cnt?) lower than the available internal energy. Isomer-

fragment would generate a factor of31&rom these values, it
would be expected that thefactor for C—H rupture would be
10%-10"* s71; the present calculations lead to a value of
4.46 x 10%for 1-butene angis-2-butene and 1.34 10 st

ization (cyclization) of 1-butene to methylcyclopropane involves
a H-atom migration with a new €C bond being formed at
the expense of ther-bond. The calculated 413 kJ mdl
(34 500 cn?) critical energy for the isomerization of methy-

for trans-2-butene and isobutene, respectively. The difference cyclopropane to 1-butene was found to be substantially
between these two groups of reactants is primarily due to the larger than the reported activation energy of 270 kJ thol
different reaction path degeneracies. The discrepancies for the(22 570 cmi?). Hence, the reported Arrhenius activation energies
C—H bond rupture between calculated and reported/estimatedof the decyclization reactions (4, 5, 6, 7) for the thermal
A factors should be noted; for butane and 1-buérthey are isomerization of methylcyclopropane were udédhe large
1.58 x 10 and 1.26x 10'5s7L, respectively. In this case, the difference between the calculated and the experimentally derived
values are between 10 and 100 times larger than those calculate@ritical energies may be due to the complex nature of this
here. Similarly, largeA factors for the G-H bond rupture in particular transition state that involves-C bond rupture, the
2-butyne and 1,3-butadiene have been estirtatedoe 1.5x formation of a C-C & bond, and a H atom migration.
106 and 4.4x 10 s1, respectively. The experimental values Although there is a large discrepancy between the calculated
for C—H bond rupture are difficult to determine because critical energy and observed energetics for this decyclization,
competitive processes involving<C bond rupture have larger  the calculatedh factor (2.34x 10 s7%) is in good agreement
rate coefficients (both a largérfactor and lower critical energy) ~ With the reported value of 1.05 10" s™1.2° This value forA
and thus dominate the competition. Thus, in thermal systems, is within the expected range for a decyclization reaction in which
the C—H decomposition channel is not competitive and large the product has free internal rotations. The potential energy
errors in determining\ andE, are to be expected. For a given  profile for these reactions is shown in Figure 2.
rate coefficient an increase iy by 4 kJ/mol generates a 5-fold The relative magnitude of critical energies for reaction of
increase in theA factor. In chemically activated systems, a 1-butene should be noted: isomerization (cyclizatiergllylic
similar correlation exists. C—C bond rupture< allylic C—H bond rupture< C—C bond
Modeling of the CH + C,H3 experimental results generated rupture. The zero of energies for this-, trans, andiso-butene
values of 5x 10 and 2.2x 10 s1 for the allylic C—H and isomers are lower than that for 1-butene, which is also lower
vinylic CHz—C bond ruptures at 298 K in propene, respec- than that for methylcyclopropane. Thus the isobutene is the
tively.11 The smallerA value for C-C rupture may be duetoa thermodynamically favored product.
tighter transition state than for allylic or saturated C ruptures The rate coefficients for the reactions depicted in Figure 2
and is consistent with the 1,3-butadiene results. These resultsare shown in Figure 3. Also shown is the nascent energy
are interesting and indicate the need for more direct experimentsdistribution function,f(E), for the combination product as a
in which both the equivalent &k andE, can be independently ~ function of temperature. Not including the reverse reaction
determined. Nonetheless, the exadtactor will depend upon forming 1-butene (reaction 8), these reactions can be classified
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Figure 3. Plots of energy-dependent rate coefficierkiE), s for

the reactions depicted in Figure 2 grouped as: decyclization of
methylcyclopropane [short dasidot—dot lines] (curves 1, 2, 4, and 5
corresponding to reactions 5, 4, 6, and 7, respectively), cyclization to
methylcyclopropane [short dashlot lines] (curves 69 corresponding

to reactions—5, —4, —6, and—7, respectively), allylic €H rupture
[long dash-dot lines] (curves 1613 corresponding to reactions 10,
13, 12, and 11, respectively), and-C rupture [heavy solid lines]
(curves 3 and 14 corresponding to reactions 9 and 8, respectively).
Curves A-D [light solid line] represent the nascent energy distribution
functions, f(E), for the combination product (1-butene) at 200, 298,
500, and 700 K, respectively.

into four groups: (a) decyclization (reactions: 4, 5, 6, 7), (b)
cyclization (reactions-4, —5, —6,-7), (c) allylic C—H rupture
(reactions: 10, 11, 12, 13), and allylic rupture (reaction:

9). Thek(E)'s (s™1) for the average energy at 298 K are: (a)
~5 x 1, (b) ~5 x 1C, (c) ~2 x 104 and (d)~5 x 1C?,
respectively. At a pressure of 1 Torr, the pseudo first-order rate
coefficient for bimolecular collisions is-10” s™1. Thus, at 1
Torr, only processes with(E) = 10" s! (decyclization and
allylic C—C bond rupture) will be competitive with collisional
stabilization. Consequently, for pressures above 10 Torr, the
cyclization of 1-butene to methylcyclopropane can be ignored,
so the coupled reactions of the fivaHz isomers are decoupled
and the chemically activated 1-butene is only depleted by the
allylic C—C rupture, i.e., onl\§, andD; are important. Curve

2 in Figure 1 is a least-squares fit of the experimental data with
a model in which the limiting high-pressure ratio and the
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Figure 4. Plots of stabilization $ and decompositionlY) of Cs;Hs
roducts from the ¢Hs + C,Hs combination reaction vs pressure at
98 K. The 1-5 subscripts correspond to 1-butene, methylcyclopropane,

cis-2-butene,trans-2-butene, and isobutene, respectively. is the

decomposition resulting from the allylic-€C rupture whileDs, Dy,
andDs correspond to the allylic €H rupture fromcis-2-butenetrans
2-butene, and isobutene, respectively.

apparent rate coefficient for reactionl@)(is optimized withk,

= wD1/S, whereD; + S; = 1.0. The optimized high-pressure
ratio is 1.3. The difference between the simplified model (curve
2) and master equation calculation (curve 1) at low pressure is
due to the effect of weak collisions. The simplified model treats
weak collisions as a strong collider with a constant inefficiency
independent of pressure, while the master equation generates
steady-state populations that are nonlinear with pressure, i.e.,
weak collider “turnup” is displayed. Because of the size of the
experimental errors, a least-squares calculation using the master
equation model was not made.

The calculated pressure dependence of the combination and
subsequent “decomposition” products when all five isomers are
included at 298 K is shown in Figure 4. At pressures less than
0.01 Torr, the slower €H bond rupture is faster than collisional
stabilization but still less than 0.00001 of the allylie-C bond
rupture. Below 1 Torr, the various,8g isomers are in a pseudo-
equilibrium. Allylic C3—C4 rupture is~100% at 1 Torr and
decreases to 50% at 100 Torr. At pressures above 1000 Torr,
the 1-butene is effectively stabilized by collisions and there is
no decomposition. Thus, at pressures less than 50 Torr, the
dominant stable products will be products that result from the
reactions of methyl and allyl radicals with other species present
in the reaction cell. These curves indicate that the stabilization
of nascent GHg, S, and the total decompositior);, will
account for>99% of the chemically activated 1-butene that is
formed. This is consistent with the experimental observations
and the decoupling of the reaction scheme. Experimental
methods used in this study cannot identify potential cis/trans
isomeric forms of the products, thus a direct comparison with
calculation is not possible.

For pressures up to 1 Torr, the yields of stabilizes2-
butenefrans2-butene, and isobutene isomers exceed the yields
of stabilized 1-butene and methylcyclopropane isomers. At 1
Torr, the yields of stabilized 1-butene and methylcyclopropane
continue to increase with increasing pressure, whilectb-
butenefrans-2-butene, and isobutene yields reach a plateau and
then decrease due to their sequential formation pathway. For
pressures above 100 Torr, the yield of methylcyclopropane
plateaus and begins to decrease with increasing pressure. At



Radicat-Radical Cross Combination Reactions;Hg + C,H3 J. Phys. Chem. A, Vol. 111, No. 29, 2006607

1000 Torr, collisional stabilization dominates and only 1-butene measurements for the allylic-€C bond rupture in 1-butene
should be observed as is experimentally confirmed. Betweenformed by the combination of methyt allyl radicals: A =

10 and 100 Torr methylcyclopropane-sl% of the 1-butene; 1.1 x 10 st andEy = 26500 cn! (E; was reported as 39 100/
above 100 Torr, the methylcyclopropane yield rapidly decreases.R = 27 200 cn1l).

The isobutene and 2-butene isomers have yields greater than From our experiments, only the magnitude of the energy

1-butene for pressures less tha0 Torr; above 10 Torr, the  gependent rate coefficient can be determined, i.e., there is not
amounts of these isomers become progressively smaller relative; nique set of vibrational frequencies agglthat will fit the

to 1-butene. ) _ ) data. In thermal activation systems, the temperature dependence
_Pressure Effect: kand 1-GHg Yield. As illustrated in of the rate coefficient allows botA andE to be calculated;

Figure 4, the amount of stabilized 1, S, formed by the  gimjjar experiments could be performed for a chemical activation

combination of GHs and GHs, increases with increasing system. The correlation betwe#nand E; can be determined

pressure and is within 90% of the high-pressure limit at b ; ; ; P -
) - © by using an equivalent Arrhenius relatiok:= A exp(—Ed/c),
~1000 Torr. Thus, for pressures below the high-pressure limit, where c is a measure of the excitation energy or an RRK

the yield of 1-GHg depends on:S;, ki and the concentration expression:k = A(E/E; — 1)L, wheren is the “effective”

of ethyl and vinyl radicals. The £y produced from the number of oscillators. Both andn can be calculated from the

com_b_|nat|on of GHs and GHs is completely _coII|S|onaIIy k(E)'s for reaction 9 in Figure 3. For the present calculations,
stabilized at the pressures of the present experiment so that theboth of these models correlate a 1000-érdifference inEq
C4Hip yield is a measure of onlky: and the ethyl radical with a factor of 3 in the Arrheniu factor

concentrations. The ratio of the yields, [4Hg]/[C4H10] = Rizq )

exhibits a pressure dependence due to the pressure dependence COmparison of Pressure Effects: i + C;Hz and Ch +

for the stabilization of 1-GHs. C2Hs. The present calculations for the 1-butene system can be
compared to the results reported independently by Fahr &t al.,
9 i 0 i
Rype (P) = Ky, X f [C,Hs(0)] [C,Ha(0)] dt x Sy/ky, x Thorn et al? and Stoliarov et al® for the CH;, + C,H3 reaction

at 298-300 K. In that as well as £Eis + C,Hs, the combination
f [C,HL(1)] [C,HL(1)] dt products can isomerize to a cyclopropane or rupture allylic
Cs—H bonds; additionally, the g system also includes the

In the high-pressure limits, = 1 so thatR.1x() is given by C3—C;4 allylic bond rupture, which has a lower critical energy
and largerA factor than that for the €H bond rupture in the
Rizc () = (KidKy) X ( f [C,H5(1)] [C,H4(1)] dv/ CsHg system. For the same excess enelgy-( Eg), the GHg

system has larget(E)’s [8 x 10° vs 3 x 10° s7] (a factor of
J [CHS(O] [CoHs(t)] dt) ~3000 larger) due to the smaller density of states fgH{C
compared to gHg. This would be even greater if the excitation

Computer simulations for the present system indicated thatenergies were the same.

the ethyl and vinyl radicals, resulting from the 193 nm photolysis

of EVK, are nearly equéland that the ratio of integrals is For a unimolecular system in thermal equilibrium, the
pressure independent so that observe(_j rate coefficients would not h_ave t_hls _depend_gnce on
the density of states and tk@) would be identical if the critical
Ri,dP)R 5 () = S energies were equal. If this were the only factor, the high-
pressure limit for the gHg system would occur at a higher
and pressure than that for the 14ds system. However, the high-
pressure limit for the 1-Hg system occurs at a higher pressure
RiodP) = S x Ryp{«) than the GHe system due to the dominance of the allylie-C

bond rupture; th&(E)’s for the allylic C—C bond rupture are
~2 x 10 times larger than that for the allylic -€H bond
erupture. Thus the half pressum,s, at whichS= 0.5 occurs is
T00 Torr for the 1-GHg system and 2 Torr for thesf8ls system;
the plots ofSvs pressure are shown in Figure 5 along with the
experimental points. This difference s produces~20%
decomposition in the §Hs system and~90% decomposition
in the GHg system at 10 Torr; at 100 Torr, the decompositions
reduce to~2% and 60%, respectively. If only the allylic-¢H

The experimental results shown in Figure 1 and the high-
pressure limit from Figure 4 suggest thRix{w) ~ 1.3.
Unfortunately, the present apparatus cannot operate at pressur
in excess of 1 atm, so this cannot be tested.

Plots of Ri2¢ (p) vs pressure for various input variables are
also shown in Figure 1 witRyade0) = 1.3. Although the reaction
scheme appears complex for pressurdsTorr, the pressure
dependence &, depends on the competition between collisional
stabilization and the allylic €C bond rupture in 1-butene '
(reaction 9). Curve 1 is the master equation model calculation bond rupture was open in the Luds system, ”;at curve would
using the vibrational frequencies from the B3LYP calcula- have apo.s multiplied by a factor o5 x 107
tions and is a reasonable fit to the data. For this model, the Temperature Dependence ofHs + CoHs. It is informative
Arrhenius prexponential factoA, is 1.02x 10¢s 1 andE, = to observe how the product distribution changes with temper-
25 100 cnL. The sensitivity of these plots #vandE, are seen ature and how this affects the apparent combination rate
in curves 3 and 4. An increaselifa to 26 100 cm? shifts curve coefficient. Calculations at 200 and 700 K are shown in
1 to lower pressures (curve 3a), while decreagifmultiplying Figures 6 and 7. As the temperature increases from 200 to
by 0.3) also shifts curve 1 to lower pressure (curve 4a). 700K, the average thermal energy for the chemically activated
Likewise, decreasing, to 24 100 cmi! shifts curve 1 to high 1-C4Hg increases from 630 to 5050 c this is on top of the
pressure (curve 3b), or increasiAdoy a factor of 3 results in 35 000 cntt produced exoergicity of the combination reaction.

a shift to higher pressure (curve 4b). With these parameters, These plots show that the amount of-8 bond rupture

the experiments can be bracketed withx3L0™ < A < 3 x increases with increasing temperature and that an increase in
10% s71 and 24 100< Ey < 26 100 cnmil. These “nonfitted” temperature increases the pressure for complete stabilization.
results are in good agreement with the recently repétted This is a result of both increasing the average energy of the
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products from the gHs + C;H; combination reaction vs pressure at

200 K. See Figure 4 caption for detailed legend. o .
butane formed by the self-combination does not have sufficient

chemically activated product and the increased importance of €N€rgy to break stronger-H or C—C bonds. On the other
“up” collisions with increasing temperature. hand, chemically activated 1-butene is formed with a higher
internal energy than butane and has “weaket”"HCand C-C

Further, the temperature dependence $pwvs pressure is . . .
P b Sows p ft bonds that can rupture. Thermodynamics point to a series of

shown in Figure 8. With increasing temperature the curves shi o T S
to higher pressure, i.e., a higher pressure is required for cycl|zat|on/decycllzat|pn Isomerizations and-C and C-H
stabilization. Note that the pressure wh&e= 0.5 increases bond  ruptures that. involve five &g isomers: ;-butene,
from 40 Torr at 200 K to 3000 Torr at 700 K. Clearly, methylcyclopropaneqs—2—butenetran32-butene, an_d isobutene.
decomposition becomes increasingly important at high temper-The products resulting from low-pressure experiments suggest

atures, and is only quenched at correspondingly high & Very complex mechanistic behavior. Thefflgl/[C4Haq ratio
pressures. o ¥y a P gly g decreased with pressure due to decomposition of the chemically

activated 1-GHg in which the weak allylic G-C bond is broken
leading to the reaction: #=CHCH,CH3 * — C3Hs + CHs.
Such processes occur even at moderate pressug89(Torr)

The pressure dependence of the product channels for theand become more significant at lower pressures. Products of
cross-combination of £s and GH3 radicals was measured the mixed allyl, methyl, ethyl, and vinyl radicals combination
from 4 to 760 Torr (about 0.5 to 101 kPa); products (butane reactions have been observed.
and 1,3 butadiene) resulting from the self-combination were also The radicat-radical reactions involving ethyl and vinyl
observed and monitored. At high pressure, the relative yields radicals reported in this paper and our previous work allow for
of 1-butene and butane provide information on the rate a systematic evaluation of energetic and structural parameters
coefficients for the associated combination reactions. The that are important in the understanding of hydrocarbon reactions.
pressure dependence of these yields is a function only of theFour classes of reactions are important in this system: allylic
cross combination reaction because the chemically activatedC—C bond rupture, allylic €H bond rupture, and cyclization/

Conclusions
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