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Reactions of Solid Benzene with Accelerated CH; Ions 

by W. R. Erwin, B. L Gordon, and R. M. Lemmon. 

Laboratory of Chemical Biodynamics, Lawrence Berkeley Laboratory, 

University of California, Berkeley, California 94720 (Received 

Publication costs assisted by the U. S. Energy Research and 

Development Administration 

Carbene (14cH;) ions, kinetic energy 10 eV, were impinged on solid 

benzene at -196° and the product yields were determined. These were 

compared with the results obtained when bare carbon (14c+) ions.were 

used. In addition, the radioactivity distribution between the ring 

andthe methyl group of the toluene product was established. The 

results support the earlier suggestion that carbene is an important 

intermediate in the benzene-to-toluene and benzene-to-cycloheptatriene 

syntheses. Surprisingly, labeled benzene was found to result from 

irradiating benzene With the 14cH; beam. 

Introduction · 

The interactions of accelerated carbon ions and atoms with benzene have 

been extensively investigated. 1 Most of the research has been on the reactions 

of energetic (kinetic energies ranging from 5,000 eV to 2 eV) 14c+ ions on 

solid benzene at temperatur~s of -196~ or -150°. The products of these 

reactionsl and the distributions of 14c within the product molecules, have 

been investigated as a function of the kinetic energies with which the 14c+ 

reached the benzene target. For example,.it has .been determined that the 
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yield of labeled ben?ene (about 3-4% of the total radioactivity in the target) 

is independent of the kinetic energy of the ions. On the other hand, the 

yields of the labeled toluene and cycloheptatriene products diminish at the 

lower (100 to 15 eV) kinetic energies, and the yield of the phenylcycloheptatriene 

prodtict increases. 1 

The distribution of radioactivity within the toluene product shows a 

remarkable ·sensitivity to the irradiating 14c+ ion's kinetic energy. From 

5,000 eV dovm to 6 eV, this distribution is approximately 85% in the toluene's 

methyl group and 15% in the ring. At 5 eV, however, the methyl/ring distribution 

changes to approxim~tely 45/55. 2 At yet low~r kinetic energies (2 eV) the 

distribution becomes 94/6. 2 

The ·finding that toluene's yield diminishes between 100 and 15 eV indicates 

an involvement of 14cH2 radicals. At the lower energies there would be a 

decre(lsed chance fa~ the irradiating carbon to pick up hydrogens in sequence 

to form the assumed 14cH2 precursor; th~s, the diminished yi~ld. Although we 

prefer to think of 14cH2 as the precursor to toluene because of the analogy 
. . 3-4 

with known reactions of photolytically and thermally produced CH 2 with benzene, 

the precursor could also be the 14cH radical. Its insertion into a benzene C-H 

bond would give a benzyl radical, c6H5
14cH2, and the reaction would terminate 

by hydrogen atom pickup from the surrounding matrix. We believe that the 

methyl radical is not involved in any major way in our system, mostly because 

methane is only a minor product (< 0.2%) in the carbon-recoil chemistry . . 

of benzene. 5 

Although 14cH2 is a major intermediate in the formation of toluene from 

b d 14cH+ · · t · d tl · t th 1 · 14c+ · d · t · enzene an 2 1ons, 1 ev1 en· y 1s no e on y one 1n 1rra 1a 1ons. 

To explain the large increase in the toluene's ring radioactivity in 5 eV 14c+ 

irradiations, we presume that, at that energy, bare carbon, 14c, is an. 

important species inserting into a benzene C-C bond (which is a route to 
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toluene as well as to cycloheptatriene}. We further presume that 5 eV is 

the maximum kinetic energy at which this species can interact with benzene 

without disintegration of the c7H6 intermediate. 2 The ·latter's formation 

is expected to require a substantial conversion of kinetic into internal 

energy, causing its decomposition unless its internal energy is only a little 

above bond energies (~ 5 eV). 6 Consequently, at 5 eV we appear to have the 

maximum possible energy .that can be used for the scrambling of activity 

into th~ ring of toluene. 

We have carried out the benzene irradiations at -196° with 14cH; beams 

at 10 eV and have det~rmined the toluene methyl/ring activity distributions. 

We have also.determined the differences in the yields of labeled benzene itself, 

and of some other products, brought about by using 14cH; instead of 14c+ 

beams. 

Experimental Section 

Most of the experimental details have been destribed in reference (1) and 

in the literature cited therein. In order to use 14cH4 instead of 14co2 as 

our· ion source (to obtain 14cH; instead of 14c+), we built a new ion source 

chamber designed by Mr. Kenneth Ehlers of the lawrence Berkeley Laboratory:--. 

details of this chamber are av~ilable from the authors on request. It delivers 

an approximately 0.2 ~amp beam of 14cH; ions. The kinetic energy with wht~h 

the ion~ strike the solid (-196°) benzene target was controllable; in the.work 

reported here the energies used were 10 eV and 5 eV. 

For product;determinations, t\'10 separate irradiations were carried out at 

10 eV and one at 5 eV. For the 5 eV, and for one of the 10 eV experiments, 

the gas introduced into our ion source was 14cH4 (sp. act. 40 mCi/mmole; obtained 

from American Radiochemical Corp., Sanford, Florida). T_his material has 

a 14c;12c ratio of about 1.5; therefore the mass·l6 beam is a combination 
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of both 14cH; and 12cH: ions. Under the arc conditions used for these irradia-

tions, the intensity of the CH: beam (from both isotopic methanes) is about 
+· three times as great as the CH2 beam. Therefore, in the benzene irradiations 

described here; the mass-16 beam is made up of about 1 14cH; to 2 12cH:. 

Benzene molecules are deposited, during an irradiatioh, on the target cold 

finger (-196°) at about 104 times the rate of. the irradiating ions; As 

a result, there is 1 i ttle or no interaction between the products from any 

one ion-benzene iriteraction with those of another such interaction in the 

benzene target matrix. · This will be true whether the ions are of the same 
. ' ' 12 + 

or different species. Consequently, the presence of the · CH4 ions in · 

our irradiating beam is expected to have no influence upon the kinds of 
14 14 + 

c~containing products that are observed to arise from the · CH2 reactions. 

We determined the radioactivity distributions in the toluene product 

from one of the aboVe 10 eV experiments. We also did ~ similar 10 eV experiment 

using as our source gas a higher specific activity 14cH4 obtained frcm the 

New England Nuclear Corp. (stated sp. act. 60 mCi/mmole). The toluene•s 

activity distribution was determined after dilution with carrier toluene, 

isolation by gas-liquid chromatography (glc), and oxidization to benzoic 

acid by Cro3 in acetic acid solution. The benzoic acid was converted to 

its ~ilyl ester and the latter was rigorously purified by glc. The ester•s 

specific acti.vity was determined by liquid scintillation counting, after 

which it was decarboxylated via the Schmidt reaction7 to aniline and C02. 

The latter was trapped and counted for radioactivity after passage through 

a 11 Poropak R11 glc column. In the first experiment the residual aniline 

in the sulfuric acid (Schmidt reaction mixture) was isolated; in the second 

experiment the sulfuric acid solution was counted without isolating the 

aniline. To isolate the aniline, the sulfuric acid wa~ neutralized and 

extracted with ether. Aniline hydrochloride \'las prepared in the ether 

,_ -

' c 



0 ) '• .-·-t-, I .. ! 
~ u U. 2 5 

·• 
~ ,\! tJ f.'-1 I ;···i' 

-5-

solution by passing tn dry HCl. After the ether was evaporated the aniline 

hydrochloride was mixed with a 60-fold excess of diethylamine, and the aniline 

isolated by glc on Chromosorb 103 at 180°. The aniline was trapped and 

liquid-scintillation counted. 

Results 

The product yield data obtained on the 10 eV and 5 eV irradiations are 

recorded in Table I, and are compared with similar data froni previous 14c+_ 

· i rradi ati ons. 
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Table I: Product Yieldsa from 14c+ and 14cH; Irradiations 

14c-Product 14cH;, 10 eV b 14cH;, 5 eV 14c+, 10 ev c 14c+, 5 ev d 

Benzene 2.8, 3.8 1-2 3-4 3.9 

Toluene 21.5, 21 .4 18 0.2 0.2 

Cycloheptatriene 34.6, 37.9 51 0.5 0.5 

Benza-1 de hyde 8.6, 16.6 5 13.6 

Biphenyl 1 1-2 1.7 

Diphenylmethane 6 .o' .12. 7 1 2 2.9 

Phenylcyclohepta~ 
triene 1 10 10.8 

a These yields are based on the total radioactivity in the target at the end 

of an irradiation. 

b Two experiments 

c.J. Phys. Chern. {i, 2555 (1971). 

d J. Phys. Chern. 76, 2521 (1972). 

... , .. 
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The radioactivity distributions determined by degradations of the toluene 

product are recorded in Table II . 

. Taple II: Toluene Radioactivity Distributions 

Sample. 1st expt., dpm/mmole 2nd expt., dpm/mmole 

Toluene 2081 1. 23 X 105 

Benzoic acid 2095 1.18 X 10 5 

co2 2084 not determined 

Aniline 34 + 40 0.03 x 105 a 

- ,'· .. 

a This value is based on liquid scintillation counting of the residual ?ulfuric 

solution after the decarboxylation step. It assumes that all the activity 

is in the aniline (which is not normally the case). This is, therefore, 

an upper limit for the possible radioactivity in the aniline. 
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Discussion 

~le had previously determined that the yield of labeled benzene was 

essentially independent of the kinetic energy with which 14c+ struck the 

benzene target~ 1 Now, it appears that these yields are also independent of 

whether a 14c+ or a 14cH; i~ used: This surpri~ing and important result is 

difficult to explain mechanistically. Perhaps the labeled benzene is formed 

as easily from 14cH intermediates as from bare carbon ions (or atoms); the 
14cH could result when 14cH; strikes the benzene matrix. In electronic 

distribution CH may be very similar to cH;. Perhaps 14cH (or 14cH2) can 

form with benz~ne a bridged (bicycle) intermediate of the sort we have 

previously postulated for 14c+ reactions with benzene. 1 In the near future 

we plan irradiations of benzene with 14cH+ beams. 

The toluene degradation results of Table II show clearly that there is 

negligible, if any, activity in the ring. Low energy, 14cH; ions (or radicals) 

insert efficiently into the benzene C~H bond~ but ~o not have sufficient excess 

energy to cause the electronic and protonic rearrangements necessary for the 

appearance of 14c in the ring. This situation is similar to th~t reported for 
14cH2 derived from the photo.lys is of 14cH2N2 in the presence of benzene. 3 The 

resultant labeled toluene has all its radioactivity in the methyl group. The 

efficient production of labeled benzene from 14cH; striking benzene indicates 

that the photolysis experiment referred to above should be reexamined8 to see 

if labeled benzene appears along with the labeled toluene and cycloheptatriene. 
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