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ABSTRACT

A systematic measurement of the kinetic rate constant ratios for nuclcogenic ground-
state carbon- 11 atom reactions with either a hydrocarbon or molecular oxygen has
provided a means to intercompare the relative reactivities of several saturated,
unsaturated and aromatic hydrocarbons and provide insight relating molecular structure
with chemical reactivity at high kinetic energies. We noted from these studies that
saturated aliphatic hydrocarbon reactivities tended to increase with size of the carbon
skeleton relative to methane. We also noted that unsaturated aliphatic hydrocarbons
were significantly more reactive than their saturated counterparts owing to the
propensity for ground-state carbon atoms to react at the n-bond. This action was
exemplified by a 14.5-fold increase in ethylene reactivity over ethane. However, alkyl
substituents lowered the magnitude of this effect. This behavior may be due in part to
bond stabilization through elecmondekxalization, and in part to steric effects. This later
effect was evident by the fact that cis-2-butene was twice as reactive as its mans-isomer.
Interestingly, resonance stabilization carried to the extreme of aromatic behavior will
render the molecule no more reactive than a saturated hydrocarbon of equivalent size.
We noted that electron donating groups decreased reactivity while electron withdrawing
groups especially in the meta position on the ring increased reactivity. This behavior
seems atypical of what one would expect of an electrophilic reagent.
@1997 Elsevier Science Ltd.

INTRODUCTION

Gas-phase studies delineating the kinetics and mechanisms of recoil carbon-11 atom reactions in aromatic
systems provide a basis to extend the understanding of carbon atom chemistry beyond the scope of simple
aliphatic systems investigated over the Iast three decades. These earlier studies utilized a variety of experimental
methcds that included nuclear tecoil,l-4 thetmal evaporations thermal decomposition,6and photochemical
decomposition.7$ As a result of these studies, the quadravalent carbon atom was predicted to undergo a set of
characteristic reactions in order to reduce its electron deficiency. These reactions included: (i) insertion into C-
H bonds, 9-11(ii) addition to carbon-carbon double bonds,12-14and (iii) abstraction of hydrogen from
hydrocarbons.1$20 Nuclear recoil studies have provided considerable insight into a number of features of these
reactions,21,22some of which included the nature of reaction intermediates,23-25and the effects of manslational
enerU26-30and carbon atom electron spin state 25,28,29on chemical reactivity and product stability.
Photcchemical studies have also provided absolute rate constants for a number of these reactions where ground
state C(3P) and first excited state C(lD) atoms were monitored in the presence of various hydrocarbons.30-33
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Unlike the simpler aliphatic systems, past investigations on carbon atom-aromatic hydrocarbon reactions
have not provided us with as in depth an understanding of the chemistry. These studies have mostly been
restricted to recoil carbon atom reactions in the condensed phase rm~ furthermore, to the elucidation of complex
product spectrst.~~ Some investigations have attempted to delineate principal featutes, such as translational
energy and electronic spin states affecting carbon atom reactivity witJtsimple aromatic hydrocarbons.36,41
Major questions were raised however, concerning which bonds on an aromatic molecule present active sites for
carbon atom attack. Even after thirty years, these questions still remain unanswered.

The n-electrons and C-H bonds of an swomaticmolecule should both offer attractive sites for attack by an
electron deficient carbon atom. Previous studies on the chemistry of tecoil carbon-11atoms with ethylene have
demonstrated that the reaction can proceed at either the C-H or n-bonds to yield l-[llC]-allene and 2-[llC]-
allene, respectively, as dominant products.13@ However, the availability of each site to attack was found to be
extremely sensitive to the translational energy of the carbon atom and to its electronic spin state.~ Additional
studies on the reactions of carbon-11 atoms with l,3-butadiene42 and cyclohexadiene43have also shown
chemis@ycharacteristic of the same fundamental processes observed in the simple ethylene system.

Mechanistic considerations become somewhat more complex when addressing carbon atom reactions with
momatic molecules. A number of stable adducts have been proposed to account for the extensive
rearrangements in the reactions of carbon-11 atoms with benzene.41,MThese adducts included the following: a
random n-bond complex (I); a sigma-complex (H) arising from n-addition; norcaradienylidene (III) arising from
1,2-addition across the z-bond; and phenylmethylene (IV) arising from insertion into a C-H bond. Results
obtained in carhon-14 chemical accelerator studies also suggested a 1,3-bicyclicC7 intermediate to account for
the [14C]-labellingdistribution in some primary products.45
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Additional studies utilizing double tracer techniques focussed on the reactions of carbon-11 atoms with various
deuterated benzenes, and on the extent of deuterium incorporation in [llC]-acetylene arising from decomposition
of the C7 adduct.46 Results from these studies ruled out the possibility of random st-complex (I) formation and
suggested that the C7 adduct is formed as a result of M attack at one of the chemical bonds.

In 1986,an investigation was initiated to determine whether tolylmethylenes were generated as
intermediates subsequent to the gas-phase attack by recoil carbon-11 atoms with toluene.47 The methyl group of
this molecule acted as a mapto convert the reactive [llC]-moieties into [1IC]-styrene and [1IC]-
benzocyclobutene. Degradation of each prcxlucttevealed the disrnbution of the carbon-11 label which allowed a
number of conclusions to be drawn. [llC]-Styrene was predominantly formed in the rearrangement of
benzylmethylene arising from insertion into the C-H bond of the methyl group in toluene. On the other hand,
ring attack yielded tolylmethylenes which rearranged almost exclusively to [llC]-benzocyclobutene. The
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experimentally measured disrnbution of [llC]-label in this product coincided well with the statistical distribution
of label expected from exclusive ring C-H insertions. These results strongly suggest~ at least in the formation
of styrene and benzocyclobutene, that the n-electmts of tohtene were not primary sites for carbon atom attack.

The present investigation teports results from a systematic kinetic investigation, measuring carbon atom
teactivities toward saturated unsaturated and aromatic hydrocartmns, that provides new insight into structural
effects on n-bond reactivity. Competition experiments in binary hydtvcarbon-oxygen mixtures buffered in
xenon gas were can-ied out in order to measure and compare the relative reactivities of non-thermal ground-state
crdxxt-11 atoms. In studying the competition reactions of these species, oxygen was selected as a suitable
competing second substrate because its reaction yields [llCJ-carbon monoxide as the Q& non-thermal
pr~uct,4,23.48,49ad because his pfiuct is teadily distinguished from the [llC]-products arising from carbon

atom reactions with the hydrocarbon substrate. In all systems studied, hot [llC]-carbon monoxide yields were
measured as a function of oxygen concentration in the hydrocarbort/oxygengas mixtures. These data were then
applied to the Estrup-Wolfgang kinetic theory of hot-atom reactions to arrive at the ratios of the cross section
weighted reactivity integrals between oxygen and appropriate hydrwtrbon.50,51 However, by virtue of their
nucleogenesis, carbon-11 atoms can be expected to occupy a mixed population of low lying electronic spin
states; 3P(D eV), ID(l.7 eV) and 1S(2.3ev). This unknownvariable can overshadow any kinetic interpre-
tations of the data. However, gross changes in the distribution of electronic states can be imposed through the
addition of xenon to recoil tvaction mixtures.2~29,42.52Efficient quenching of electronically excited carbon
atoms can be effected through collisions with xenon yielding a population of atoms that reside predominantly in
their ground-state. Thus, by blanketing the hydrocarbon-oxygensystems in a xenon buffer, a high population
of the 3P ground-state carbon atom can be produced and the kinetic interpretation of the data simplified.
Granted, this methodology may not be considered ideal from the stand-point of a true kineticist. Then again,
our intent here is not to measure precise rate constants, but rather to observe, and correlate differences in
hydrocarbon reactivity integrals with hydrocarbon structure. It is also worth noting that the nuclear recoil
technique is unique in its ability to impwt excess kinetic energy to the atomic species, and thus affords a unique
look at chemical reaction mechanisms as well as chemical reactivity at kinetic energies unmatched by any other
technique.

EXPERIMENTAL
.

Marerials.Hydrocarbon gases used in the target system were purchased from Matheson Gas Co. and
included methane (min. W.9W0 purity), ethane (min. 99.9!Y%0 purity), propane (99.97Yo),n-butane (99.9Y0
purity), ethylene (min. 99.99% purity), allene (93% purity) and 1,3-butadiene (99.8% purity). Benzene and
toluene were purchased from Mallinckrodt. All hydrocarbonswere degassed prior to use by conventional
vacuum line techniques. Research grades for oxygen (Matheson > 99.98Y0purity) and xenon (Matheson
99.999%) were used in all cases without further purification to make up the gas mixtures.

SamplePreparation.Samples were prepared for irradiation by first filling a desired pressure of
hydrocarbon into an evacuated 30 mLquartz irradiation vessel equipped with a Teflon-brand stopcock. Higher
pressures of oxygen were then added to attain the desired composition of gases. In all instances, the total
pressure of the hydrocarbon-oxygen mixture was maintained at 40 Torr. Finally, higher pressures of xenon
gas were added in order to bring the target total pressure up to 1atmosphere thus yielding a xenon buffer of
approximately 95’%0of the gas composition.

Irradiations.The irradiations were carried out using a 33 MeV proton beam from the Brookhaven 60-inch
cyclotron. Recoil carbon-1 1 atoms were generated predominantly by the 12C(p,pn)1IC nuclear transformation,
but some contribution from the 160(p,pc@11Ctransformation was noted in these binary gas samples. The
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proton beam penetrated the static quartz targets through an O.01-inchquartz window without significant
degradation in energy. Typical beam intensities were 1 LA with expostne times of 60s. Radiation doses were
generally between 0.3 x 10-3and 1.1 x 10-3eV molecule-1 @-l S-l,as determined by acetylene to benzene
dosimetry.53

RadioassayofllCActivify. Following the irradiation, a 1 mL aliquot of the target gas was withdrawn
through a septum on the vessel using Teflon-brand sealed gas syringe (Precision Sampling Corp.) The aliquot
was injected into a radio gas chromatographyfor analysis of the [llC]-carbon monoxide yield. A 12-ft glass
column packed with 80-100 mesh Porapak N (Analabs Inc.) provided excellent separation of the carbon
monoxide peak fmm the remaining hydrocarbon product specmsm. The radioactive compounds eluting from the
column were measured using a gas effluent proportional coonter54interfaced with an IBM PC computer through
Canberra counting electronics. This provided on-line acquisition and reduction of data.

A second 1 mL aliquot of the target gas was withdrawn in the same manner, however, this aliquot was
injected into a preevacuated 10mL tube equipped with a septum, and counted using a well-type NaI (Tl)
scintillation crystal to provide a measure of the total volatilecwbon-11 activity (TVA). The nonvolatile products
deposited on the inside walls of the target were also extracted through sequential washings with acetone and
hexane. The combined washings were counted to provide a measure of the nonvolatile activity (NVA). The
total carbon-11 activity (TA) was determined by summing the TVA and VA measurements after appropriate
radioactive decay and fraction cot-sectionswere made. The [1IC]-carbon monoxide yield was calculated as an
absolute yield by dividing the decay-corrected integrated peak activity from the effluent counter by the TA.

RESULTS AND DISCUSSION

In Tables 1-3, the yield of 1lCO is presented as a function of the binary gas composition of hydrocarbon-
oxygen for saturated, unsaturated and aromatic molecules. Previous studies performed at this laboratory in
alkane-oxygen systems have reported similar 1lCO yields, however, the present studies represent a complete
investigation in the high oxygen concentration range necessary to apply an appropriate hot atom kinetic
treatment.48.@

It is implicit in the mechanistic hypothesis that provides a basis for our kinetic treatment of the data, that
IICO is exclusively formed through the reaction of carbon-11atoms with oxygen. A trace amount of 11@z

was observed in all systems studied, but its yield was insensitive to changes in the oxygen concentration.
Possible sources for this product include radiolytic oxidation of 11C0,55or perhaps wall release of 11C02 from
beam penetration of the target quartz window.56 Of the two, the later source seems more consistent with the
product’s insensitivity to oxygen concentration, and allows us to ignore 11C02 in the treatment. An assumption
is also made that transient species such as 1lcH and llCH2 do not react with oxygen to yield 1~CO.57

The treatment of systems containing a mixture of two components both of which can react with the hot
atom is complex. In the present weatment we must consider a system comprised of two reactive components,
namely 02 and RH. The yield of hot products arising from reaction with 02 is fortunately limited to only II CO.
Thus we can write the basic equation for the probability (i.e. fractional yield) of reaction with the hydrocarbon
reactant, RH as:

E2 E2

J
fRH PRH

PRH= (J
fRHpRH+ fo2p02

exp -
CtE

El
aE

E

dE) dE (1)
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Table 1

Yields of 1lCO fmn Afkme-Oxygen Mixturesa,b

Metbane Etbme propane n-Buume Pemane

10159

[RH] [02] Yield 1lCO [RH] [02] Yield 1lCO IRHI [021 Yield 1lCO [RH] [02] Yield 1lCO [RH] [02] Yield 1ICO
———..——————— ———

%3.4 0.6 5i5.6kl.6

98.8 1.2 60.&tl.9

9S.2 1.8 65.&2.l

%.1 3.9 70.5*1.1

95.1 4.9 77.0+0.9

93.4 6.6 79,0+4.5

92.5 7.5 8Q.8fl,2

84.0 16.0 88.7* 1.4

71.6 28.4 92.4*1.5

58.7 41.3 93.4*1.O

50.9 49.1 95.5* 1.2

46.0 54.0 95.1*1.2

40.0 60.0 95.9+2.9

27. I 72.9 982.il.8

99.4 0.6 53.5N.8

98.8 1.2 62.9i5.o

98.3 1.7 65.7iz3.4

97.8 2.2 63.5*1.2

94.0 6.0 69.W2.O

93.7 6.3 70.%4.0

91.9 8.1 77,2il.6

90.0 10.0 80.3*1.9

85.2 14.8 81.9io.6

80.5 19.5 85,X3,7

72.8 27,2 87.2d5.O

69.6 30.4 84.5*1.8

60.8 39.2 86.7*4.9

40.1 59.9 92.7ti.8

32.4 67.6 %.M3.9

21.8 78.2 97.W3.3

97.’3

94.6

92.3

90.9

90.2

87.4

83.5

77.0

73.6

66.2

48.7

40.4

32.6

25.3

2.7 42753.3

5.4 51.4n7.5

7.7 54.2io.3

9.1 55.&tL.6

9.8 56.2H3.3

126 61.M3.2

16.5 63.4W.4

23.0 69.liO.5

26.4 75.5io.5

33.8 81.6i0.6

51.3 91.4i0.6

59.6 93.2M3.7

67.4 95.8il.o

74.7 96.OH.3

96.7 3.3

93.3 6.7

89.7 10.3

86.7 13.3

86.0 14.0

80.7 19,3

73.5 26.5

63.9 36.1

56.4 43.6

46.3 53.7

29.3 70.7

40.on3.4

5L5io.5

53.OiO.6

56.0KL4

57.sio.4

61.8M.4

67.7i0.8

73.SM3.I

78.8+1.2

82.5* 1.5

92.6il.9

93.7

88,3

73.7

67.1

60.9

54.7

48,6

41.6

31.5

6.3

11.7

26.3

32.9

39.1

45.3

57.4

58.4

68.5

38.7+1.2

40.6i0.6

52.4+0,7

58.7+0.9

FXUMO.3

64.%?3.5

722&3.5

76.6W.6

83.1+ 1,8

a. [RH] and [02] values are percem concentrations relative to 40 Ton pmial pressure

b. Yields of 1ICO are absolute based m total 1IC-activity produced.

Table 2

Yields of 1lCO from Afkene-Oxygen Mixturesa,b

Etbylenc. Allene 1,3-Butadiene cis-2-Butene tram.2-Butene

[RH] [32] Yield 1lCO [RH] [02] Yield 1lCO [RH] [02] Yield 1lCO[RH] [021 Yield 1lCO [RH] [02] Yield 1lCO
-— — —— —— ——

93.3 6.7 17.wo.3 93.6 6.4 16S+0.4 75.7 24.3 32.3M3.4

86.7 13.3 26.8M3.3 86.6 13.4 372M3.5 68.1 31.9 36.9i0.4

80.4 19.6 29.8M3.4 79.6 20,4 44.8&3.6 61.2 38.8 45.lio.7

73.3 26.7 32.6M3.4 75.8 24.2 43&o.4 55.6 44.4 50.3H3.4

64.4 33.6 40.6443.4 68.2 31.8 51.8M3.I 51.1 48.9 55.73i3.5

58.2 41.8 45,8i0.6 61.9 38.1 50.3M3.6 38.5 61.2 65.5N.6

40.6 59.4 56.4ti.6 57.1 42.9 58,5+0.8 34.5 65.5 73.6+0.6

32.0 68.0 64.6m.9 55.1 44.9 643.3*.5 27.2 72.8 77.3M3.9

29.7 70.3 66.4* 1.2 47.4 52,6 67.8&3.6 25.7 74.3 77.5i0.8

22.1 77.9 73.7* 1.2 40.s 59.2 73.4%.6

34.2 65.8 77,93S3.7

31.6 68.4 80.6M3.9

24.1 75.9 85,9+1.1

a, [RI{] and [02] values are pmcmt concentrations refative m 40 Torr partial pressure.

b. Yields of 1lCO are absolute based cmtotal 1IC-activily produced.

93.3

86.8

80.4

66.8

60.8

54.0

48.1

40.3

30.7

20.4

6.6

13.2

19.6

33.2

39.2

46.0

51.9

59.7

69.3

79.6

21.7&3.3

27.2+0.3

26.6ti.3

35. IM.3

41.8H.3

50.7iSl.5

55.3H3.5

62.7if3.6

65.5M3.6

78,8i0.8

93.4

86.7

80.3

73.5

61.6

49.5

40.0

33.8

22.4

6.6

13.3

19.7

26.5

38.4

50.5

60.0

66.2

77.6

29.7_ML3

32.lM.3

35.5M.3

45.7ffl.4

55.3M.4

64.8io.6

73.4M.6

79.5M.7

86.4ML9
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Table 3

Yields of 1lCO fmm Arcmwic Hydrocarbon-oxygen Mixturesa,b

Benzene Toluene Trifluorotoluene Fluombmzene o-DifluorObenz.me

Yield Yield Yield Yield Yield

[RH] [02] 1lcO [RH] 10~] 1lCO [RH] [02] lkO [RH] [02] 1lCO [RH] [0?] Ilco
———————————— —-—

71.2 28.8 4S.9i0.5 92.3 7.7 29.7*1.1 g9.5 10.5 34.sifi.9 86.7

63.3 36.7 52.’2W.5 S4.6 15.4 39.4+1.0 78.9 21.1 41.8M).9 75.4

62.0 38.0 60.7ffl.5 SO.4 19.6 40.4351.0 6S.5 31.5 46.3i0.8 59.0

58.5 41.5 60.8i0,5 76,9 23.1 56.5+1.3 58.6 41.4 65.4i0.g 50.8

55.8 44.2 61.7i0.5 6S,6 31.4 52.7i13.9 48.3 51,7 71.IM1.2 41.0

45.5 54.5 70.&to.8 59.1 40.9 63.9+ 1.1 37.9 62.1 75.%1.0 37.7

39.6 60.4 80.4M15 54,6 45.4 643.4*1.3 31.0 69.0 81.7H3.g 31.2

31.3 68.7 83.W).5 50.0 50.0 SO.MO.8 26.2

31.1 68.9 83.6i0.7 45.5 54.5 83.0il,4

25.9 74.1 S7.5i0.8 40.9 59.1 85.6il.6

36.4 63.6 87.1+1.8

a. [RH] and [02] values are percmt wmcentratims relative 1040 Tmr pariial pressure.

b. Yields of 1ICO are .abmlum based m tcd 1] C-activi:y produced.

13.3

24.6

41.0

49.2

59.G

62.3

68.g

73.8

33.7icJ.7 85.0 15.0 45.1+0.8

43,7+ 1.0 70.0 30.0 59.3* 1.5

49,3*1.O 55.0 45.0 63.9*2.O

60.&O.8 45.0 55.0 70.3il.8

63.7+1,0 35.0 65.0 76.9? 1.5

67.3*1.O 25.0 75.0 82,7* 1,9

70.&tl,3

n.wl,3

Yield

[RH] IOZI IIco———
87.3 12.7 23.2t0.6

71.4 28.6 47,1N.6

58,7 41.3 51.9il.o

47.7 52.3 62.2+ 1.7

41.5 58.5 57,7M.9

35.4 64.6 66.5i2.O

26.2 73,8 73.3m.9

23,1 76.9 74.7? 1.3

The term fi, the collision fraction, is defined as the relative probability of collision with reactant i, and can be
written as:

(2)

where ~i is the teaction cross section for i, and Xiis the mole fraction of i. The ci term in equation 1 relates the
average logarithmic energy loss per collision with i and can be written as:

We have chosen to ignore the energy losses per collision with xenon since its composition was always a kd
parameter in these studies. Finally, the pl term in equation 1 is defined as the probability of chemical
combination on collision with i where

CJireact
pi(E) = —

cfi
(4)

is the probability of reaction with ion collision at some energy E.
Expanding the exponential in equation 1 and keeping only the leading constant term (unity) gives for the

fractional yields

fRH foz
PRH= — IRH and P02 = — 102

a a
(5)
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where Ii is the reactivity integral for i and is equal to:

E2 E2

J
PRH(E)

J
P02(E)

IRI-I= — dE and IOZ = —
E

dE
E

El El

for the two reactants.

1 aRH
—.— +
PRI.I IRH

and

1 ao2
—.— +
P02 102

This gives:

aoz fo2 aRH
— . =— +
102 ~RH IRH

:= (~)

(6)

(7)

Both equations should be linear. In fact, we found equation 8 to be extremely useful as a consistency check for
holversus @I-I/@2 should be w in the rangedata selection in the kinetic analysis, where plots of VYIICO

of analysis. More importantly, the intercept a02/102 should be constant from system-to-sytem.
Dividing one linear equation by another can lead to the expression

Poz joz 102
—.
PRH fRH IRH

(9)

or

P02 — :::;: ( X@)

PRH –
(lo)

XRH

Thus a plot of Y,lcotm/l.Y1lcotmt versus X02/XRHshould yield a straight 1inewhose slope is simply the ratio

of the cross section weighted reactivity integrals for reaction with oxygen versus hydrocarbon.
The treatment of the yield data in Tables 1-3by equation 10can be seen in Figures la, 2a and 3a for the

saturated, unsaturated and aromatic hydrocarbon systems, respectively. Only those data points used in the
analysis were shown graphically. Linear regression analysis of these treatments yielded (TOZI02/CJRHIRH values
which were tabulated in column 2 of Table 4. In most cases, the R squared correlation on the regression
analysis was 0.98 to 0.99. However, as a selection criteria for obtaining the best fit in this analysis, the same
data from Tables 1-3 was plotted according to equation 8 and depicted in Figures lb, 2b and 3b. Interestingly,
much of the 1lCO yield data in the low oxygen concentration range had to be discarded from all systems (and is
not shown graphically), because of deviation from linearity in the selection criteria. This was very obvious in
the less reactive saturated hydrocarbon systems. The reasons for such deviations is due to the fact that the less
reactive hydrocarbons are behaving like energy moderators of the hot atoms, and thus the rapid rise in 1lCO
yield at low oxygen concentration is simply due to oxygen’shigh eficiency to scavenge these thermalized
cmbon-11 atoms. Thus, we wanted to restrict our analysis only to those regions of high energy. As an example
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Figurela. Kinetictreatmentof hot“CO yielddatafromalkane/oxygensytems buffered in
xenonmoderatorwheretheslopeequals IS02L_@JwISH, ( methane,■ ; ethane,+; propmre,❑;
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Figurelb. Data consistency checkandseleztioncriteriafor Wcar@oxygensystemsbasedon
linearityanda constantintemeptof~02, ( methane,9; ethane,+; propane,❑ ; butane,A;

penfane,x ).
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Figure 2a. Kinetic txatmentof hot “CO yielddatafrom afkene/oxygensystemsbufferedin
xenon moderatorwheretheslopeequals CTOZfOJUSH k. (ethylene. ■ : allene, +:

1,3-butadiene, ❑ ; cis-2-butene, A ; tmns-2-butem x ).
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Figure2b. Data consistencycheckandselectioncriteriafor alkene/oxygensystemsbusedon
linearity anda constantinterceptof @fOZ, ( ethylene, ■ : dlene, +; 1,3-butadiene, ❑ :

cis-2-butene, A ; trans-2-butene,x ).
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of the power of equation 8 to exclude certain data points, based on our consistency test and selection criteria, we
left in a few outlying points at high ~~~~ in Figure lb forpropane, butane and pentane. These points are
obviously well off the linear plots depicted, and would definitely impact on the constancy of czofl~.

Table4

EqIOTreatment Eq8Treatment

Hydmarkms O@@/mH R1.1I ci@Jto2 RelativeReactivity

Methane 17.84 t 1.26 1.03 * 0.01 1.CKI
Ethane 10.41 t 0.57 1.07 * 0.04 1.71
Propane 10.63* 0.25 1.07i 0.08 1.68
n-Burane 4.76k 0.24 1.23f 0.13 3.75
n-Pentane 2.04 * 0.07 1.42 + 0.22 8.75

Ethylene 0.72 & 0.01 1.23 * 0.05 24.78
Allene 1.90 t 0.04 1.04 f 0.09 9.39
1~-Burartiene 1.24 * 0.06 1.07 * 0.09 14.39
ci.r-2-Butene 0.88* 0.06 1.04 i 0.07 20.27
Irrrns-2-Butene 1.81 * 0.04 1.07 * 0.05 9.86

Berrzme 2.48 + 0.11 1.00* 0.07 7.19
Tol~ene 4.17 * 0.31 1.03 * 0.16 4.28
Trifluorotoluerre 1.88 * 0.14 l.~ * 0.15 9.49
Ftuorobenzene 1.02 * 0.09 1.11 * 0.06 17.49
oditluorobmzene 1.38 t 0.04 1.08 + 0.01 12.93
m-diftuorobenzene 0.79 * 0.07 1.21 i 0.13 22.58

We included in Table 4, column 3, the @@ values extracted from the equation 8 treatment of the yield
data. In most cases reasonably good agreement in rx@02 was obtained for the data selected. Column 4 of the
same table lists the calculated hydrocarbon teactivities relative to methane. These values were obtained by
dividing the ~I@aRHIRH value for methane by the appropriate O@102/CSRHIRHvalue for a particulm
hydrocarbon.

A key observation made within the saturated aliphatic hydrocarbondata set was that hydraarbon reactivity
tended to inc~ase with the size of the carbon skeleton. The only anomally here was the observation that ethane
and propane possessed essentially the same reactivity.

Another key observation made was that unsaturated aliphatic hydrocarbons were significantly more
reactive toward ground-state carbon atoms than their saturated counterparts. For example, ethylene was 14.5
times more reactive than ethane. This increased reactivity can be attributed to the participation of the n-electrons
as highly rwctive sites for carbon atom ~action.

Interestingly, slightly larger alkenes were ~ reactive than ethylene. For example, trans-2-butene was
2.5 times less reactive than ethylene, although cis-2-butene was only 1.2 times less reactive. The difference in
reactivity between the two isomers may be attributed, in part, to steric hindrance of the butene methyl groups
thus inhibiting carbon atom attack at the n-bond. This suggests that ground-state carbon atoms attack the K-
bond along the plane of the molecule, and not along the peqxxtdicular plane setup by the rt”y and ?r*z molecular
orbitals. The influence of this stenc effect might then be greater with the trans isomer since both sides of the
molecule are blocked in this configuration. The overall lower reactivity of the butene molecules might also be

due in part to the effect of back donation of electrons from the methyl groups onto the x–bond creating a net
reduction in reactivity of that bond. This effect was also seen in our comparison of benzene and toluene
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reactivities to be discussed.
We also noted that aliphatic polyenes like allene and 1,3-butadienewere 2.6 and 1.7 times less reactive

than ethylene, twpectively. However, the decrease in tr-bondreactivity here was most likely due to
&localization of the n-electrons through bond conjugation which had a net stabilizing effect.

Resonance stabilization csnied to the extreme of aromatic behavior had the effect of deceasing m-bond
reactivity even further. For example, benrene’s reactivity of 7.2 was more like that of a saturated hydrocarbon
of equivalent cross section than a polyene. Interestingly, electron donating groups on the aromatic ring
decreased reactivity even further. We noted that toluene was 1.7 times less reactive than benzene with an overall
reactivity of 4.3. This behavior supports an earlier hypothesis formulated on the mechanisms of reactions
involving carbon-n atoms and toluene47,that primary reactions proceeded through ring C-H or side-chain C-H
insertion, but not through z-bond interaction.

Contrary to this, electron withdrawing groups increased reactivi~ of the n-bonds in aromatic molecules.
Reactivities were measured as 17.5 for fluorobenzene, 12.9for o-difluorobenzene and 22.6 for m-difluoro-
benzene corresponding to increases in reactivity over benzene of 2.4, 1.8 and 3.1, respectively. Interestingly,
two fluorine atoms affixed to the ring in the meta position had the effect of increasing the ring reactivity to a level
almost equivalent to ethylene. Trifluorotoluene also had a reactivity of 9.5, corresponding to a 1.3-fold increase
over benzene. Although not as drastic an effect as the fluorobenzenes, trifluorotoluene still tit the trend of
behavior we observed for aromatic reactivity, that elecwonwithdrawing substituents increased reactivity.

CONCLUSIONS

Interestingly, the trends exhibited in the present work are atypical of what one would expect from
conventional electrophilic aromatic substitution reactions. Perhaps the closest analogies one could make with
ground-state rnplet carbon atom reactions are those reactions involving carbenes. Like carbon atoms, carbenes
will undergo characteristic reactions such as insertions into aliphatic carbon-hydrogen bonds and additions to
olefinic carbon-carbon double bonds.58-63However, unlike carbon atoms, carbenes will also undergo
cycloaddition reactions with the double bonds of aromatics typically yielding ring expanded products.@,65
However, our earlier work involving carbon-11 atom reactions with toluene47clearly showed from labelling
dish-ibutionstudies of key reaction products, that the double bonds of the aromatic substrate were not important
sites for primary reaction.

This distinction in behavior becomes even more obvious in a comparison of results from the present work
with those of an earlier study of Baldwin and Smithfi involving thermally generated carbethoxy carbene, and its
reactions with similar substituted benzenes. In this earlier work, relative rates of reaction were measured for the
following compounds: anisole (1.15); toluene (1.06); benzene (1.00); fluorobenzene (0.80); chlorobenzene
(0.84); and trifluorotoluene (0.55). From the observed substituent effects on aromatic reactivity, it was clear
that this carbene was reacting in a manner characteristic of an elecrophilic reagent.

Similar behavior can be seen between carbenes and alkyl substituted olefins67as well. Typically, chemical
reactivity of olefins towards carbenes and other electrophiles increases as a function of the number of alkyl
substituents, as well as a function of the nature of these substituents. However, our results showed just the
opposite behavior, where olefin reactivity toward triplet carbon decreased with alkyl substitution on the carbon-
carbon double bond.

These observations raise some interesting questions regardingjust how triplet carbon atoms behave under
certain reaction conditions. We can not argue that carbon atoms are elec~on deficient in nature. However,
rnplet carbon does not appear to behave like a typical electrophilic reagent when reacting with olefinic and
aromatic substrates. Clearly, this point needs further investigation.



Structural influences on the chemical reactivity of hydrocarbons 10167

ACKNOWLEDGEMENTS

Thisresearchwascarriedout at Brookhaven National Laboratory under contract DE-AC02-76CHOO016
with the U. S. Department of Energy and supported by its Division of Chemical Sciences. The authors also
wish to acknowledge helpful discussions with Dr. D. J. Schlyer.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24.
25.
26.
27.

28.
29.
30.
31.
32.
33.
34.
35.

REFERENCES

Wolf, A. P. Annu. Rev. Nucl. Sci. 1960, 10, 259.
Mackay, C.; Wolfgang, R. Science (Washington, DC), 1965, No. 148,999.
Clark, D. E.; Voigt, A. F. J. Am. Chem.Soc. 1965, 87, 3807:
Mackay, C. Carbenes,Wiley, New York 1975, Vol. 2, pp. 1-42.
(a) Skell, P. S.; Engel, R. R. J. Am. Chem.Soc. 1965, 87, 2493;(b) Ibid. 1965, 87,4663.
Shevlin, P. B. J. Am. Chem. Soc. 1972, 94, 1379.
Bayer, K. D. J. Am. Chem. Soc. 1961, 83, 3712.
Mullen, R. T.; Wolf, A. P. J. Am. Chem. Soc. 1962, 84, 3214.
Wolf, A. P.; Grodon, B.; Anderson, R. C. J. Am. Chem.Soc. 1956, 78, 2657.
Mackay, C.; Wolfgang, R. J. Am, Chem. Soc. 1961,83,2399.
Mackay, C.; Pandow, M.; Polak, P.; Wolfgang, R. ChemicalEffectsof NuclearTran.rformations,IAEA,
Vienna, 1961, Vol. 2, p. 17.
Skell, P. S.; Harris, R. F. J. Am. Chem.Soc. 1965, 87, 5807.
Skell, P. S., Villaume, J. E., Plonka, J. H.; Fagone, F. A. J. Am. Chem. Soc. 1971, 93, 2699.
Marshall, M.; Mackay, C.; Wolfgang, R. J. Am. Chem.Soc. 1964, 86,4741.
Wolf, A. P., Redvanly, C. S.; Anderson, R. C. J. Am. Chem.Soc. 1957, 79, 3717.
Stticklin, G.; Wolf, A. P. J. Am. Chem.Soc. 1963, 85, 229.
Wolf, A. P.; Stbcklin, G. Abstr. Pap. - Am. Chem.Soc. 1964,146th,32c.
Dubrin, J.; Mackay, C.; Wolfgang, R. J. Am. Chem.Soc. 1964,86, 959.
Taylor, K. K.; Ache, H. J.; Wolf, A. P. J. Am. Chem.Soc. 1975, 97, 5970.
Taylor, K. K.; Ache, H. J.; Wolf, A. P. Radiochim.Acta 1975,22, 148.
Stdcklin, G.; Wolf, A. P. ChemicalEffectsof NuclearTransformations,IAEA, Vienna, 1965, 107.
Ache, H.; Wolf, A. P. ChemicalEffectsof NuclearTransformations,Vol. I, IEAE, Vienna, 1965, 107.
Stdcklin, G.; Stangl, H.; Christman, D. R.; Cumming, J. B.; Wolf, A. P. ./. Phys. Cl-rem.1963, 67,
1735.
Welch, M. J.; Wolf, A. P. J. Chem.Soc. Chem. Comnsun. 1968, 117.
Wolf, A. P. Hot Atom ChemistryStatusReport,IAEA, Vienna, 1975, p. 203.
Finn, R. D.; Ache, H. J.; Wolf, A. P. Radiochim.Acra1972, 17, 131.
Fernen, R. A.; Wolf, A. P.; Baltuskonis, D. A.; Tang, Y.-N. J. Chem.Soc. Chem.Commun.1982,
1321.
Femien, R. A.; Wolf, A. P.; Tang, Y.-N. J. Am. Chem. Soc. 1983, 105, 5428.
Taylor, K. K.; Ache, H. J.; Wolf, A. P. J. Am. Chem. Soc. 1976, 98, 7176.
Meabum, G. M.; Perner, D. Nature (London) 1966, 212, 1042.
Martinotti, F. F.; Welch, M. J.; Wolf, A. P. J. Chem.Soc. Chem.Commun.1968, 115.
Braun, W.; Bass, A. M.; Davis, D. D.; Simmons, J. D. Proc.R. Soc. London,Ser A, 1969, 312, 417.
Hussain, D.; Young, A. N. J. Chem.Soc.,FaradayTrans.21975, 71(3),525.
Wolf, A. P.; Redvanly, C. S.; Anderson, R. C. Nature 1955, 176, 831.
Schrodt, a. G.; Libby, W. F. J. Am. Chem. Soc. 1956, 78, 1267.



10168 R. A. FIXtItIERtet al.

36.
37.
38.
39.
40.
41.
42.

43.
44.
45.
46.
47.

48.

49.

50.
51.
52.
53.
54.
55.
56.

57.

58.
59.
60.

61.
62.
63.
64.
65.
66.
67.

Suryanarayana, B.; Wolf, A. P. J. Phys. Chem. 1958,62, 1369.
Visser, R.; Redvanly, C. S.; Sixma, F. L. J.; Wolf, A. P. Rec. Trav.1961, 80, 533.
Sprung, J. L.; Winstein, S.; Libby, W. F. J. Am. Chem. Soc. 1965, 87, 1812.
Williams, R. L.; Voigt, A. F. J. Phys. Chem.1969,73, 2538.
Brinkman, G. A.; Gerntsen, G. A. V.; Visser, J. Radiochem.Radioanal.Lett. 1979,41, 383.
Rose, T.; Mackay, C.; Wolfgang, R. J. Am. Chem.Soc. 1967, 89, 1530.
Ferneri, R. A. Ph.D. Dissertation, Texas A&M University, 1979. (Available University Microfilm
International, No. 8011947).
Rose, T.; Mackay, C.; Wolfgang, R. J. Am. Chem.Soc. 1966, 88, 1064.
Wolf, A. P. Adv. Phys. Org. Chem. 1964, 2, 201.
Lemmon, R. M. Accts. Chem.Res. 1976, 80, 2094.
Wolf, A. P. Unpublished work (1970).
Gaspar, P. P.; Berowitz, D. M.; Strongin, D.; Svoboda, D.; Tuchler, M.; Ferneri, R. A.; Wolf, A. P. J,
Phys. Chem. 1986, 90, 4691.
St6cklin, G.; Wolf, A. P. ChemicalEffectsofNuclearTransformations,IAEA, Vienna, 1965, Vol. 1,
121.
Liebennan, P. Ph.D. Dissertation, The City of New York, 1967. (Available University Microfilm
International, No. 67-12563).
Estrup, J.; Wolfgang, R. J. Am. Chem.Soc. 1960, 82, 2665.
Wolfgang, R. J. Chem.Phys. 1963, 39(11),2983.
Husain, D., Kirsch, L. J. Trans.FaradaySoc., 1971,67, 2886.
Finn, R. D.; Ache, H. J.; Wolf, A. P. J. Phys. Chem. 1970, 74, 3194.
Welch, M. J.; Withnell, R.; Wolf, A. P. Chem.[nstrum.(New York) 1969,2, 177.
Elias, H.; Wolf, A. P. Radiochim.Acra1968, 10, 111.
Carbon-11 atoms maybe generated from beam interaction with oxygen-16 in the quartz window through
the 16G(p,pcm)llC reaction. These atoms may then react with bond oxygen in the qumtz matrix to yield
llc@ The mount of llc@ released into the gas would then be dependent only on the applied
irradiation dose and not the oxygen concentration in the gas.
The validity of this premise was tested in part (see reference 48) by monitoring the 1lC-to-llCH
distribution as a function of oxygen concentration. This was accomplished by comparing [llC]-acetylene
and [1IC]-ethylene yields which represent hot products from 1IC and 1ICH chemistry. This distribution
remained constant in bimuy oxygen-alkane systems using ethane and propane, suggesting that molecular
oxygen scavenging of 1ICH is not a dominant channel.
Hine, J. Divalent Carbon,Ronald Press, New York, NY, 1964.
Kirmse, W. CarbeneChemistry,2nd cd., Academic Press, New York, NY, 1971.
Gilchrist, T. L.; Rees, C. W. Carbenes,NitrenesandArynes,Appleton-Century-Crofts, Educational
Division, Great Britain, 1969.
von E. Doering, W.; Knox, L. H. J. Am. Chem.Soc. 1969, 83, 1989.
Lwowski, W.; Mattingly, Jr., T. W. J. Am. Chem. Soc., 1965, 87, 1947.
Baldwin, J. E.; Smith, R. A. J. Am. Chem.Soc., 1965, 87, 4819.
Lwowski, W.; Hartenstein, A.; DeVita, C.; Smith, R. L. TetrahedronLetters, 1964,2497.
Huisgen, R.; Ghosez, L. Chem. Ber., 1964, 97, 2623.
Baldwin, J. E.; Smith, R. A. J. Am. Chem. Soc., 1967, 89, 1886.
Bethell, D. Carbene Chemishy. In Advancesin PhysicalOrganicChemistry,1%9,7, V. Gold, Ed.
Academic Press, New York, NY.

(Received9 January1997;accepted28 March 1997)


