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"IRRADIATION OF BENZENE WITH 'YCH' AND '4CH3+ IONS

W. R. Erwin, B. E. Gordon, L. D. Spicer,] and R. M. Lemmoh

Contribution from the Laboratory of-Chemical Biodynamics, Lawrence Berkeley
Laboratory, University of California, Berkeley, California 94720.

Abstract: Solid ber.ene at -196°C was irradiated with ]4CH+ and ]4CH,+ v
ions at 10 eV kinetic energy. Yields were determined for the labeled hydro-
carbon products: benzene, toluene, cycloheptatriene, diphenylmethane,
biphenyl, and phenylicycloheptatriene. The radioactivity distributions
between the ring and the methyl group of the toluene product were also
deteﬁwiged. {Qese+resu1ts have been compared to those previously obtained
with 'C and " 'CH, ions. The comparisons have provided both insight into
the reaction Qﬁchgnisms and a tentative estimate of the distribution of

the species ( CHX) that react with the benzene.

In a recent report2 we described the pfihcipa] differences observed

Ye, ™ in place of Mc* jons. This

]4C+ 1on_picks up

when solid benzene is irradiated with
work was carried out to gain information on whether the
hyarogen befbre the carbon-carbon bond forming interaction with benzene,

or whether the initially formed C7H6 iﬁtermediate then abstraCts hydrogen
ffom an adjacent benzene molecule. Our major observations and conclusions

]4CH2+ work were (a) labeled benzene yields appeared to be about

14

from the

the same as with C+--this led us to surmise that methylidene (CH) radicals

might be intermediates in a postulated bicyclo C7 intermediate in the mechanism
~ leading to labeled benzene, (b) the high yields of toluene and cyc]ohepatriéné‘

pointed to similarities to known reactions of'benzene_with photolytically

14 14

produced methylene, (c) in contrast to C+ results, CH2+ ions produced

high yields of labeled toluene and cycloheptatiene, and (d) a]sovin_contrast

1 14

 to the 4C+ results, the CH2+ irradiations produced toluene that had .

no measurable activity in the ring.
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In the present report we describe extensions of our studies by irradiations

14+ 14

of benzene with " 'CH and CH3+ jons.

Experimental Section

Most of the experimental details have been described in a recent

3

paper and in the literature cited therein.” A1l the irradiations reported

in this paper were carried out at'a kinetic energy of_]OeV. The jon source

gas, ]4CH4, specific activity 62.7 mCi/mmole, waé obtained from the New

Engiand Nuclear Co., Boston, Maés. Methane givesgeod.beams.of Cf and CH3+

(about one pamp) in our carbon-ion acceterator4, but poor heamsuof CH+’

and CH (about 0.1 uamp) The low intensities of the methylidehewand

methylene beams have been a major impediment in this work. fhe radioactivity

in peaks emerging from the gas chromatograph were determined_eitherlby

~direct counting in a proportional tube connected to a mu]tichanne] ana]yzer{

or by'trappihﬁ and subsequent.counting in a liquid scinti]]attonvsolutidn.

.The toiuene radioactitity distribution was determined hy‘adding carrier'

toluene to the target benzene, isolating the to]uene by gas- ]1qu1d chromatography

(GLC) on Carbowax ZOM trapp1ng the emerg1ng peak in g]ac1a1 acet1c ac1d

that conta1ned add1t1ona] carr1er, and ox1d1z1ng ‘the toluene to benzo1c

acid w1th CrO3 and su]fur1c acid. The benzo1c acid was converted to its

51ly1 ester and the latter was rigorously pur1f1ed by GLC on an SE 30 column.

The ester S spec1f1c act1v1ty was determ1ned by liquid sc1nt11]at1on count1ng,

after which it was decarboxy]ated via the Schmidt react1on5 to an111ne

(which contains the toluene rtng's activity) and CO2 (which contains the
methyl activity). The'1atteh was trapped and analyzed for both mass and

| radioactivity atter passage through a Poropak R GLC column. The residual

sulfuric acid solution, which contained the aniline, was analyzed for

radioactivity by liquid scintillation counting.



Results -

The yields of the major.]abeled'products thained on irradiating

14 14

CH' and '"CH., ions at 10eV are shown in Table I. For comparison

14

benzene with 3

we include earlier data obtained with

14

C+ and CH2+ ions at 5 and 10eV.

- Yable I. Percent Yields of Froducts Froh Ions at 5 and 10 eV

Irradiating Species and Energy

f _ . _ 1
Product ¢t et o, cHy'

- SeV 10ev | 10eV 5eV  10eV 10eV
Benzene o4 4 _ 7.6 1.5 3.3 1.5 -
Toluene 0.2 0.2 | 1.4 18 21 35
CHT? - 0.5 0.5 4.2 51 36 5
6C=CH 0.3 0.582 | <05 <0.5  <0.5 <0.1
oCHO - 14 19 1 s 10 2
42 L5 L5 5 1 4] <o
¢,CH, 3 2 3 1 6 6
SCHT n 0 6 ] <0.1
Total yield® 20.5  18.7 27.2 73.5  66.3 47.5
3CHT = 1,3,5-cycloheptatriene, Pat 15eV, Snot including #CHO, 9These 3

products were not adequately separated on the GLC column.
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Toluene degradations were carried out on the target material from twec

14

irradiations with '%CH3* and two with '*cH’, a1l at 10ev. The McH,* results

showed that no measurable radioactivity was incorporated into the ring of

toluene. This result is the same as that previously found in the ]4CH2f

irradiationsz, and is in contrast to the toluene product obtained on irradia-

tion of benzene with ]4C+ ions. With these ions, from 5,000 down to 10eV, we

have always found about 85% of the toluene's activity in the methyl groups, and

the remaihing approximately 15% in the ring. At 5eV this ratio becomes about

14

60/40, and'at 2eV it is 94/6.6 The CH+ irradiation gave . a toluene product

with about 10% of its radiocactivity in the ring.

Discussion

In accord with a previously published mecham‘sm2 that we used to explain

~the production of labeled benzene from ]4CH2+,.we now find that our highest

yields. of the benzene come from ]4CH+ irradiations. The mechanism is

@ - cH + H

0—@-0-

excited labeled

e
CH,

(1]

4eH +

Evidence for a 7-membered intermediate has been found in gas-phase mass spectrél
studies of C+ reactions with benzene.7 In addition, this mechanism is in agree-

14

ment with a higher yield of benzene frum CHZ+ ions at 10eV than from the same

ions at 5eV. At the lower energy a Tower probability of stripping off a
hydrogen atom to produce methylidene radical is expected. This postulaté is
also useful in explaining the observation that, of the four irradiating ioné
that we have used, methyl appears the least effective in.producing labeled

benzene.



14

The high yield of labeled biphenyl from the '*CH' irradiations was

not .expected. if'the excited intermédiate in (1) ejects a CH, it becomes

‘labeled benzene without generating a phenyl radical. In contrast, the

intermediate from 14ct reaction,

/%‘°

x

is expected to react with a neighboring benzene molecule either to abstract

eyt s the priméry reactant

hydrogén of‘tb form labeled biphenyl. If
that produced biphehy1 as the dataiéuggest, hydrogen migration either before.
or during the secondary reaction most likely occurs with fhe ekpulsiqn
of a méthy]éne. This is shown in reaction 2 (non-bonding electrons are

omitted).

: - . H H H H HA#” C
|4CH 4 — — 2 —i l + CH2 [2] .
u T w H H 'H His " R
| | | M H oo

The’yields'of toluene rise with increased numbers of hydrdgens on
the irfadiating carbon, that is, they’are the highest of all with methy],
That methylene is an effective producér of to]uéne'(by simple CQH bond .
insertion, as is indicated by the toluene's radioactivity distribution)
is hot surprising. - That methyl is even more effective, is surprising ajfhough
alkylation of arehes with CH3+ is strongly exothermi‘c8 and has been observed
previodsiy in the liquid phase.9 We expect to be able to determine whether
hydrogen is lost from the benzene or from thé methyl ion by (1) irradiating
benzene with CD3+ ions, followed by a GC/MS examinatiqn of the toluene

product and/or (2) irradiating tritiated benzene with CH3+ ions and comparing

the spécific activities of the benzene target with the toluene product.
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It is also noteworthy that, in contrast to toluene, cyc]oheptafriene_
yields are as expected, that is, they reach a maximum with methylene irradia-
tions. This differénce is probably explained on the basis that the main
route to cycloheptatriene is through C-C bond insertions, whereas tb]uene

can be formed by both C-C and C-H bond insertions (reference 3, p. 70).

14 .+ 14

- The '°C idhé, and to a lesser extent, the CH+ ions can give a

toluene product that is partially ring labeled. Methylene and methy] jons

give toluene that is oh]y methyl-group labeled. We interpret this to mean

" (]4C) gives ring-labeled toluene by insertion into

14

that the "bare carbon
a benzene C-C bond. We presume fhat CH+ irradiations lead to the ring
1abe1ed product through the CH-bridged bicyclo intermediate in Feactioh
(2) above. |

Based on the yields of Table I, a rough estimate can be made of the
relative amounts of the four sbecies, CHy_3 or their neutralized couhterparts
(see Table 1II, footnote'a) that undergo a bond-forming (i.e., stable product

forming) interaction wﬁth'benzene,when the irradiating species is'C+, CH+,

+
CH,

, of CH3+. Such estimates are presented in Table II. They follow

directly from the following hypotheses: (1) that CHT comes priméfi]y from

CH2+ and that the ratio of toluene to CHT found 1'n'CH2+ irradiations represents .
the relative reactivities of CH2+ to gfve these products, {(2) that from

the above assumption the amount of CHT formed from cH via a pick up of

one hydrogen, and the amount of toluene formed from CH3+ by loss of hydrogen,

can be determined, (3) that in CH+ irradiations benzene, bipheny]; diphenyl-

methane, and phenylcycloheptatriene are formed directly via CH+ reaction,

and (4) that from the yields of these latter products derived from hydrogen

pickup by C+ to form CH+, and from hydrogen elimination from CH2+ to form

CH+, can be determined. While the data provide evidence that diphenylmethane



<
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can also afise from a CH2+ or CH3+ intermediate, we afe not abie to suggeét
a reésonab]e mechanistic route for its formation frém these species. Never-
theless, such a reaction would .avoid the unfavorable consequencé outlined
below in which hydrogen atoms are lost from CHé+ and would alter the figureé
reported in Tabie II in a minor way.

Although, aé will be explained below, the abovevhypotﬁeées ar= not
firmly established, fhey lead to the rough approximations'presented in
Table II. These approximations indicate that at 10 eV (1) ¢t picks up
hydrogen almost as readily as it inserts in benzene. Such pick ups may
occur via direct abstraction or by a insertidn—decomposition rééction'éither
into the ring, or as has been reported previously for recoil produced carbon

atoms, into a C-H bond.]0

(2) CH+ reacts primarily by insertioh, buf pfefers
hydrogen pickup over elimination, (3) CH2+ also reacis primarily by insertion
with only a small percentage 6f the methylene ibns losing a hydrogen, and

(4) CH3+ loses one or two hydrogéns but also reacts readily to methy]ate
benzene. It is also apparent both from Table I and Table II that the most

reactive idn in producing the insertion products observed at 10 eV is CH2+

followed, in order, by CHy" CH, and c'.



Table II. Estimated Distribution of Species Reacting With Benzene Derived
+ + o '

From Initial Ion Beams of C', CH', CH,", and CH3+ at 10eV Translational
Energy
Reacting Species a’ Percent
Ion BeamV‘ e CH CH, G
¢t o 0 8 <l -
cH’ < Y o4 S
+ ' :

CH, - 9 57 -
CHy . .8 8 32

aCharge neutralization is expected to be the first result when these ions

reach the benzenévmatfix--see refs. 11 and 12.

, Thg data of Table I ]éave no doubt that CH2 js the most efficient

species for forming CHT, and that CH is the most efficient species fpr

forming benzene. However, this does not necessarily mean that the bare

]4C atom must pick up a hydrogen before the interaction that leads to the

6,13 have shown

that the yields of labeled benzene; toluene, and CHT from 14C+irradiations

labeled benzene product. In fact, our previous studies

are essentially constant through the translational energy range of 10eV

to 2eV. Consequently, an alternative interpretation might postu]ate similar
bicyclo C7 intermediates like that in (1) arising from the initial reaction.
of C+, CH+, or CHé+ with benzene. In each.case, labeled benzene and biphenyl
would be produced following intramolecular hydrogen transfer when needed--

as, for example, in reaction (2) or



H H H H .

H M labeled ~

How important the suggested intramolecular hydrogen transfers are may be

14

determined by future experiments using CHx+ beams at 5eV, or lower, kinetic

energy. .
A'prob]em'with the intramolecular hydrogen shift mechanism lies in

the experimental results which support the energetically‘unfavorab]e conclusion

that C 1s moke'readily expel]ed than CH ffoh the C7 intermediate, and CH is

more readf]y éxbel]ed than CH2.' Such a mechanism = yfe]ds Iabeled

14CH fragments from ¢t and ]4CH2 fragments from cH', but- in lower quantities -

than}estimated'iﬁ Table II. Hére, as in the previous intefpretation, there

is no mechaniétfc explanation for thebhigh yield of diphenylmethane in

the methyl irradiations. h
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