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ABSTRACT 

Solid benzene at -196 °  was irradiated with monoenergetic beams 

14 + 
of C ions and atoms with kinetic energy ranging from 5 eV to 15 

KeV. About 28% of the ions striking the target benzene have been 

identified as 14C labeled benzene, toluene, cycloheptatriene, phenyl-

acetylene, styrene, biphenyl, diphenylmethane, phenylcyclohepta-

triene, benzaldehyde, tropone, phenol, and n-C 3-C 7  unsaturated 

alkylbenzenes. 

The nature of the reactions involved was investigated by total 

degradations of toluene; partial degradations of toluene (from 

5-5000 eV irradiations) and benzaldehyde (from 15-5000 eV irra-

diationg); and partial degradations of phenylacetylene, biphenyl, 

diphenylmethane, and phenylcycloheptatriene from a 5000 eV •irra- 

diation. 



-ii- 

The mechanisms for the product formations were interpreted in 

terms of the intermediate carbenes and radicals resulting from the 

C-H and C=C bond insertions of hot C( 3P), C('D), and C( 1S). These 

intermediates were evidenced by the presence of benzaldehyde, tro-

pone, and phenol, which could result from the interactions of such 

intermediates with oxygen from an unknown source. The dependence 

of the radiochemical yields of the products upon the energy of the 

irradiating 14C ions was consistent with these hypotheses. 

We conclude here that, in our accelerated C-benzene system, 

the hot and thermal C( 1S) species react similarly. However, the 

reactions of hot C( 3P) and C( 1D) are different from that of the 

thermal counterparts. 
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I. INTRODUCTION 

A. The Scope 

In a chemical reaction where positive activation energy is in-

volved, reaction can be achieved by supplying the' requisite energy 

(thermal or electromagnetic). A reaction mechanism may then be de-

fined in terms of the structure of the transition state and its 

thermodynamic properties. 

A high energy (above activation energy) species which is pro-

duced by a process other than thermal collision,, however, displays 

behavior characteristic of an energy distribution which is non-

equilibrium relative to the condition of statistical equilibrium 

for that species with its surroundings. Since the hot species 

possesses excess energy available for its reaction with a substrate 

molecule, the energy of the transition state or activated complex 

is always well above the energy barrier for various modes of 

reactions. The consequences are the participation of many compe-

ting reactions,.an indiscriminate mode of reaction, and the 

existence of high energy processes which are not encountered in 

thermal reactions. The study of the energy degradation and the 

generally unique chemical reactions of atoms with high kinetic 

energy is called hotatom chemistry) 
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The chemical reaction of hot carbon species with organic sub-

strates has been intensively studied in the past two decades. Most 

of these investigations relied on the use of atoms produced by 

nuclear processes. The main features of the reaction of hot carbon 

11 	14 (C 	and C ) with organic molecules are the formation of reentry, 

synthesis, fragmentation, build-up and polymerization products. 2  

Such reactions are usually temperature and phase independent, in-

sensitive to added radical scavenger, and inhibited by moderation 

by inert gas in the gas phase. The fact that isotopic carbon is 

always incorporated in the parent molecule has attracted attention 

in the preparation of labeled compounds. However, for many reasons, 

not the least of which is the appearance of labeled methyl analogs 

that are extremely difficult to remove, the carbon recoiling has 

not been used as successfully as that of' tritiuin. 

The present work is:concerned with the study of the hot-atom 

chemistry of carbon-14 ions or atoms, produced by an ion accele-

rator, 3  with solid benzene at liquid nitrogen temperature. 

B.The Sources of Hot Carbon Atoms or Ions 

The hot atoms can be produced by a variety of methods, including 

photolysis, ionizing radiation, nuclear recoiling, and accelerated 

ions 3  (charge neutralized during deceleration). 

If electromagnetic radiation, with energy per quantum higher 

than chemical bond energy is absorbed by a molecule, it may, follow-

ing the law of conservation of energy, dissociate and give hot atoms 
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or radicals of well-defined energy. Although the production of hot 

hydrogen and deuterium from the photolysis of corresponding iodide 4  

was carefully studied, the chemistry of the carbon atom from this 

method is rarely investigated. Stief and DeCarlo 5  reported the 

formation of carbon atoms in the photolysis of carbon suboxide at 

1470 	The formation of traces of carbon ions was suspected by 

Jensen and Libby 6  in their photolysis of CH4  with 584 X light. In 

neither case was the energy of the carbon species discussed. 

Both radiolysis and electric discharge may give hot carbon 

species. However, the production of a spectrum of species with un-

defined energy is inevitable. In his gas phase irradiation of a 

mixture of organic substrates (benzene and pyridine) and 14 
 CO or 

14 	 85 	 7 C 
2  H  2 with 8-rays from Kr, Turton isolated the corresponding 

aldehyde and carboxylic acids. Kalyazin further modified this pro-

cedure and used it in the quantitative synthesis of carbonyl and 

carboxylic compounds from hydrocarbons. 8  While there was no indi-

cation that hot carbon was involved in these systems, Turton's 

experiment (benzene- 14CO2  system) was repeated in the present 

research; 9  we used 60Co as radiation source. Various hot-reaction 

products similar to that of our 14Ctbenzene system were observed. 

The nuclear transformations have been used as principal sources 

of energetic carbon in most carbon hot atom research. Table I 

lists the nuclear reactions capable of producing hot carbon isotopes. 2  

The 14N(n,P) 14C reaction has been used in a huge number of 

investigations. 2 ' 10  The 14 C is produced in situ in the thermal-neutron 

irradiation of either a nitrogen-containing compound or the 
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Table I. Recoil energies of hot carbons. 

IELtope • Incoming particle Nuclear processes Recoil energy 
and its energy - of hot carbon 

>Therman n 14N(n,p) 14C 0.045 MeV 

>18 Me\ n C(n,2n)C 1.1 NeV(max) 

>50 MeV P 12 C(P,Pn) 11C 1.8 MeV(mean) 

11 
• 	>27 MeVy 12C(y,n)

11
C 0.4 MeV(mean) 

11 
>6 MeV P 14N(P,a) 11C 2.1 MeV(max) 

11C 2-3 GeV P 160(P,Pnct)C 

homogenous mixture of the compound to be studied and some nitrogen. 

source. 

The disadvantages of this technique are the possible compli-

cations introduced by the presence of the nitrogen source, and 

serious radiation damage caused by the fast neutron and y-rays in 

the thermal neutron flux. In order to minimize these disadvantages, 

11 	• 	 . 	12 	11 	12 	. 	11 	• 12 	11 C recoil reactions such as 	C(4,2n) C, 	C(P,Pn) C and 	C(y,n) C 

were used in most of the mechanistic studies. Here, the nitrogen 

source was eliminated. Due to the short half-life of 11 C (20.5 mm, 

	

8 	11 that of carbon-14 is 5760 years). only a factor of 10 less 	C 

than 14C is needed for investigations. Thus, the irradiation can be 

completed within an hour (several days to weeks are required for 

14N(n,p) 14C) and, consequently, the radiation damage effects are 
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greatly reduced. One obvious disadvantage of this technique is the 

time available for the analysis (only several half-lives of 

i.e., about 100 mm). The 11 C can also be generated by nuclear 

stripping reaction: 11C 
 is produced by focussing a pulsed beam of 

120-41eV 12 C ions on a target consisting of gold and platinum foils 

11 which strip a neutron from 12 C ions converting them to C. 11  

The first study of energetic 14C ions produced by a mass 

spectrometer was reported by Croatto and Giacornello. 12  They born- 

13 	 14 barded solid benzoic acid, 	stearic acid, cholesterol, 	and 

Vitamin B with 14C ions; 14C-labeled parent compounds were found. 

15 Lernmon, Reynolds, Mazetti and Calvin '16  Then irradiated solid ben- 

zene at -160 	 14 + i 
with 2 KeV C on beams 14

C-labeled benzene and 

toluene, in agreement with carbon recoiling experiments, were found. 

The irradiation of s-carotene and morphine with 14 + i C ons gave also 

the labeled parent compounds. 17  These experiments were followed by 

the construction of a special ion accelerator and a detailed study 

of 14Ct-benzene (solid) interaction by Mullen. 18  After extensive 

modification, the same ion accelerator was used in the present work. 

C. The Chemistry of Hot Carbon Atoms with_Organic Compounds 

In spite of the extensive development of organic chemistry, the 

chemistry of elemental carbon was not studied until 1946 when 

Yankwich et al. 19  attempted unsuccessfully the labeling of glycine, 

	

pyridine, and aniline by the 14 	14 N(n,P) C reaction. The labeling of 
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pyridine and aniline was demonstrated by Edwards 20  three years later. 

Since then a huge number of investigations in this field have taken 

place. The study of the reactions of the thermal carbon atom was 

initiated by Skell and Engel, 21  and Sprung, Winstein and Libby 22  in 

1965. 

The hot-atom chemistry of carbon has been reviewed by Wolf, 2,10  

24 Wolfgang, 23 F ilatov, 	and many others. Much of the research was 

directed towards the finding of practical methods for preparation 

of labeled compounds. Most of it, however, involved the study of 

the mechanism of the elementary act of the atom-molecular collision 

and the subsequent chemical rEaction brought about by the excess 

kinetic energy of the hot speies. 

14 	11 
The C or C:atoms produced in anuciear reaction possess 

kinetic energy in the range of 0.05 - 2 key, where energy lOSS of 

the hot species is brought about mainly by electronic interactions 

and nuclear scattering. At around 5000 - 6000 eV, energy degradation 

by means of elastic and inelastic collision takes place. It is 

generally agreed that "chemical" reactions become meaningful only 

when the kinetic energy of the recoiling species becomes close to 

that of chemical bonds (10 eV). 

For the interpretation of the hot reaction, Libby 25  was the 

first to suggest the elastic (billiard ball) collision model; the 

labeled parent molecules were formed by a process involving a high 

energy collision between a recoiling atom and an organically bound 

atom of like mass, resulting in a complete or nearly complete energy 

transfer to the struck atom which breaks the bonds and moves Out of 
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the place of impact, followed by the combination of the thermalized 

recoil atom with the fragment it has created. This idea was modi-

fied by Fox and Libby 26  to include the epithermal (above chemical 

bond energies) region in an effort to interpret products other than 

the parent compounds. Epithermal reactions were considered to be 

dependent on the nature of the solvent cage, the thermalized "hot 

species" were trapped in a solvent cage after producing various 

radicals in this vicinity, and the labeled compounds were then 

formed from radical recombinations. The "random fragmentation" or 

"brush-heap" hypothesis was then proposed by Willard 27 to account 

for the hot reactions that could not be explained by Libby's model. 

• Here, in the liquid and solid states, the collision of recoil atoms 

with their surrounding molecules resulted in the indiscriminate 

multi-bond-breaking which gave variety of radicals in its vicinity. 

The recoil atoms then combined with surrounding radicals to give 

stable compounds. While the inadequacies of these reaction models 

in describing overall hot atom reactions have been revealed as the 

new data accumulated, their significance should not be neglected. 

There are numerous theoretical treatments of carbon hot-atom 

processes in the literature. The more recent ones are those of 

(1) Estrup and Wolfgang which showed a remarkable agreement between 

theory and the experimental data for hot tritium hydrogen, and 

.. 	 28 fluorine atoms, 23 (11) that of Thomson 	and (iii) those of Wong 

and Wiles. 29  

Not surprisingly, classical mechanics can give only a very 

limited explanation for hot-atom processes. The chemical approach 
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has been more successful. Here, the, reactions of hot carbon are 

explained in terms of abstraction, insertion, substitution, radical 

reactions, etc. Substantial evidence has accumulated to support' 	. 

the involvement of the hot carbon atom, and of methyne(CH), methy-

lene(CH2 ), methyl(CFI 3 ) 2 , and C2HX3°  species. 

The charge and spin state of hot carbon speèies have been dis-

cussed by Wolfgang. It was pointed out' that recoiling carbon rEacts 

with organic substrates in its neutral form (in it. 'low-lying 

and 3P states). It was, therein, concluded that both hOt and ther-

mal carbOn atoms reacted in similar ways, with thermal species more 

discriminative, favoring (in aliphatic compounds) it-bond over C-H 

32 bond insertion. 31, 	. 	 ' 

P. Previous Studies on the Carbon-Benzene. System 

The carbon recoiling in benzene was first investigated by 

Zifferero and Masi33  in 1954. The clathrate of annnoniacal nickel 

cyanide was used as the nitrogen source for the 14C(n,p) 14C 

14 reaction. Four percent of the recoiling , C appeared as labeled 

benzene. The study of the same system by Wolf, Anderson and 

34 	 ' 	. 	 14 Redvanly 	revealed the formation of only 1.4/ of benzene- C. 

In their study of the hot-atom chemistry of carbon in all-

phatic and aromatic amines, Schrodt and Libby 35  thermal-neutron 

irradiated an 8 mole-% solution of aniline in benzene. For the 

first time, several 14C-containing compounds, in addition to 
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14 14 benzene- C, were identified. The radiochemical yield of 	C- 

labeled benzene, toluene, diphenylmethane, and triphenylmethane 

were found to be 2.59. 1.7 9  3.2, and 2.1%, respectively, In the 

36 
same year, Wolf, Gordon and Anderson stucied the same system 

using 2-niethylpyrazine as the nitrogen source: the yields of ben-

zene-14C and toluene- 14C were 1.92 and 1.05%. Perahps the most 

important result in this paper was the finding that 12% of the 

activity was incorporated into the aromatic ring of toluene. A 

later paper of Wolf's 37 on the benzene system reported 2.6 and 2.25, 

respectively for the yield of labeled benzene and toluene. 

The radiocarbon-labeled product distribution resulting from 

the (n,2n) activation of carbon-12 in benzene was thoroughly 

studied by Suryanarayana and Wolf 38  in 1958. About 4.5 and 2.2% 

of the total 11C activity produced were found in benzene and toluene, 

respectively. Furthermore, added radical scavengers decreased the 

yield of benzene-11C but did not significantly affect the formation 

of toluene- 11C. Change of phase from liquid tosolid showed the 

same effect. The implication was that at least some of benzene-C 

was produced via thermal reactions involving free radicals while 

toluene-C and some of benzene-C were formed through the hot 

process.. The 14C distribution in toluene- 14C obtained from irra-

diation of benzene-2-methylpyrazine was then determined by Visser 

eta.l. 	The results are shown on the following page. 

In 1961 Mullen, 18  by using the ion accelerator, showed 

the ring-methyl activity distribution of the toluene- 14C obtained 

from the 14C+_benzene system to be similar to that observed by 
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CH 
_4 -_______ 85.7% 

IIIIIIIIiIII•:: 
-------- 2.00% 

0.99% 

Wolf. The essential equivalence of the recoil and the ion accele- 

•rator techniques was therefore indicated. Further, Mullen found 

the presence of labeled cvcloheptatriene, allene, propyne, 1,2-

butadiene, 1,3-butadiene, 1 and/or isobutane, l-butyne, and trace 

amounts of n-butane. 

Voigt and coworkers 40 ' 41  have studied the hot-atom chemistry 

of benzene by the labeled acetylene formation. The 12C(y,n)C 

reaction was used. The results were in agreement with a mechanism 

involving the insertion of an energetic 'C or 11CH into a C-H 

bond followed by the fragmentation of the resulting intermediate. 

An Investigation involving three phases (solid, liquid and gas), 

neon moderation, and the presence or absence of oxygen was reported 

in 1967 by Rose et al. 42  The yields of benzene, toluene, and cyclo-

heptatriene were comparable to the previous data. An Increase in 

polymeric products were observed in the neon moderated system. It 

was found that the reactivity of benzene was comparable to that of 

oxygen, which was, in turn, similar to that of the alkenes (toward 

hot carbon). 

The most recent and detailed study of the carbon-benene system 

was carried out by Williams and VoIgt43  where 1 C recoiling was 
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examined in liquid benzene, toluene, and p-xylene (with and without 

scavenger). Labeled methane, acetylene, allene, methylacetylene, 

vinylacetylene, diacetylene, benzene, toluene, cycloheptatriene, 

o-m-and-p--xylene, ethylbenzene, styrene and phenylacetylene were 

found in benzene. The yields of benzene, toluene, cycloheptatriene 

and phenylacetylene were 3.54, 2.64, 3.19 and 1.9%, respectively. 

The mechanism was discussed in terms of insertiOn-fragmentation of 

C atom, and the C-H insertion of CH 2 . 

It may be worthwhile to mention that the reaction of thermal 

carbon with benzene was reported by Sprung et al, 22  in 1965. Here 

the thermal carbon was produced by electrically heating a spectro-

graphic quality carbon rod.' The exposure of solid benzene (liquid 

nitrogen temperature) to carbon vapOr gave both toluene and cyclo-

heptatriene. 

E.The Purposes of this Research 

The reaction of hot carbon atom with benzené is by no means 

well understood. The mechanism of the formations of the major known 

products (benzene, toluene and cycloheptatriene), the nature of 

intramolecular activity distribution, the paths to particular pro-

ducts, the energy dependence of products formation, and the nature 

of possible high molecular weight (7C 13 ) products, etc.,  are still 

to be disclosed. 

Part of this work was concerned with the identification of major 

aromatic products with more than six carbons. No attempt was made 
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to study the products smaller than C 6 , although, for the reason 

discussed later, the existence of C 6  hydrocarbons was checked 

thoroughly. Gas-liquid partition chromatography (gic) and several 

chemical reactions were used in this study. 

In order to study the energy requirement for the reactions 

leading to product formations, the yield of all identified major 

products was determined in the kinetic energy range, of the irra-

diating 14C ions, between 5 - 5000 eV Carbon-14 atoms, instead 

of ions, were used in some experiments. 

The total degradation of toluene- 14 C obtained from the 14 + C - 

benzene reaction was the main goal of this research. This was 

carried, out with at least two different procedures. The partial 

degradation of all known products was also investigated. 
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II. IRRADIATION PRODUCT IDENTIFICATION. AND YIELD DETERMINATION 

A. Irradiations 

The earlier arrangement of the ion accelerator was described 

by Mullen. 18  The detailed description, operation, and discussion 

of the modified accelerator will be found in the Ph.D. Thesis (1969) 

of H. Pohlit. 44  The schematic drawing is shown in Figure 1. The 

i 	 i 	 14on source s a low voltage capillary arc type. The CO 2  (admixed 

with He) is introduced into the ion source from a low pressure 

supply system. A constant beam of accelerated electrons produced 

by a hot tungsten filament then ionizes the molecules. The ions 

are extracted, focused on a slit, accelerated in an electric field, 

and separated by the magnetic field. The purified 14C+  beam is 

then focused and allowed to impinge upon target solid benzene which 

is coated on a cold finger at liquid nitrogen temperature. A con-

stant stream of benzene vapor is fed into the target area through a 

low pressure supply ianit during the irradiation so that only the 

flesh surface of benzene is exposed to the irradiating ions. For 

the low energy ion and the neutral-atom irradiations, the ions are 

decelerated by a decelerating lens, andneutralized by grazing a 

metal surface before reaching the target. 

All the irradiations were performed by H. Pohlit and W. Erwin. 

Table II lists all the irradiations and their relevant conditions. 
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Ion or atom Benzene 
beam, jjA input,X 

0.8 - 1.1 360 

0.75 - 1 200 

1+0.2 450 

0.8 - 1.2 140 

1 80 

0.8 -1.2 170 

1 170 

1 160 

0.9 - 1.4 320 

1 120 

1 250 

-- 400 

1.5 370 

1.5 	. 200 

0.8 140 

0.4 - 0.8 150 

0.6 -- 

0.2 -- 

1.1 -- 

0.3 -- 

0.3 150 

0.3 145 

0.6 - 1.0 245 

1 420 

1 180 

1 	- 1.5 105 

0.25 

Remarks 

a 

a 

a, c 

a 

a 

b 

b 

a,b 

a, b 

a, b, spread beam 

toluene used instead 
of benzene 

a 

a, b 

b 

C 

check 12C products 

b 

a 

c 

b, c 

c 

c 

c 

c 

C 

Table II. Irradiation data 

No 	of Ir- Energy 
Species Time 

radiation . 	 eV  hr:min 

1 5000 14 C -- 

2 -- 

3 4:00 

4 ft  2:45 

5 . . 3•00 

6 ' ' 1•00 

7 " 0:45 

8 15000 0:55 

9 " 0:44 

10 5000 " 1:07 

11 " 1:00 

12 ' 14 
1:00 

13 l'OO 

14 ft.  1•05 

15 1:05 

16 14 C 
3:00 

17 200 If 1:00 

18 5000 12 C 
2:00 

19 0 14 C 
0:15 

20 5000 0:15 

21 350 0:15 

22 11 U 0:16 

23 0 14 0 
0:15 

24 500 It -- 

25 if 14 C 
4:20 

26 4000 U -- 

27 500 3:25 

28 100 1:55 

29 . 4000 	. " 4:00 

30 3•30 

31 5•00 

32 4.20 

33 25 0:30 
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Table II. (continued) 

No. of Ir- 
radiation 

Energy 
eV Specis Time 

 hr:min 
Ion or atom 
beam, 	jA 

Benzene 
input,A Remarks 

34 U  0:30 0.25 -- 
35 15 

" 
0.5 - 0.6 380 a, b 

36 It 14C0 2:20 1.25 -- a, b, 	C 

37 4000 " a, 	b, 	c 
38 200 0:45 1.4 80 a 
39 14C0 0:45 5 - 6 190 a 
40 15 CO 4.2 45 a 
41 50 14 C 

1:00 4 150 a 
42 4000 ' 1:00 0.9 80 a, b 
43 " 

" 1:00 -- -- a, b 
44 " 1:30 0.65 - 0.9 150 b 
45 " " 1:07 1 100 a, b 
46 4000 14e 

042 1 145 isopentane-liquid- 
nitrogen temperature 

47 -- -- -- -- -- 
lost 

48 4000 0:38 0.9 
-- isopentane-liquid- 

nitrogen temp., a 
49 .-- -- -- -- 

-- lost 
50 5 14 C 

1:40 1.5 - 0.5 150 a, b 
51 4000 " 1:00 0.9 - 1.2 100 a 
52 " 1:15 0.4 - 0.5 140 a, 	c 
53 " it 

 1:15 0.6 -- C 

54 C 0:45 0.5 - 1 -- -- 

55 100 " 1:27 0.5 -- a, b 
56 7.5 " 0:30 0.3 -- a, b 
57 -- -- -- -- 

58 31 14 C -- 1.4 
-- b, 	c 

59 5 It 
 3:00 0.8 - 1.1 -- b, 	c 

60 56 if 
 0:42 1.3 - 1.6 -- -- 

Remarks: a 	used in product identification 

b 	used in yield determination 

c 	used in degradation 
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After the irradiation, the product mixture was scraped Off 

from the surface of the target cold finger into a small vial (1-2 

cc) equipped with a rubber septem and a screw cap. The appro- 	 I 

priate amounts of cold carrier compounds were then added by means 

of a syringe through the rubber septem. The stock solution thus 

obtained was stored in a dry-ice bath. 

B. Product Identification 

An aliquot of the sample mixture prepared as above was injected 

into aglc column. The peaks that emerged from the column were de-

tected both with a mass detector (thermal conductivity) and a radio-

activity detector (proportional, counter). The match in the mass 

and radioactivity in a peak was taken as preliminary identification 

of a product. Series of chemical reactions were then used to confirm 

the nature of the compound. 

For the better overall separation of the reaction mixture, the 

efficiency of several gic columns were checked. Figures 2 and 3 

show the chromatogram of aliquot of reaction mixture obtained from 

FFAP, 1/4' x 10' and from Apiezon L (20% on chromosorb W, 1/4" x 10'). 

Figure 4 .shows that chromatogram of the same sample mixture from 

CW20M, 15% on DMCS treated chromosorb W, 1/4" x 10'. CW20M was used 

in most of the analyses. Helium was used as carrier gas in gic (40 

mi/mm). The effiunt was then mixed with the same amount of methane 

and was counted by proportional tube. 
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Each experiment, which will be described, was repeated several 

times, reproducibility thus being assured.. Only a typical chroma-

togram will be presented for each experiment.. In all cases,, the 

smooth line of our glc traces represents mass (thermal conductivity) 

detection and the jagged line represents radioactivity (propor- 

tional counter) detection. 

The preliminary experiments included the. .hydrogenation (see 

Figure 27) and bromination (Figure 5) of aliquots of irradiated 

samples, and the oxidation of individually trapped compounds. 

The catalytic hydrogenations were performed convenIently 

using a "Parr hydrogenation" apparatus. A small test tube (3/8" x 

3") was used as the reaction vessel. About 0.1 - 1 i.il (or mg) of 

the sample, usually collected in a U-shaped capillary tube (or dis-

posable pipette), was washed out with about 100 1.11 of suitable 

solvent (introduced into the capillary tube by means of a hypodermic 

syringe) into the test tube. A small quantity of catalyst (usually 

Pt02 , about 1 mg) wasadded. The tube was then connected to the 

apparatus using pressure tubing. The system was flashed five times 

with hydrogen, 2 atm of hydrogen was then introduced, and the tube 

shaken for the desired time. 

1.Major Products 

A CW20M (1/4" x 11 1 , 5% C1420M on DMCS-treated chromosorb W 

(70-80 mesh)) column was used in the gic. Since the "prebenzene" 

(compounds with shorter retention times than benzene) products 
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were previously examined by Mullen, 18  they were not the concern of 

this investigation. Only the products which had molecular weight 

greater than benzene were extensively studied. The retention 

times on glc of the suspected products were checked on CW20M. The 

compounds checked were bicycio(2.2.1)heptadiene, xylenes(o-, m-, 

and p-), ethyibenzene, benzocyclobutene, styrene, cyciooctatetraene, 

phenylacetylene, n- and isoalkylbenzenes, indene, benzocycloocta-

tetraene, biphenyl, diphenylmethane, triphenylmethane, o-phenvl--

toluene, diphenylethane, stilbene, tropone, phenylcycloheptatriene 

and fluorene. 

Figure 4 shows the radio tracing (no carrier except benzene) 

of an aliquot of sample from IR-l. The major activity peaks 

appearing after toluene were numbered as U-1 to U-5. 

Upon bromine treatment (see Figure 5) of the aliquot of the 

reaction mixture, the destruction of cycloheptatriene, U-i, TJ-3(?), 

and U-5 was observed. The catalytic hydrogenation (Pt0 2 ) gave a 

similar result. Therefore, U-i and U-5 were unsaturated hydro-

carbons which reacted with bromine and hydrogen. 

In order to obtain further information about the nature of 

the major products, an aliquot of the target material from IR-2 

was cochromatographed with a carrier mixture of 3-phenyipropene 

(for U-i), hexylbenzene (for U-2), diphenylmethane (U-4) and 

phenylcycloheptatriene (U-5). Moreover, each fraction was trapped 

separately with a U-shaped capillary tube at liquid nitrogen tem-

perature. Each purified compound was dissolved in 500 ? of toluene 

(used as cold carrier for benzoic acid) and was oxidized with basic 
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permanganate solution. The benzoic acid formed was isolated, puri-

fied by sublimation, methylated with diazomethane, repurified on 

gic (CW20M), and counted. The results are shown in Table III. 

Table III. The oxidation of major products. 

Starting specific % activity of 

Compound activity calculated Activity in methyl benzoate 
as toluene methylbenzoate acid from 
dpm/imole dpm/j.tmole parent compound 

U-i ($dCH) 0.97. 0.34 35• .5 

13-2 	(CH0) 1.67 1.22 73.2 

13-4 	( 2CH2 ) 4.02 4.35 100 

U-5 ($CHT) 5.36 4.53 81.1 

Toluene was added in all of the samples as the cold carrier for 

the product benzoic acid. Since the rate of reaction of toluene 

might be quite different from that of each individual compound, the 

last terrn"7 of activity of methyl benzoate from parent compound' t  

might not be meaningful. However, for qualitative purposes, this 

experiment served to indicate the presence of the -C partial 

structure in U-i, U-2, U-4, and U-5. 

- 	 The retention times of phenylacetylene, hexylbenzene (or in- 

• dene),biphenyl, diphenylmethane, and phenylcycloheptatriene 

matched those of U-i, 13-2 91  U-3, U-4, and 13-5, respectively. 

Figure 6 shows the typical radio and mass tracing of the aliquot 
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Figure 6. Gic tracing (on CW20M) of IR-6. 
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from IR-5 (withadded carriers). In order to prove the structures 

of these compounds, aliquots of each carrier (0.1 - 1 X.) were 

added to aliquots of the target material and injected on the gic 

column. The individual "peaks" were then collected with a capil-

lary tube (a disposablep.ipette) which was connected to the exit 

of the gic through a rubber septum, the only exception was that 

phenylacetylene, the most volatile compound of this series, was 

trapped with a U-shaped capillary which was immersed in a liquid 

nitrogen bath. The collected, purified fractions were then sub-

jected to confirmatory tests, such as hydrogenation, oxidation, 

halogenation, or hydrohalogenation. 

a) Products other than U-2 

Phenylacetylene. As shown in Figure 5, the activity in 

U-1 disappeared when the sample was treated with bromine and 

hydrogen (Pt0 2  catalysis). The unsaturated character of this com- 

pound was clearly shown. At the time the samplefrom I•R-3 was avail-

able, no other information about the structure of U-3 was known. 

Several unsuccessful attempts were made to trap this compound from 

gic without added carriers. It was not until IR-4 that the corres-

pondenceof retention time of phenylacetylene and U-i was recognized. 

U-1 activity was then trapped with cochromatographed phenylacety-

lene and hydrogenated (Pt02)  2 atm H2  15 mm, in benzene), phenyl-

acetylene was added to the hydrogenate. and the solution analyzed 

with glc. As shown in Figure 7, the activity in U-1 was converted 

to ethylbenzene. 
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15 	 10 	 5 	 0 
TIME (Mm) 

XBL 692-4134 

Figure_.7. Gic tracing (on CW20M) of the trapped phenylacetylene 

(from IR-5) after hydrogenation. Temperature: 6 minutes. 

at 800,  then programmed 8 0 /mm to 2500. 
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Biphenyl and Tropone. There was an unfortunate, incident 

in which a bottle ofbibenzyl(1,2-diphenylethane) had been mis-

labeled as biphenyl. U-3 was not considered as biphenyl for quite 

some time since this erroneous "biphenyl" appeared on gic at 

phenylcycloheptatriene position. Later, the U-3 peak was found 

to match. one. of the impurities in an old benzene solution of 7-

phenylcycloheptatriene. (The 7-phenylcycloheptatriene used in 

this experiment did not contain any detectable impurity on gic. 

Originally, this old benzene solution was obtained from dissolution 

of about 0.1 g pure 7-phenyl CHT in 1 ml of benzene and the solu-

tion left on the bench for several months? presumably the impurities 

were formed by photochemical decomposition of phenyl CHT). This 

impurity was then separated and purified on glc. It was not hydro-

genated (Pt02  2 atm, 2 hrs) under normal conditions and the UV 

spectrum of this compound matched exactly with that reported for 

biphenyl. The mixed fusion of this compound with biphenyl from 

new bottle did not depress the melting point. The original bottle 

of biphenyl was found to be bibenzyl! 

The U-3 activity was then cochromatographed with cold biphenyl 

and collected. The hydrogenation (Pt02 , 2 atm, H2 , 2.5 hrs) in 

benzene did not affect the nature of the activity. Figure 8 shows 

the tracing of the hydrogenated biphenyl. Further, the trapped 

biphenyl peak was reinjected on glc on SE30 1  Poropak Q, and Apiezon L. 

The matching of the mass and radioactivity was observed in all cases. 

Therefore, the activity in U-3 was established as biphenyl. 
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As will be described later, most of the activity in U-2 was 

identified as benzaldehyde. If this implied that benzaldehyde was 

formed by the quenching of one of the key intermediates, phenyl-

carbene, by scavenging oxygen (from any 0-containing compound), then 

it was similarly possible that oxygen might react with another inter-

mediate, cycloheptatrienylidene to give tropone. The presence of 

tropone was therefore sought. 

The tropone had a retention time on CW2OM column similar to 

that. of biphenyl. They also behaved similarly on SE30 column. When 

U-3 activity was collected,,with carrier biphenyl and troporie, and 

hydrogenated.(.Pd/C, 2 atm, H 2 , 1 hr) in alcohol solution, about 1/2 

of the activity was converted to cycloheptanone (see Figure 9). 

When the hydrogenation was repeated without added tropone, only 

biphenyl could be detected.. Here, presumably, the resultant micro 

amount of cycloheptanone was adsorbed by the catalyst. 

Diphenylmethane. From its retention time (RT) on the glc, 

it was thought that U-4 could be diphenylmethane; this compound was 

therefore used as a carrier. Rechromatography (glc) of this 

material showed only one major activity peak at diphenylmethane. 

The hydrogenation (Pt0 2 , 1 hr, 2 atm, H 2  ) in ben2ene solution with 

added hexylbenzene, spiro (6.6) tridecane, phenylcycloheptane, phenyl-

barrelane, and phenylcycloheptatriene gave a tracing shown in 

Figure 10. About 50 of the activity was retained as diphenylmthane. 

When purified (on glc) diphenylmethane (with carrier) was 

oxidized, with Se0 2  (see degradation) in a sealed tube, the activity 

was converted to benzophenone along with the added cold carrier. 
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Phenylcycloheptatriene. The activity tracing of U-S 

matched that of the mass peak of synthesized 7-phenylcyclohepta- 

46 triene 	(see synthesis). The U-5 was thus cochromatographed 

with carrier 7-phenylcycloheptatriene and collected. The rechroma-

tography of this material on SE30, CW20M, and Apiezon L showed 

perfect matches of both mass and radioactivity peaks. When this 

sample was hydrogenated (Pt0 2 , 2 atm, 1 hr) in benzene and 0.2 mg 

of 7-phenylcycloheptatriene added afterwards, the tracing shown in 

Figure 11 was obtained. Here, most of the activity was converted 

to phenylcycloheptane. 

b) U-2 

The identity of the compound U-2 had presented considerable 

difficulty. We had assumed that, although our 14 C was produced 

from 1 CO2  the ion accelerator was efficient enough to eliminate 

the participation of any oxygen-containing species (either from 

the ion beam itself or the diffusion of an 0-containing molecule 

from the ion source). Our efforts at product identification were, 

therefore, concentrated on hydrocarbon products. 

U-2 had a retention time close to n-hexylbenzene and indene: 

this was far longer than that of any known C 7  compound. The re-

chromatography of the trapped U-2 (with hexylbenzene as a quasi-

carrier) showed a 10% conversion into a volatile compound which had 

a retention time that corresponded to cycloheptatriene (this decom-

posed product was proved indeed to be cycloheptatriene by catalytic 

hydrogenation), (see Figure 12). The following experiments were 

carried out in the course of structural determination of U-2. 
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i). Bromination and hydrobromination A solution of 100 A 

benzene and a trapped (from glc) peak of U-2 and n-hexylbenzene was 

placed in.a 3/8". x 3" test tube equipped with a rubber stopper, 1 ml 

of HBr (or 1 A of bromine) was injected (using a syringe) into the 

tube. The solution was then shaken at room temperature for one 

hour. . 0.5 A each of benzylbromide and p-bromotoluene (or p-

bromobenzylbromide) were added and the mixture was chromatographed 

on CW20M. No activity was found in any of the added bromo compounds, 

about 60% of the activity remained with the .n-hexylbenzene. 

Hydrogenation. The hydrogenation of the trapped U-2 

n-hexylbenzene peaks in a benzene solution (Pt0 2 , 2 atm, H2 , 1 hr) 

gave toluene and methylcyclohexane in close to ll ratio as shown in 

Figure 13. When this toluene peak was trapped and oxidized, radio-

active benzoic acid was obtained. The methylcyclohexane was identi-

fied by its dehydrogenation to toluene. Thus, our initial assumption 

that U-2 was a hydrocarbon seemed established. 

Stabiliy. In order to investigate whether the above 

hydrogenation products were really the products of the reaction, an 

aliquot of the sample (U-2 and n-hexylbenzene) was dissolved in 100 A 

of benzene and was shaken up with 1 mg of Pt0 2  for 1 hour at room 

temperature (no H 2  was present). About 1/2 A each of methylchclo-

hexane, toluene, and cycloheptatriene were then added and the whole 

mixture injected on glc (Cw20M). The individual carrier peaks were 

trapped in a liquid scintillation counting solution and counted. 

No activity was found in toluene and mthylcyclohexane peaks. About 
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50% of the activity was found in the n-hexylbenzene fraction. It 

was interesting to see that a few percent of the activity was found 

in the CHT fraction. 

The next experiment was to check the stability of U-2 at ele-

vated temperature. U-2 activity was chromatographed and collected 

with n-hexylbenzene in a capillary tube. This tube was then sealed 

under helium and heated at various temperatures for 1 hour. One-

half lamda each of methylcyclohexane, toluene, and CHT were again 

added and the mixture treated as above. The radioactivity was found 

only in the n-hexylbenzene fraction. Table IV summarizes the 

results. 

Table IV. Stability of U-2 from IR-27 

Activity of U-2(n-hex) 
U-2(n-hex$) Time Tol CHT cpm* after 
used, .cpm* Condition (hr) cpm* cpm cpm*  treatment 

• 

• 	 Rm... 	temp. 1 0 0 22 5.3 x 10 
Benzene 
+ Pt02  

5 x 10 3 of 5 0 0 31 800** 

1.4 x 10 150 0  sealed tube 1 0 0 0 • 	 10 

2 x 10 200 °  sealed tube 1' 0 0 0 2.3 x 10 

3 x 10 250 °  sealed tube 1 0 0 0 

* Above background (about 20 cpm) 
** Low recovery, probably due to the absorption by Pt02 
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The toluene and. methylcyclohexane from hydrogenated U-2 could 

have three possible origins: 1) It could be formed from the C 7H6 ; 

the attack of hydrogen on different sites of the molecule leading 

to either the toluene or methylcyclohexane, 2) the hydrogenolysis 

of a U-2 which has more than seven carbons, and 3) the hydrogenolysis 

of an oxygen-containing U-2. 2) was unlikely because fragmentation 

of a hydrocarbon by hydrogenolysis was unknown to us. There was 

nothing against 3) except our strong belief that the participation 

of oxygen-containing species was not to be expected. Although the 

retention time of U-2 was far longer than any known C 7  compound, 

there was slight ho.pe  that U-2 could indeed by C 7H6 . Benzocycio-

prôpene was the obvious choice since it gave toluene, methylcyclo-

hexane and cycloheptane on hydrogenation. The possibility of U-Vs 

being this compound was eliminated by cochromatography with the 
* 

authentic sample, 47 ' and by thermostability test, 

iv)Attempted synthesis. Consideration of possiblereaction 

mechanisms suggested that methylene and phenylcarbene 42  might be a 

precursor of U-2. A promising approach was to simulate the reaction 

which hopefully had taken place in the bombardment of benzene with 

Methylene and phenylcarbene were, therefore, generated in ben-

zene solution and the product analyzed. No U-2 was found when 

65 
methylene was generated by mean of Simmon-Smith reagent 	(CH2X2 , 

Ag-Cu). The generation of phenylcarbene in benzene solution was 

*Kindly provided by Professor E. Vogel of the Institut für Organische 
Chemie der Universitt KBln, Germany. 
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investigated as follows: 48 ' 49  a 0.1 M benzene solution of stilbene 

oxide or phenyldiazomethane was irradiated in a Vycor flask with a 

high pressure mercury vapor lamp (A-H6) for four days at a distance 

of approximately .10 inches. The gic of the resulting mixture mdi-

cated the presence of about 1% toluene, 4% of U-2-like compound, and 

3% of phenylcycloheptatriene. This U-2-like compound was isolated 

(from gic), and purified by repeated glc. The hydrogenation of 

this compound gave only small amounts (about 1%) of toluene and 

methylcycloheptane. The structure of this compound was found to be 

benzaldehyde from the mass spectrometry (parent ion at 106), It 

was hard for us to believe that benzaldehyde could be easily hydro-

genated to toluene and methyl cyclohexane (1 hr, 2 atm Pt0 2  in 

pentane). Nevertheless, the possibIlity of U-2 as benzaldehyde was 

investigated as follows: 

When benzaldehyde was added to an aliquot of the target material 

an exact match of the RT with U-2 was observed. The rechromato-

graphy of the trapped U-2 activity and benzaldehyde (from CW20M) 

on various columns (Cw20M, SE30, FFAP, Polapak Q and Apiezori L) 

again showed perfect matches of the mass and the major activity 

peak. 

The U-2 activity was then trapped with benzaldehyde, and hydro-

genated(Pt02 , 2 atm, H2 , 1 hr) In benzene. The activity was found 

in benzyl alcohol. However, no appreciable amount of toluene nor 

methylcyclohexane was observable (see Figure 14). 

Figure 15 shows the tracing of a pattially hydrogenated sample 

(Pt02 , 2 atm, H2 , 15 mm) of U-2 (cotrapped with n-hexylbenzene) in 
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pentane solution. Here, the carrier compounds (1/2 A each), methyl-

cyclohexane, toluene, and benzylalcohol were added after the hydro-

genation. The activities were found in all four compounds. 

When U-2 was collected with hexylbenzene from CW20M and the 

trapped material was cochromatographed with benzaldehyde on Apiezon 

L, the tracing shown in Figure 16 was obtained. Again, about 10% 

of the activity appeared before the main peak (notice that counting 

sensitivity for the first peak was greater, 3000 cpm full-scale 

deflection, while that of the benzaldehyde was less, 10,000 cpm 

full-scale deflection). The hexylbenzene was well separated from 

benzaldehyde. 

In order to check the nature of the main activity in Figure 16, 

this peak was trapped and reinjected on the same column. This 

time, the activity was found only in benzaldehyde (see Figure 17).. 

Furthermore, only benzyl alcohol was obtained when this fraction 

was hydrogenated. 	- 

The.air oxidation of IJ-2 was also.studied: The U-2 activity 

was cotrapped with carrier benzaldehyde in a capillary tube which 

was allowed to stand for two days. The material in the capillary 

was washed out with ether and then methylated with diazomethane. 

The solution was gas chromatographed on CW20M. The methylbenzoate 

and benzaldehyde were trapped in a liquid scintillation solution 

and were counted. Most of the activity (80%) originally in benz- 	. 

aldehyde was found in the benzoate. 

Thus, the side product in our attempted synthesis of the un-

known compound resulted in the breakthrough in the structural 
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15 	 10 	5 	 0 
TIME (Mm) 

XBL 693-4143 

Figure 17. The reinjection of the trapped benzaldehyde activity 

in Figure 16 on Apiezon L. Temperature: 7,5 minutes 

at 1500, then programmed lO ° /min to 2000. 
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determination of the major portion of the U-2 peak. 

As can be seen in Figures 12 and 16, about 10% of the activity, 

from a reinjection of the U-2 peak trapped with hexylbenzene, ap-

peared slightly after toluene. There is also some activity with an 

identicalRT as that of cycloheptane in hydrogenated U-2 (barely 

before the benzene peak see Figures 13, 14 and 15). Furthermore, 

Table IV showed the appearance of trace activity in cycloheptatriene. 

Therefore, the first peak in Figure .16 was trapped and rechromato-

graphed with added methylcyclohexane and toluene. Figure 18 shOws 

that this activity did not match with either compound. When it was 

chromatographed with methylcyclohexane., toluene, and cycloheptatriene, 

a perfect match of the activity with cycloheptatriene was observed 

(see Figure 19), Finally, the confirmation of this result (the 

identity of the peak as CHT) was obtained by the hydrogenation of 

trapped activity (along with carrier cycloheptatriene, Pt0 2 , 2 atm, 

H2 , 40 min in pentane). Toluene and cycloheptatriene were added 

after the hydrogenation.. The gic trace is shown in Figure 20. 

The cycloheptatriene activity was clearly converted 'to cycloheptane. 

2.. Minor Products and the Compound Sought 

When styrene and cyclooctatetraene, along with carriers of 

other known compounds were added to an aliquot of the target, the 

glc tracing shown in Figure 21 was obtained. These two compounds 

were then collected and hydrogenated separately. Figure 22 shows 

the glc tracing of the hydrogenated styrene fraction. The activity 

originally in styrene was converted to ethylbenzene. The styrene 
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25 	20 	 15 	 10 	 5 	 0 
TIME (Mm) 

XBL693-4142 

Figure 18. The reinjection of the trapped minor activity peak in 

Figure 16 on Apiezon L. Temperature: 1500. 
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0 
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X B L 693-4139 

Figure 19. The reinjection (with added carrier cycloheptatriene) of 

the trapped minor activity peak in Figure 16 on Apiezon L. 

Temperature 125 0 . 
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15 	 tO 	5 	 0 
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XBL 693-4141 

Figure 20. Gic tracing (on Cw20N) for the minor activity peak in 

Figure 16 (co-.trapped with cycloheptatriene) after 

hydrogenation. Temperature: 800. 
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I 	 I 
20 	 15 	 10 	5 	 0 

TIME 	(Mm.) 

684-4182 

Figure 22. Gic tracing (on CW20M) for the trapped and hydrogenated 

stvrene fraction. Temperature: 12 minutes at 70 0 , then 

programmed 6 * /min to 2000. 
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was, therefore, known to be formed. The similar glc in-jection of 

hydrogenated cyclooctatetraene gave no activity under the cyclo-

octane peak. However, as will be described later, this compound 

could be formed with an upper limit yield of 0.074%. 

The possible appearances of naphthalene, benzobarrelene, and 

benzocyclooctatetraene* were also investigated. The result is 

shown in Figure 23. These three compounds were trapped indivi- 

dually and were hydrogenated. No activity was found in the naphtha-

lene fraction. The major portion of the activity under benzobarre-

lene and benzocyclooctatetraene did not match the hydrogenated 

analogs as shown in Figures 24 and 25. 

The finding of benzaldehyde and tropone have promoted our effort 

to find the existence of other oxygenated products, such as formalde-

hyde, trioxane, benzoic acid, and phenol. Only phenol was found to 

be formed (about 0.5/ of incident 14 + C ions, the identity was con-

firmed by the catalytic hydrogenation to cyclohexanone and cyclo-

hexanol). 

The existence of o-phenyltoluene, bicycloheptadiene, indene, 

fluorene, and triphenylmethane were also investigated. None was 

detectable except that small amount (maximum of 0,04%) o-phenyl-

toluene might be formed. 

The possibility for the existence of methylcyclopentane, n-

hexane, and cyclohexane in the hydrogenated sample was also care-

fully examined. Figure 26 shows the tracing of the hydrogenated 

*Kindly provided by Professor N. Stiles of the University of Michigan 
and Professor L. Friedman of Case Western Reserve University, 
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40 	 35 	 30 	 25 	 20 
TIME (Mm.) 

XBL 694-4188 

Figure 2, Gic tracing (on CW20M) of the trapped benzobarrelene 

(from Figure 23) after hydrogenation. Temperature: 

12 minutes at 700  then prograed 6'/min to 2000. 
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45 	40 	35 	30 	25 
TIME (Mm.) 

XBL 694-4191 

Figure 25. GIc tracing (on CW20M) of the trapped benzocyclooctate-

traene (from Figure 23) after hydrogenation. Tempera-

ture 12 minutes at 700,  then programmed 10 0 /mm to 200 0 . 
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XBL 694-485 

Figure 26, Gic tracing (on CW20M) of the pre-benzene compound 

after hydrogenation. Temperature: 75 0 . 
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sample with the added unlabeled carriers. No activity was found 

in these compounds. These were confirmed by reinjection of mdi- 

vidually trapped peaks on suitable gic columns. Similar experiments 

showed the absence of n-heptane, n-hexane, and 3-methylpentane in 

the hydrogenated aliquot. 

3. Products from the Hydrogenation of the Product Mixture 

The catalytic hydrogenation of the aliquot of the reaction 

mixture showed the appearance of abundant distinct peaks which 

were not observed prior to hydrogenation. Besides methylcyclo-

hexane, cycloheptane, ethylbenzene and phenylcycloheptane (which 

were derived from the known major unsaturated compounds), there 

were many peaks rather close to C 3  - C 7  alkylbenzenes. This was 

reasonable because of the possible formation of the corresponding 

C 3  - C 7  fragments, or the possible fragmentation of the 

species. 

Figure 27 shows the mass and radio tracings after the entire 

target material was hydrogenated (Pt0 2 , 2 atm, 1 hr in benzene) 

with 1/2 X each of added n-propyl-, n-butyl-, n-pentyl, n-hexyl-, 

and n-heptylbenzene. Some coincidences of mass and radioactivity 

are observable. 

Spiro(6.6)tridecahexaene could have been formed by the in-

sertion of cycloheptatrienylidene into a C-C bond of benzene. 

However, this compound has not been reported in the literature. 

Therefore, the corresponding hydrogenated form spiro(6.6)tridecane 
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was synthesized and checked. The hot acetylene and/or its deriva-

tive could be expected to perform Dielè-Alder condensation to give 

corresponding barrelenes. ThUs barrelane, methylbarrelane and 

phenylbarrelane were also checked. 

A hydrogenation with added methylcyclohexane, bicyclo(.2.2.1)-

heptane, cycloheptane, barrelane, methylbarrelane, spiro(6.6)tride-

cane, and phenylbarrelane gave a tracing shown in Figure 28. The 

result seems to be less appealing. Nevertheless,a search was made 

for all these compounds in the hydrogenated sample: 

To 335 A of the reaction mixture from IR-25, 30 A each of 

methylcyclohexane, cyclooctane, propylbenzene, butylbenzene, ainyl-

benzene, hexylbenzene, heptylbenzene, o-phenylbenzene, and phenyl-

barrelane, and 30 mg each of barrelane, methylbarrelane, bicyclo-

(2.2.1)-heptane, and spiro(6.6)-tridecane were added. This mixture 

was hydrogenated (Pt0 2 , 2 atm, H 2 ) for 2 hours at room temperature. 

The compounds were separated by a . ' tPrep Master' t  glc on CW20M (70 °  

for 30 mm, 2.5 ° /mm to 230 ° , hold) and trapped in a "U" tube at 

-196 ° . They were separately purified by rechromatography on various 

columns until the specific activities were constant or nearly con-

stant. The results are listed in Tables V and VI. 

4. The Hydrogenation of Between-Peak Areas 

In order to study the nature of the compounds that appeared on 

the glc between major peaks, the activities of these fractions were 

collected and hydrogenated individually. The identity of the product 

molecules were assigned only by comparison of retention.times. 
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Table V. The specific activities of the hydrogenated products 

Expt. 	gic columns used dpm/mg weight of peak pg* 

Bicyclo-(2.2.1)-heptane 

1 PMPE 24 298 
2 SE30 30 461 

Barrelane : 

1 CW20M 2.5 391 
2 DEGS 9.3 432 

Methylbarrelane 

1 CW20M 503 389 
2 DEGS 32 453 
3 DEGS 20 363 

Phenylbarrelane 

1 SE30 895 689 
2 CW20M. 5557. 554 
3 DEGS 1806 347 
4 PMPE - 1262 550 

(A pool of the sample was made frcLn several chromatograms on 
SE30 and then PMPE.) 

5 pool, PMPE 344 148 
6 pool, SE30 26 471 
7 poOl, SE30 275 240 
8 pool, PMPE 282 177 

Cvclooctane 

1 SE30 	 400 488 
2 PMPE 	 466. 450 
3 SE30 	 392 458 
4 PMPE 	 447 450 
5 Ps 	2023 444 
6 CW20M 	 2886 852 

(A pool of the sample was prepared from SE30.) 

7 pool, SE30 	394 548 
8 pool, PMPE 	365 447 

n-Propylbenzene 

1 	 CW20M 	 3617 	 515 
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Table V 	(continued) 

Expt. 	glc columns used dpm/mg 	weight of peak ug* 

n-Propylbenzene (continued) 

(A pool of sample was prepared from PrepMaster on SE30.) 

2 	 pool, CW20M 5286 	. 232 
3 	 pool, DEGS 2307 284 
4 	 pool, SE30 2410 509 

n-Butylbenzene 

1 	 CW20M 6820 647 
2 	 CW20M 3495 647 
3 	 SE30 3487 624 
4 	 Cw20M, 'SE3O 3360 400 
5 	 DEGS 3154 269 

• 	 n-Amylbenzene • 

• 	 1 	• 	 CW20N 6550 	• 473 
2 	 CW20M 2336 
3 	 SE30 2320 

388 

4 	 CW20M, SE30 2197 
25 

5 	 DEGS 2220 419 

• 	 • 	
• n-Hexylbenzene 

1 	 CW2ON 6730 884 
2 	 SE30 3800 498 
3 	 • 	CW20M 3680 520 
4 	 DEGS 3590 301 
5 	 SE30, CW20M 3860 392 

n-Heptylbenzene 

1 	 SE30 	• 4580 401 
2 	 DEGS 4610 269 
3 	 CW20M 4530 589 
4 	 CW20M, SE30 4980 188 

o-Phenyltoluene 

1 	 Cw20M 237 548 • 	
2 	 SE30 1570 467 
3 	 DEGS • 237 262 

. 4 . 	• 	PMPE 342 331 

(A pooi of sample was prepared from PrepMaster on SE30, 
CW20N, and then DEGS.) 
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Table V (continued) 

Expt. 	Zlc columns used 

o-Phenyltoluene (continued) 

5 	 pool, CW20M 
6 	 pool, DEGS 

Spiro(6.6)tridecane 

dpm/mg 	weight of peak Jg* 

204 	 330 
195 	 216 

1 Cw20M 4370 396 
2 CW20M 3490 1014 
3 Cw20M, SE30 1086 216 
4 cw20M, SE30, 

CW20N, SE30 553 750 
5 Cw20M, SE30, DEGS • 279 855 
6 CW20M, SE30, char- 

coal treatment, .EGS: 232 675 

(A pooi of sample was prepared from SE30, charcoal treatment, 
and then DEGS.) 

7 pool, SE30 456. 611 
8 pool, Cw20M 432 730 
9 . 	 pool, C, 	SE3,0 489 629 

10 pool, C, DEGS 186 442 
11 pool, C, DEGS . 	 363 102 
12 podl, C, DEGS 165 190 

*These weights are reliable only to + 10 jig. 

a) Between Cycloheptatriene and Phenylacetylene 

The activity appeared between cycloheptatriene and phenylacety-

lene peaks were trapped with an U-shaped capillary tube at liquid 

nitrogen temperature, about 1 A each of carriers were added and the 

mixture hydrogenated. The result is shown in Figure 29. The acti-

vities were found under the mass peaks of methylcyclohexane, cyclo-

heptane, benzene, toluene, and ethylbenzene. 
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TableVI. The yields or upper limits of yields 	(U.L.) 	of the 

products from hydrogenation of the irradiation sample. 

Compound . 	 .%Yieid 	. 	.. 	 . Compound. %.Yield* 

0.005 	(U.L.) n-Propylbenzene 0.46 

n-Butylbenzene 0.63 
'background (0.0005) U.L. 

Aniylbenze.ne .0.44. 

0.004 	(U.L.) Hexylbenzene 0.72 

0.055 	(U.L.) 
Heptylbenzene 0.91 

Spiro(6.6)tridecane 0.033 	(U.L..) 

0.074 	. 	. o-Phenyltoluene 0.039 	(U.L.) 

*Based on total activity incorporated during irradiation. 

b) Between Benzaldehyde and Biphel 

The activity eluted off between benzaldehyde and biphenyl from 

gic was similarly trapped. The injection of the trapped material 

with added cold carrier showed the presence of an impressive amount 

of cycloheptatriene (see Figure 30). When an aliquot of the same 

sample was hydrogenated with added cold carriers a chromatogram 

similar to that Of hydrogenated total irradiated solution was ob-

tained (Figure 31). The existence of cycloheptatriene was further 

confirmed by trapping and hydrogenation to cycloheptane. 
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C. The Yield Determinations 

The yield of the individual major productswere determined by. 

injecting an aliquot of the target material (with added carrier) 

into the gic, trapping each compound by bubbling the effluent com-

pound into a counting vial containing liquid scintillation solution, 

and counting the trapped activity. The yields were calculated from 

the total recovered activity which was determined by liquid scm-

tillation.counting of a known volume of an aliquot of the original 

sample. The detailed description and discussion are presented in 

the Ph.D. thesis (1969) of H. Pohlit. 44  

The yields of the major products, as a function of different 

kinetic energies and charge states of the irradiating carbon are 

listed in TableVil. 
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III. DEGRADATIONS 

A. Degradation of Toluene 

1.: Total Degradation 

a) Introduction . 	 S  

The degradation of toluene and/or alkylbenzenes has been used 

in the mechanistic study of the toluene formation in the hot 

reaction of carbon with benzene 39 ' 50  and the study of the rearrange- 

.52,54 .ment of alkylbenzenes. 	On the surface, these appeared t .  be 

suitable for our degradation. Unfortunately, because of the limited 

source of our toluene sample (a few tenths of a microcurie per 10 

hour irradiation), only that via reduction was used in actual 

degradation. 

Mullen18  described a rather tedious procedure involving oxi-

dation of, toluene to benzoic acidand subsequent Schmidt reaction 

of the benzoic acid; the aniline obtained was converted to phenol, 

cyclohexanol, and cyclohexanone. Three different sequences of 

reaction were then used in the degradation of the phenol, cyclo-

hexanol, and cyclohexanone to obtain the activity distribution in 

the aromatic ring. Thismethod was not attempted because of its 

49 complicated sequences and poor yields of the reactions.. 



Figure 33. Degradation of toluene via heptanoic acid. 
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This scheme has some advantages 	(1) Most of the intermediate 

compounds are sufficiently volatile and can be purified by glc, 

thus, maximum purifications can be obtained. (2) Fair yields are 

obtained in most of the reactions, except in the KOH fusion of the 

heptenoic acid (about 30%). The yield of carbon at the para posi-

tion was about 3%, i.e., this method can be used on a toluene 

sample of total activity of about two tenths of a microcurie. 

This method was checked with toluene-1J 4C and was applied success-

fully to a sample with an activity as low as 1.3 x 10 dpm. 

When 6-keto-n-heptanoic acid was converted to the oxime, a 

Beckmann rearrangement55  of the oxime gave a quantitative yield 

of 5-acetamidopentanoic acid; hydrolysis of the latter with dilute 

H2 SO 4  gave, again, a quantitative yield of acetic acid and the 

corresponding amino acid which can be oxidized easily to glutaric 

acid. 

A reasonable scheme of degrading glutaric acid could, there-

fore, provide a simple route for our degradation. The possibility 

of the degradation of glutaric acid was investigated; the attempts 

included the conversion of glutaric acid to malonic acid s  1,3-

propanedihalide, and 1, 3-propanediamine. 

i)Barbier-Wieland degradation: 56  The glutaric acid was 

methylated and treated with phenyl lithium. the diol obtained was 

then dehydrated to the diene57  as the following: 
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•.COOH 	 COOCH3 	 C 

(cN2)3 	
2CH2N,(,.) / . 	t. PhLi 	(cH2) 	

s-ph 

	

coOH 	
. 3coocH 2.H20,K t 	3.%c#Ph 

OH Ph 

Ph 	 .COOH 
N2504 Ph >t\m< 	 2 Ph CO Ph + CH12  
AcOH Ph 	 Ph 	 COOH 

The oxidation of 1 1 1,5,5-tetraphenyl-1,4-pentadiene was 

attempted using KMnO 4 , Na104 , 0 3 , and IJV-0 2  oxidations. 58  This 

scheme of. degradation was abandoned since, no suitable oxidation 

condition was found for the tetraphenylpentadiene. 

Huridsdiecker decarbylation: 59  When the disilver 

salt of glutaric acid was ref luxed with bromine and iodine in 

various solvents, only trace amounts of dihalide were obtained. 

The adoptation of a modified. method 6°  did not improve the result. 

61 
Photochemical decarboxylation: Barton et al. 

reported that when glutaric acid was irradiated (with 300 W tung-

sten lamp for 3 hours) and ref luxed in benzene-sulpholan solution 

with t-butylhypoiodite, as high as 85%.0O 2  and 69% of diiodide 

were obtained. However, we were only able to'obtain about 30% of 

diiodide. Although the dilodide could be hydrolyzed and then 

oxidized to malonic acid in about 50% yield, this route was given 

up due to the low yield of diiodide, and the difficulty of puri-

fication. The intended degradative scheme is shown as below: 



75- 

.-f--oi 	 K CO 	 KCrO 
HOOC(CH2)3COOH 	-' I(cH) 3I - -. HO(CH) 30H -________ 

LII h 	 H20 	 H2SO4  

/\ 
0• 0 

COOH 
COOH / 

çH2 	+ 

\ 

	
LOH'  

COOH 

iv) Schmidt degradation: 62  In an alternative way, glutaric 

acid was decarboxylated by the Schmidt method to carbon dioxide and 

trimethylenediamine. By varying the ratio of HN3 to glutaric acid, 

we were able to obtain up to 60% diamine. This was attractive, pro-

vided that the degradation of the diamine was feasible. V.arious 

attempts were made to convert the diamine to the corresponding di-

acid, i.e,, malonic acid. Amines are known to react with hypo-

halite63  to give N,N-dihalo compounds, whose subsequent dehydro-

halogenation affords cyano compounds which can be hydrolyzed to the 

carboxylic acids: 

COOH 

HOX 	 -HX 	 H+ 
/ H2N(CH2)3NH2 - 	> X2N(CH2 ) 3Nx2 	> CH(cN) 	) CH 

NaOH 	 H20 \ 

COOH 

However, these reactions were not successful for our diamine. 

We also tried the oxidation of the amine to oxime, 64  followed 

by hydrolysis and oxidation to a carboxylic acid: 

a 
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CHO COOH 

NaWO4 	
/ Ag+ / 

H N(CH ) NH -----------CH (CH=NOH) - 	CH 	> CH21 
11202 

\CHO 	COOH 

This reaction also failed; we were unable to identify the oxime. 

The direct oxidation of diamine was also attempted. The oxida-

tion using Tollen's reagent resulted in a formation of explosive 

reaction mixture from which none of the useful acid was obtained. 

Only in the case of aqueous basic KNnO4  oxidation were we able to 

isolate about 507 of oxalic acid. Therefore, this oxidation was 

adopted for our degradation of trimethylene diamine. The whole 

reaction scheme is shown in Figure 34. 

Although the activity In C 3  and C4  must be obtained from the 

subtraction of activity in oxalic acid from that of trimethylene 

diamine, this schedie has its advantages in its simplicity, in the 

relatively high total yield of individual carbons, and in the possi-

bility of a complete purification of every intermediate compound by 

glc. One of the irradiated samples wasdegraded by this method, 

the qther by the previously outlined route through heptanoic acid. 

b)Experimental 

i) Degradation of toluene-l. 4C via Steinberg and Sia's 

method: 5°  Nitrotoluene-l- 14C Toluene-1J4C (11.1 g, 16 dpm/imole) 

was nitrated with an HNO 3-H2 SO4  mixture, at 00, as described by 

Sixma. The product was steam distilled, but the yield was not deter- 

mined. 



Li 	 lOH, 

" H2- 6 	60 00"  
H2SO4 

CH3COOH 4 
I 

Schmdt 
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CH3 NH2  +CO2 

0 
It 

NH2 	 M$CCH3 

CH2 COOH (H2 o) 	cOOH 

LJ 
I<MnO 
ON- 

/ 

2f° fOOH 

4 

Sthmdt 

j. RX 

WH2 NH2  
+ 22CO2 

IU4n04 

1? OH 

COOH 3

JoOH 

Figure 34. Degradation of toluene via glutaric acid. 
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Nitrobenzoic acid-i- 
14 
 C:. ' To the steam distillate obtained 

above (flitrotoluene-l- 14C, and. about 100 ml of water), 100 ml of 

water was added, and the mixture was oxidized with alkaline KMnO q . 

The yield of nitrobenzoic acids was 8.36 g (41.5% yield from toluene). 

14 o- and p-Aminobenzoic acid-i- C: In a round-bottomed 

flask fitted with a reflux condenser were placed 8.36 g of nitro-

benzoic acid-1-14C, 12,4 g of cyclohexane, 168 ml of ethanol, and 

250 mg of palladium black. The mixture was refluxed vigorously for 

17 hours (during the heating, the initially-formed yellow color 

gradually disappeared). The mixture was cooled and the solvent 

evaporated by means of a rotating evaporator, under reduced pres-

sure. The residue was extracted with ether and the ether extract 

was filtered and dried over 2 g of anhydrous MgSO4 . After, the MgSO4 . 

was filtered off,. dry HC1 was bubbled into the solution until the 

precipitation of the aminobenzoic .acid hydrochloride was complete. 

The white precipitate was filtered off and washed withanhydrous 

ether. The yield of hydrochiorides was 7.7 g (88.7%, from nitro-

benzoic acid, and 36.8% from toluene). 

Quinoline 8- and 6-carboxylic acid-8- and 6- 14C: To a 100 

ml round-bottomed flask fitted with a ref lux condenser a mixture of 

7.7 g of aminob'enzoic acid-1- 14C hydrochloride, 1.7 g of p-nitro-

benzoic acid (inactive), 3,3 g o-nitrobenzoic acid (inactive), 1.6 g 

FeSO4 , 2,93 g boric acid, 23 g glycerol and 16 ml conc. sulfuric 

acid were added. The flask was heated in an oil bath at 150 - 160 °  

for 2 hours. The reaction was stopped by removing the heating bath 
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when the mixture started to foam. Water (100 ml) and concentrated 

(16 N) ammonia were added until the mixture was strongly alkaline 

to litmus. The resinous material was then filtered off using a 

filter aid (10 g of Celite) and the filtrate was adjusted to pH 4-5. 

The precipitate that formed upon lowering the pH was again removed• 

by filtration and. the filtrate extracted for two days with chloro-

form (using a liquid-liquid extractor). Five g of crude quinoline 

carboxylic acid was obtained by evaporation of the chloroform. It 

was purified by fractional sublimation. 51  

From 5 g of: crude acid mixture, 1.5 g of quinoline-6-carboxylic 

acid (7.7% yield from toluene) and 2.6 g quinoline-8-carboxylic acid 

(12.0% yield from toluene) were obtained. 

Quinoline-6-carboxylic acid-6- 14C: 10.14 + 0.06 dpm/imole. 

nip 280 - 284 0  

Anal. calcd. for C 10H7NO2 : C, 69.36: H, 4.04.; N, 8.09 

Found: C, 69.21; H, 4.22; N, 8.1 

Quinoline-8-carboxylic acid-8- 14C: 10.21 ± 0.07 dpm/jinole 

mp 186 - 189 °  

Anal. calcd. for C 10H7NO2 : C, 69.36: H., 4.04; N, 8.09 

Found: C, 69.09: H, 3.91; N, 8.31 

There was a considerable decrease (16 dpm/pmole to 10.2 dprn/.imo1e) 

in the specific activity of the quinoline carboxylic acids. This was 

probably due to the dilution of the labeled aminobenzoic acids by the 

production of aminobenzoic acids from the.nitrobenzoic acids used in 

the Skraup procedure. The nitrobenzoic acids were used in this 
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procedure to oxidize the intermediate dihydroquinoline carboxylic 

acids to quinoline carboxylic acids. 

14 quinolinic acid-1-carboxy1-C: 1.14 g of quinoline-8- 

carboxylic acid7 8-14C was oxidized with potassium permanganate as 

described by Sixma; 50  0.35 g of crude quinolinic.acid-I--carboxyl- 14C 

was obtained. To aid in purification, 1 g of inactive quinolinic 

acid carrier was added. After. .4 recrystallizations from water, 

0.315 g of pure quinolinic acid was obtained, mp 195 - 197 0 , 2.27 + 

0.02 dpm/pmole. 

Anal. calcd. for C 7H5N04 : C, 50.32; H, 2.99; N, 8.38 

Found.: C, 50.48: H, 2.92; N, 8.58 

From 1.14 g of quinoline-6-carboxylic acid -, 0.4 g of crude 

quinolink acidwas obtaIned. Recrystallization from water gave 

0.1.g of pure acid; mp 194 	195 ° . No activity was found in this 

compound--an expected result since the 1-carbon of the starting 

toluene was lost on this oxidation.  

Nicotinic acid: A mixture of 0,306 g of quinolinic acid- 

14  
1-carboxyl- C and 50 ml glacial acetic acid was boiled for 30 

minutes. The carbon dioxide was swept out by a stream of nitrogen 

through a dry-ice trap (to trap any acetic acid and water) into a 

liquid-nitrogen trap. The trapped CO 2  was then transferred into a 

vial containing 10 ml of the phenethylamine counting solution. 66  

The activity found was 2.24 ± 0,02 dpm/pmole. 

The nicotinic acid was obtained by removal of the solvent and 

sublimation in vacuo. The yield was 0.231 g (90.1%) from the 
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quinolinic acid; mp 225 - 2300. The radioactivity determination on 

a small aliquot (5 mg) indicated that no activity remained. The 

results are summarized in Table VIII: 

Table VIII. Degradation of toluene-l 4 C 

Series 	Active Compounds 	Carbon 	Activity, * 
atom 	dprn//imole 

Quinolinic acid 	 C1 , C4 	2.27 + 0.2 

ortho 	CO2  from quinolinic acid 	C1 	2.24 + 0.02 

CO 2  from nicotinic acid 	C4 	 0 

para 	Quinolinic acid 	 C2 , C3 	 0 

* above background 

** this sample counted slightly below background 

ii) Degradation of toluene via heptanoic acid: 54  

(1) Degradation of toluene-l- 14C: 

1-Methylcyclohexeae-l- 4C: 67  A 500 ml three-necked 

round-bottomed flask was fitted with a Friedrich condenser, a thermo-

meter, a dropping funnel, and a magnetic stirrer. The apparatus 

was flushed with dry nitrogen. A mixture of 100 ml ethylenediamine 

and 200 ml morpholine was added and heated to 90 ° . Six grams of 

sliced lithium were added in small portions over a period of 1.5 

hours while the reaction mixture was stirred and maintained at 90°. 
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The rate of addition of lithium was determined by the amount of 

hydrogen evolution. After all of the lithium had been added, the 

heating mantle was removed and 20 g of toluene-l- 14C (6.66 + 0.07 

dpm/mole) was added dropwise from the dropping funnel. Stirring 

was continued and the reaction was allowed to proceed for 6 hours 

with occasional heating to 90 ° . The flask was then cooled to 0 ° , 

and water was cautiously added until most of the initially-formed 

solid had dissolved.. The mixture was then steam distilled, and 

the organic layer in . the distillate was extracted with three 25 ml 

portions of ether. The extracts were combined, washed with 5% HC1 

and water, and dried over anhydrous NgSO 4 . Fractional distillation 

of the drie.d ether solution gave 18 g of •crude 1-methylcyclohexene-- 

(bp 100 - 108 ° ). . The gic (30% butanediol succinate on Chromo-

sorb W, 20' x 3/8", 120 ° ) showed the presence of 65.4% of 1-methyl-

1-cyclohexene. The yield of l-methyl--l-cyclohexene was 56.5%. 

About 50 A of the pure compound was obtained by glc and the acti-

vity counted. The sp.ecific. activity was 6.51 ± 0.07 dpm/pmole. 

6-Ketoheptanoic acid-6-C: 52  A 250 ml flask fitted 

with a thermometer and a stirrer was charged with 11 g of the crude 

1-methylcyclohexene---1-14C and 300 ml of water. With vigorous stir-

ring, 44.5 g of finely ground potassium permanganate was added over 

a period of 6 hours.. During this addition, the reaction mixture 

was maintained at 0 - 2 ° , The mixture was then allowed to stand 

overnight at room temperature. The precipitate of Mn0 2  was removed 

by filtration and washed with 100 ml of hot water. The water wash 
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was added to the filtered reaction mixture and this solution extracted 

with ether to remove unreacted 1-methylcyclohexene. The aqueous 

solution of crude keto acid remaining was then saturated with ain- 

monium sulfate and acidjfied with H 2 SO 4 . The precipitated keto acid was 

extracted with ether and converted to the semicarbazone with semi-

carbazide hydrochloride according to standard procedure. The yield 

was 7 g (mp 143 - 145 ° , 41.8% yield). Specific activity: 6.55 + 0.07 

dpm/pmole. 

Anal. calcd, for C 8H15N 30 3 : 

Found: 

C, 47.76: H, 746: N, 20.89 

C, 47.79: H 7.74 N 21.62 

• 	 Heptanoic acid-6- 14 C: 52
Seven grains of the semicarbazone 

of 6-ketoheptanoic acid were heated with 8.4 g of potassium hydroxide 

and 42 g of diethylene glycol at 195 °  for 6 hours. The mixture was 

poured into water and neutralized with 10% hydrochloric acid, and 

the organic layer was extracted with ether. After distillation of 

the ether extract, 3.5 g (77.2% from semicarbazone) of heptanoic 

acid-6- 14C, bp 222 - 225 ° , was obtained. Specific activity: 6.66 + 

0.07 dpm/pmole 

1468 14 Neopentyl c-bromoheptanoate-6- • C: 	Hoptanoic acid-6- C 

(3.5 g) was heated under reflux with 5 ml of thionyl chloride for 

I hour The excess of reagent was removed by distillation and 1.4 

ml of bromine was added to the residue. The mixture was heated 

under reflux at 80 - 100 °  for 2 hours until practically all the 

color of bromine had disappeared. The reaction mixture was cooled 
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and poured into 3.5 g of neopentyl alcohol. The resulting dark 

brown solution was allowed to stand overnight, then extracted with 

100 ml of ether. The ether extract was washed with 5% NaHCO 3  and 

water and dried over MgSO 4 . The ether was removed by distillation 

and the residue distilled under reduced pressure. Four grams 

(533% yield) of the ester, boiling at 86 - 87 ° /0.35 mm, was ob-

tained. Specific activity: 6.50 + 0.07 dpm/.imoie. 

Anal. calcd. for C12H2302 Br: 

Found: 

C,..51.61; H,8.24; Br, 28.67 

.C, 51.51; H, 8.30; Br, 28.96 

Neopentylheptenoate-6-14C: 68  Four grams of neopentvi - 

bromoheptanoate was refluxed with 7 ml of diethylaniline for 6 hours. 

The solution was then poured into a large excess of 20% sulfuric 

acid, and the resulting aqueous solution extracted withthree 50-mi 

portions, of ether. The ethereal extract was dried over anhydrous 

MgSO4  and the ether removed by distillation. The residue was dis-

tilled under reduced pressure at 107 - 1110/17 rimi. 1.8 grams 

(40.3% from bromo ester) of neopentylheptenoate-6- 14C were obtained 

as a colorless oil. The specific activity was 7.68 ± 0.08 dpm/j.imole. 

The activity indicated the presence of impurities; however, no 

further purification was attempted. 

H 	0 Anal. calcd. for C 
12 22 2 

C 72.73 ;  H, 11.11 

Found: C, 71.70; H, 11.67 

Alkali fusion of heptenoic acid-6- 14 68C: 	Neopentylhepte- 

noata (0.42 g) was dissolved in 3 ml of ethanol and solution of 0.5 g 

KOH in 1.5 ml of water added. The mixture was heated under reflux 
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for 2 hours and evaporated to dryness on the steam bath. To the 

crude heptenoic acid thus obtained 2 g KOH was added, and the fusion 

carried out at 300 - 3500 (sand bath) until bubbling ceased. The 

solid was dissolved in water and acidified with sulfuric acid, and 

the acidic solution was then steam distilled. The steam distillate 

was neutralized with KOH and evaporated to dryness to give the 

potassium salts of the two acids. Ten ml of 50% H 2 SO4  were added 

and the solution extracted with three 25-mi portions of ether. The 

ether extracts were combined and the ether removed by distillation. 

61.5 mg of valeric acid-4-C and 90 mg of acetic acid were obtained 

from the separation by gic on FFAP column, and were titrated with 

standard NaOH solution using phenolphthalein as indicator. No 

activity was found in the acetic acid. The activity for the valeric 

acid was 6.44 ± 0.06 dpm/mole. 

14 69 gradation of valeric acid-4- C: 	The titrated solution 

of valeric acid-14C was evaporated under vacuum to dryness. After 

the flask was cooled in an ice bath, 1 ml of concentrated H 2SO4  was 

carefully added. The sodium valerate was dissolved by gentle warming 

and shaking. After the flask was again cooled in an ice bath s  0.1 g 

of sodium azide was added, and the mixture was allowed to warm up 

until the azide was nearly dissolved. The flask was connected to 

the traps, placed in a bath at 350, and the temperature was raised 

over a period of 1 hour to 60 - 70 ° . The temperature was kept at 

60 - 70 °  for about 30 minutes and the CO 2  was swept out with nitrogen 

stream for 10 minutes. The CO 2  was trapped in a spiral bubbler 
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containing 50 ml of anhydrous ether and 3 g of phenethylamine. The 

precipitated phenethylammonium phenethylcarbamate was filtered in a 

nitrogen chamber, and washed several times with anhydrous ether, 

50 mg of carbamate (about 29% recovery), mp 92 - 95 ° , was obtained. 

No activity was found in this compound. 

To the residue of the above reaction, NaOH was added until the 

solution was strongly basic. The solution was distilled and the 

butylamine was collected in a test tube immersed in a dry ice-

acetone bath. To the collected liquid (about 0.5 g), 0.5 g of 

phenylisothiocyanate was added, and the mixture allowed to stand 

at room temperature for 2 hours. The crystallized solid was f 11-

tered, washed with petroleum ether, and then with water. After 

several recrystallizations from alcohol, 40 mg of N-butyl-N'--

phenylthiourea, mp 68 ° , was obtained. The specific activity was 

6.57 + 0.07 dpm/mole. 

The results are listed in Table IX. 

:2) Degradation of toluene- 14C from 5000 eV 	irra- 

diation: The route via heptanoic acid was used (see (1)), The 

toluene-14C obtained from a 3-hour irradiation of solid benzene 

with 5 KeV 14 C ions was purified once by glc on CW20M at 80 ° f  It 

was diluted with 10 g of toluene (1.22 + 0.01 dpm/mole) and de-

graded. The 14CO2  was converted to benzoic acid-7J 4C methyl ester 

by using phenylmagnesium bromide and counted. The details of the 

CO2  trapping and counting will be reported in the section "Partial 

Degradation't. 
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Table IX. 	Degradation of toluene-l- 14C via 	heptanoic acid. 

Active compounds Carbon atom* Activity** 
in toluene dpni/pmole 

Toluenel-14C C 
Me' 

C 6.66 + 0.07 1-4 - 

1-Methyl-1-cyclohexene...i...) 4C " 
" 6.51 + 0.07 

14 6-Ketoheptanoic acid-6-- 	C 
semicarbazone 6.55 + 0.07 

Heptanoic acid-6J4C tl  6.66 + 0.07 

Neopentyl-ct-bromoheptanoate_6_14C 
" 6.50 + 0.08 

Neopentyl heptenoate-6-14c " " 7.68 (impure) 

Valeric acid-4-14C  6.44 + 0.06 

N-n-buty1-3-14C 	N'- 
phenyithiourea " 

, C 1  6.57 + 0.07 

Phenethylammoniuni phenethyl- 
carbamate C4  0 

Acetic acid C2 	, C 3  0 

* Toluene is numbered here as CH3O 

** Above background 	
2 	3 
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The acetic acid from C 23  was, unfortunately, contaminated by 

the gic column during rechromatography; it was therefore discarded. 

In order to obtain the activity in C 3 , the butylamine obtained 

from the pentanoic acid was degraded. 

The residue from the Schmidt reaction of 2.5 mmole pentanoic 

acid-14C was oxidized with 50 ml of basic 5% KMnO 40  a steam distil-

lation of the acidified (with H 2 s04 ) reaction mixture yielded, 

after glc purification, 1 mmole of butyric acid- 14C. This was 

Schmidt degraded, and the CO 2  trapped and counted as benzoic acid. 

The specific activity was 13.5 + 0.1 dpm/mmole. 

The C2  activity was obtained from the degradation of the re-

covered and purified heptanoic acid: 0.5 g of the recovered hepte.-

noic acid from the KOR fusion was hydrogenated (Pt0 2 , 2 atm, 3 hrs, 

in alcohol) to heptanoic acid. The heptanoic acid was purified 

with glc on Poropak Q column (Prep Master). 184.3 mg of heptanoic 

acid was collected; its specific activity was 1.17 ± 0.01 dpm/mole. 

The heptanoic acid- 14C (184.3 mg) was then Schmidt degraded, 

and the CO2  was trapped and counted as benzoic acid (100 mg). The 

specific activity was 30.2 ± 0.3.dpm/mmole. 

The hexylamine obtained above was oxidized to acetic acid by 

a Kuhn-Roth oxidation. 7°  The residue from the degradation of hepta-

noic acid was made'basic with NaOH and the amine was then vacuum 

distilled with water. The aqueous hexylamine solution was then 

oxidized with 50 ml of 15% H2 SO4  containing 1 g of chromic anhy-

dride (refluxed for 1.5 hr). Thedistillation of the resulting 



solution gave about 1.2 mmole of acetic acid. One umiole of pure 

acetic acid was obtained from the gic purification (Prep Master) 

on CW2OM column. 

When this aceticacid was Schmidtdegraded, about 100mg of 

benzoic acid was obtained from the CO 2 . The specific activity 

was 86.5 ± 0.9 dpm/nimole.. The methylatnine was counted as phenyl-

theiurea (purified by column chromatography on neutral alumina). 

The specific activity was 0.997 + 5 dpm/pmole. All the data on 

this degradation are summarized in Table X. 

iii) Degradation of toluene via glutaric acid 

(1) Preliminary investigation 

(a) Barbier-Wieland degradation 56 

1,5,5-Tetraphenyl-1,5-pentadio1: 71  Metallic Li 

(2.4 g) and 40 ml of anhydrous ether were placed in a 500 ml 

Ehrlenmeyer flask provided with a condenser, dropping funnel, and 

magnetic stirrer. A solution of 26.8 g of bromobenzene in 40 ml 

of ether was added dropwise during a period of 30 minutes. After 

all the metal had reacted, 6 g of dimethyl glutarate was added. 

The resulting solution was stirred for one hour and was poured into 

a separatory funnel containing 200 g of ice. The mixture was 

shaken well and the ether layer separated. The ether solution was 

dried over Na2 SO 4  and decolorized with 5 g of charcoal. The eva-

poration of the ether gave 12.6 g of a white solid that melted at 

106 - 107 ° . The yield was 69.2%. 
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Table_X.: Degradation of toluene-14C via heptanoic acid 

(rniiiriiirir1 	 - -. aron Yie1d Sp. 	Act. 
atom in from pre- above background 
toluene vious cpd. dpm/prnole 

Toluene All -- 1.3 ± 0 . 01 1c 

1Methyl_1_cyclohexene* 66.2 1.23 + 0.01 

6-Ketoheptanoic acid !t  70.5 	(crude) 

6-Keioheptanoic acid  
semicarbazone - 

Heptanoic acid 78.4 0.98+ 0.01 

Néopentyl-2-bromo.. 
heptanoate 67.0 1.04 + 001  

Neopenty1-1 2  9  -hepte- 
noate 

 
85.8 1.01 + 0.01 

Acetic acid* C23 
16.3 0.0395 + 0.0004 

Pentanoic acid* 	C d1 , C4  & C23 
26.2 0.94 ± 0.01 

CO**  from pentanoic acid C4 
49.2 0.013 + 0.0001 

cOr from butyric acid C 
82 	•- 0.014 + 0.0001 

Heptanoic acid* 
- All -- 1.17 ± 0.01 

CO**  from heptanoic acid c 2  58 0.03 ± 0.0003 

CO 	from acetic acid 
2 (CMe 1) C1  82 0.0865 + 0.0009 

Methylamine from acetic 
acid 

CM -- 0.997 ± 0.005 

6-Ketoheptanoic acid 
oxime. 	. All -- 1.19+0.01. 

* purified on glc 

** counted as benzoic acid 

*** including radio impurity from target 
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57 

	

1,1,5 ,5-Tetraphenl-1,4-pentadjene 	Ten grams 

of the 1,1,5,5-t6traphenyl-1,5-pentadjol were heated with 50 ml of 

glacial acetic acid to boiling. Concentrated H 2 SO4  (about 1 ml) 

was then added. The solution turned blue upon the addition of the 

sulfuric acid, but the color faded away quickly. The solution was 

boiled for 2 minutes and was then cooled. The precipitated crystals 

were filtered and recrystallized from glacial acetic acid. 7.8 g 

of the diene, inp 69 - 70 ° , was obtained. The yield was 67.2%. 

Oxidation of 1,1 ,5-tetraphenyl-1 ,4-pentadiene: 

The compound was not oxidized by 0 3 , 2% permanganate solution at 

80 ° , nor by3% Na104  (with an added catalytic amount of KMnO4) in 

25% dioxane solution at room temperature. 

Oxidation by 02 and heat: 58  Two g of the diene were heated to 

120 °  in a slow stream of 02  for 10 hours: no malonic acid was 

found. A trace of the benzophenone was detected by its seniicar- 

bazone. 	 / 

UV oxidation in the solid state: 58  One grain of diene was dis-

solved in 5 ml chloroform, then evaporated as a thin film in a 200 

ml round-bottomed quartz flask. The compound was then irradiated 

with a high-pressure mercury lamp (A-.H6) under an oxygen atmosphere 

for 10 hours. The volatile fraction was collected in a trap liii-

mersed in a dry ice-acetone bath. Gas-liquid chromatography (FFAP 

column) showed the presence of acetic acid (only a very small yield) 

in the volatile fraction. Benzophenone was also detected by its 

semicarbazone. 
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59 
(b) .Hunsdiecker reaction: '

60 
 The treatment of the 

dried silver salt of glutaric acid with one mole equivalent of 

bromine or iodine in various solvents (Cd 4 , cyclohexane, and ben-

zene) in the dark gave only a trace (if any, barely detectable on 

glc) of dihalide. Since the only interest here was the formation 

of dihalide, no effort was made to 'study other products. 

The modified Hunsdiecker reaction 60  was also checked. The 

reaction of 0.25 mole of glutari.c acid with 0.25 mole of bromine 

(or iodine) and 0.19 mole of red mercuric oxide in 200 ml of re-

fluxing carbon tetrachloride gave' less than 5% of the'corresponding 

dihalide. t-Butyl alcohol and sulfolane' were then' added to increase 

the solubility of glutaric acid; however,.the yield of the dihalide 

was not improved. 

Cc) Photochemical decarboxylation: 61  All the experi-

ments were done as described by Barton et al. , 

 61 

 except that t-

butylhypoiodite was prepared and introduced directly into the 

reaction flask by suction filtration within a closed system. Pure 

helium was used, instead of'nitrogen, to flush out the reaction 

flask (1 hr). The photolysis (300W tungsten lamp, 2 hrs, ata 5-

inch distance) of the refluxing solution of 1 mmole glutaric acid 

and 5.8 imnoles of t-butylhypoiodite in 135 ml of benzene (1.25 ml 

of sulfolane added) gave, after gic analysis, a maximum yield of 

32% of 1,3-propanedilodide. The reported yield was 69%. Although 

the photolysis was repeated 3 times, the yield was not increased. 

It was not known whether this was caused by the impure potassium. 
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t-butoxide (purchased from K and K Lab.), or by the incomplete 

elimination of oxygen from the system. 

Schmidt reaction: 62  Although Schmidt degrada.-

tion of glutaric acid was reported to give 85% propanediamine, 72  

this procedure was not adopted because of the need for a tedious 

addition of a solid reactant (NaN 3 ) over a 10-hour period. 

The Schmidt degradation procedure described by Phares 69  gave 

about 30% yield of l,3-propanediamine even when varying amounts 

of sodium azide were used. It was found that the reverse addition 

of reactant into reagent increased the yield by about 2-fold. 

Therefore, this method was used in the degradation. The CO 2  was 

counted as benzoic acid. 73 ' 74  

The residue of the Schmidt reaction was then made basic with 

sodium hydroxide and was extracted with three 25-ml portions of 

ether. The glc analysis of the combined ether extracts showed 

the presence of about 63% 1,3-diaminopropane. 

The oxidation of 1,3-propanediamine The fol-

lowing reagents were used in an attempt to oxidize the diamine to 

malonic acid. None of them gave isolatable malonic acid. 

5% KNnO 4  (±ieutral, basic and MgSO 4 ) 

Ag (NH3) 2 + 

Diazotization, followed by hydrolysis and KMnO 4  

oxidation 

H 
2  0 

 2 - FeSO4 , followed by basic KMnO4  oxidation 
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NaOBr - NaOH (intended for malononitrile) 

H20 2  - Na2WO4  

The basic permanganate oxidation gave, instead, a fair yield 

of about 50% of oxalic acid. Therefore, it was adopted in the 

degradation (see below). 

14 
(2) Degradation of toiuene-i-- C 

14 l-Nethyl-i-cyclohexene-l- C: Eighteen grams of 

crude 1-methyl-l-cyclohexene-i- 14C were obtained from reduction of 

20 g toluene-l-14C (32.01 dpm/pmoie) with 12 g Li in a mixture of 

100 g each of ethylamine and dimethylamine. After rough purifi-

cation by gic on butanediol succinate (Craig) column, 12.3 g of 

1-methyl-1-cyclohexene-l- 14C was collected (31.54 dpm/pmole; the 

gic trace showed the presence of 14.4% impurity). The yield was 

50.2%. 

14 
6-Ketoheptanoicacid-6- C: A mixture of 4 g 

1-methyl-l-cyclohexene-1- 14C and 7 g of-unlabeled 1-methyl-i-

cyclohexene (supplied by Aldrich Chemical Co., Inc.) was oxidized 

with 44,5 g of KNnO4 . Thirteen grams of crude keto acid was ob-

tamed. The yield was 78.8%. 

Two grams of the crude keto acids were heated on steam bath 

for 30 minutes with 5 g of NH2OH.HC1, 5 g of NaOH, and 45 ml of 

water. The mixture was cooled, acidified with sulfuric acid, and 

extracted with ethyl acetate. The solvent was evaporated to 10 ml 

and was cooled in an ice bath. The crystallized solid was filtered. 
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After several recrystallizations from ethyl acetate, 1.1 g of oxime 

were obtained, mp94 - 95 ° . T'he yield was 50%. Specific activity 

was 11.13 ± 0.11 dpm/1mole. 

Anal. calcd. for C 7H13NO 3 : C, 52.83; H, 8.18; N, 8.81 

Found: C, 52.51; H, 8.21; N, 8.65 

Beckmann rearrangement of 6-ketoheptanoic acid 

oxime-6- 14C and the subsequent hydrolysis: 1.1 g (6.92 mmole) of 

the oxime (11.13 + 0.11 dpm/pmole) was added in small portions to 

5 ml concentrated sulfuric acid. This solution was added dropwise 

to 20 ml of concentrated sulfuric acid at 120 - 130 ° . The mixture 

was heated at this temperature for another 5 minutes. Twenty-five 

ml of water was added and the solution ref luxed for 2 hours. Two 

hundred ml of water was then added and the solution was steam dis-

tilled. The distillate was titrated with 0.5 N NaOH solution. 

6.35 mmole of acetic acid was obtained (91.7% yield). Identity 

of the acetic acid was checked by gic (FFAP column). 

The sodium acetate solution from the titration was evaporated 

under vacuum. The Schmidt reaction was carried out as described. 

0.662 g (36,6% recovery) of phenethylainmonium phenethylcarbamate, 

mp 93 - 94 ° , was obtained. The specific activity was 10.55 + 0.11 

dpm/pmole. 

Anal. calcd. for C 17H22N202 : C, 71.33: H, 7.69; N, 979 

Found: C, 70.76: H, 7.31; N, 9.62 

To the residue of the Schmidt reaction, 10 g of NaOH in 50 nil 

water was added, and the methylamine was distilled off by warming 
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the solutionto 900.. The ainines collected in a trap,at•-l96 ° . 

One g of ptienylisothiocyanate was then added and the mixture allowed 

to react at room temperature for:2 hours. The precipitated solid 

was filtered and recrystallized for6tinies from dilute alcohol. 

0.4 g (40% recovery) of N-methyl-N'-phenylthiourea, mp 113 - 115 ° , 

was obtained. The specific activity was 0.26 + 0.03 dpm/pmole. 

Anal. calcd. for C 8H10N2 S: C, 57.83; H, 6.02; N, 16.87 

Found: C.  57.53; H, 4.69; N, 16.87 

To the residual solution from the steam distillation, concen-

trated NaOH solution was added until the solution was basic. Seventy 

ml of 5% KMnO4  was added and the mixture ref luxed for 15 minutes. 

The Mn0 2  was filtered, and the filtrate concentrated to 100 ml. 

This was acidified with concentrated sulfurIc acid and eitrac.ted 

with ether. The crystals, obtained by evaporation of the ther, 

were recrystallized from ethyl acetate, 0,58 g (69.9% yield) of 

glutaric acid, mp 95- .96 ° , was obtained. The melting point was 

not depressed by mixed fusion with authentic glutaric acid. The 

specific activity was 0.36 ± 0.04 dpm/jimole. The results are sum- 

marized in Table XI. 

The validity of the Schmidt degradation of glutaric acid was 

investigated as follows: 

The degradation of glutaric acid-2- 14 	Glutaric 

acid-2- 14 C (0.15 mmoles, 7.13 x 10 5 dpm/inmole, synthesized from 

malonic acid-2J 4C--gee Synthesis section) was degraded by the 

Schmidt reaction as described. 0.183 mmoles (61% yield) of 
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Table XI.. Degradationof toluene-i-14C via Beckmann rearrangement 

Active compounds Carbon atom Activity**  
in toluene dpni/pmole 

To luene* 

Methylcyclohexene CM, c 14  11.01 + 0.11 

• 	 6-Ketoheptanoic acid-6- 11.13 + 0.11 
oxime 

• 	 Acetic acid-i- 14C (phen- 
ethylammonium phen- 
ethylcarbamate) C1  10.55 ± 0.11 

N-Methyl-N'-phenylthiourea CMe  0.26 ± 0.03 

Glutaric acid C24  0.36 ± 0.03 

* The starting toluene-14C was diluted with inactive methyl- 
cyclohexene after the reduction 

** Above background 

methylbenzoate-7- 14C (from 14CO 2 ) was obtained after gic purifica-

tion on CW20M column. No activity - was found in this benzoate. 

To the residue of the Schmidt reaction, cold 50% NaOH was 

added carefully until the solution was basic to litmus paper. The 

diamine was then vacuum distilled (with water). Three ml of 5% 

KMn04  and 2 mmole of NaOH were added to the distillate and the 

mixture ref luxed for 15 minutes. After the excess KNnO 4  was des-

troyed by NaHSO 3 , the Mn02  was filtered and washed with hot water. 
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The aqueous filtrate was vacuum evaporated to near dryness and 

was acidified with concentrated HC1. The acidic solution was 

extracted with 3 10-mi portions of ethylacetate. The oxalic 

acid obtained by evaporation of the ethylacetate was methylated 

with diazomethane and then purified on gic (CW20M). About 0.07 

mmoles (46.7%) of dimethyloxalate (3.45 x 10 5  dpm/mmole) was 

obtained. 

It might be mentioned here that when 1,3-propanediarnine was 

extracted with ether, the oxidation after evaporation of the sol-

vent resulted in the dilution of about 30% of the activity of 

oxalate. 

(3) Degradation of toiuene-C from 4000 eV 

14 irradiation: 	The toluene- C was obtained from IR.-29-32. The 

isolated toluene was hydrogenated to avoid any contamination of 

cycloheptatriene. The hydrogenate was then purified by gic on 

CW20M column. Three ml of carrier toiuene was added and an au-

quot counted. The specific activity was (1.72 + 0.02) x 10 4  

dpm/mmole. 

The degradation was carried out as described in the test run 

14 (see section (1)). The 14  CO2  was trapped as benzoic acid-i-- C 

and counted. The 1,3-propanediamine was counted as dibenzoyi 

derivative. Table XII summarizes the data obtained. 
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Table_XII.. The degradation of toluene- 14C via glutaric acid 

Compound Carbon % Yield Specific activity 
atom in from pre- dpm/mmole 
toluene vious_cpd. 

Toluene All -- (1.72 ± 0.02) x lO 

1-Methylcyclohexene 55.1 

6-Ketoheptanoic acid 
oxime 49,5 (1.7 + 0.02) 	x 

4 
10 

Acetic acid CM, C 1  90.8 (1.58 + 0.02) x 10 4  

CO2  from acetic acid C1  44 (1.36 + 0.01) x 10 3  

Methylamine from 
acetic acid CMe 22 (1.45 + 0.02) x 4 10 

Glutaric acid 2C2 	C4  80 (1.17 + 0.01) x 10 3  

CO 2  from glutaric 
acid C2  40.5 (3.95 ± 0.04) x 

2 10 

1,3-Propánediamine 2C 3  -- (3.02 + 0.03) x 102  

Oxalic acid C3  47 (2,05 + 0.02) x 102  

2. Partial Degradation 

The toluene was oxidized by Cr0 3  in acetic acid solution to ben-

zoic acid (see p. 106 ). The benzoic acid was then Schmidt degraded 

to carbon dioxide and aniline. The 14CO 2  was trapped and counted 

as benzoic acid-7- 
14 
 C (see Counting of 

14CO2  below), Several samples 

were obtained from the irradiation with 14C±  of varying energy and 

partially degraded: 
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IR-16: The sample was obtained from the irradiation of 

benzene with 5 KeV 14C. The toluene- 14C (100 A) was hydrogenated 

and purified on •glc. Sixty-seven mg of benzoic acid was obtained. 

from the oxidation. The Schmidt reaction of the acid gave the 

specific activity shown below: 	 . 

Methylbenzoate from toluene 	1.09x105 ..dpm/mmole 

CO2 (-CH3  of, toluene, counted 	 . 	. 

as methylbenzoate) 	. 9.85 x 10 dpm/mmole 

Aniline (phenyl group of 

toluene) 	 1.30 x 104  dpm/mmole 

The tol•uene-) 4C from the irradiation of benzene 

with 500. eV 	C ion was purified, oxidized to benzoic acid, and 

partially degraded: 

Methylbenzoáte from toluene 	1.55 x 10 dpm/nmiole 

CO (CM, as methylbenzoate) 	1.266 x 10 dpm/mmole 

Aniline. (as phenyithiourea) 	2.46 x 10 dpm/tnmole 

The to1uene- 4C from the irradiation of benzene 

with 100 eV 14  C  + ion was degraded as described: 

Methylbenzoate from toluene 5.48 x I03  dpm/mmole 

CO2 (CM, as methylbenzoate) 4.38 x 10 dpm/mmole 

Aniline 	. 8.52 x 102 dpm/tnmole 

IR-58: The toluene-14C was obtained from the irradiation 

of benzene with 31 eV 14C+: 

Methylbenzoate from toluene 	3.37 x 10 dpm/mmole 
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CO 2  (C ' , as methylbenzoate) 	2.81 x 103  dpm/nunole 

Aniline 	 2.59 x 103  dpm/mmole 

IR.-59: The toluene- 14C was obtained from the irradiation 

14+ 
of benzene with 5 eV C 

Nethylbenzoate from toluene 	3.94 x 103  dpm/mmole 

CO 2  (C 7 , as methylbenzoaté) 	114 x 103  dpm/imnole 

Aniline 	 . 	2.59 x 10 dpm/mmole 

B. Degradation of Benzaldehyde 

The activity distribution of benzäldehyde was determined by 

degrading both the compound itself, and its hydrogenation (no 

carriers present) products, toluene and methylcyclohexane. 

Methylcyclohexane was first aromatized (Pd/C, 350 ° ) to toluene 

and was degraded as above. Benzaldehyde was air oxidized to ben-

zoic acid, which was then degraded by the Schmidt reaction. 

IR-16: The sample was obtained from the irradiation of 

benzene with 5 KeV 14C. At the time of this degradation, this 

compound was known only as U-2. It was cotrapped with n-hexyl- 

• benzene. The hydrogenation of the trapped mixture (with added 

toluene and methylcyclohexane as carriers) resulted. in almost 

quantitative conversion of the activity into toluene  and methyl-

cyclohexane. .Both compounds were purified on glc. 
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Toluene-14C from benza1dehy: Toluene was de-

graded as above. The specific activities were: 

- Methylbenzoate f rpm toluene 	7.63 x 104  dpm/mmole 

CO2 (C 	 as methylbenzoate) 	5.02 x 104  dpm/mmole 

Aniline 	 2.75 x 10 dpm/tnmole 

Methylcyclohexane from benzaldehyde: 110 A of methyl-

cyclohexane were dehydrogenated (in the vapor phase) with 1 g of 30% 

Pd-C, loosely packed in a glass tube (0.5 cm in diameter, 40 cm 

long), which was heated at 515 ° . About 30 A of toluene was ob-

tained after separation on the "Prep Master". The toluene was de-

graded as described. The. specific activities were: 

Methylbenzoate from methyl- 	. 	. . . 

cyclohexane 	 1.07 x 104  dpm/mmole 

CO2  (C 	lost) 

Aniline . 	 4.16 x 10 dpm/mmole. 

IR-28: The benzàldehyde activity from the irradiation of 

benzene with 100 eV 14C+ ions was cochromatographed and collected 

with 1 mg of benzaldehyde. The benzaldehyde was allowed to stand 

open to the atmosphere for two days. In such a way s  benzaldehyde 

could be oxidized to benzoic acid quantitatively. The carrier 

benzoic acid was then added and was degraded and counted asdes-

cribed. The specific activities were: 

Methylbenzoate from benz- 

aldehyde 	 1.25 x 10 dpm/imnole 
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CO 2  (C 7 , as methylbenzoate) 	8.53 x 10 dpm/mmole 

Aniline 	 3.81 x I0 dpm/rnmole 

IR-36: The benzaldehyde from the irradiation of benzene 

with 15 eV 14CO Ions was degraded. The specific activities were: 

Methylbenzoate from benz-

aldehyde 

CO 2  (C 7 , as methylbeuzoate) 

Aniline (as N-methyl-N'-

phenylthiourea) 

2.43 x.10 dpm/mmple 

1.72 x 10 3  dpmtmmole 

6.23 x 10 2  dpm/mmole 

• 	 IR-37: The benzaldehyde from the irradiation of benzene 

14 + 
with 4000 eV CO ions was degraded as above. The specific acti- 

vities were: 

Methylbenzoate from benz- 

aldehyde 	 2.63 x lO dpm/nmiole 

CO 2  (C 7 , as methylbanzoate) 
	

1.75 x 10 dpm/nmiole 

Aniline 	 0.86 x 10 dpm/mmole 

IR-52: In order to check the possible oxygen source, the 

12C+ was generated from a 1:1 mixture of CO 2  and 14CO2  and the ben-

zene was irradiated with 4000 eV 12C. Some benzaldehyde- 14C (3000 

dpm) was obtained. The degradation of benzoic acid obtained from 

this benzaldehyde gave the following results: 

Methylbenzoate from benz- 

aldehyde 	 1.51 x 10 dpm/mmole 

CO 2  (C 7 , as methylbenzoate) 	1.46 x 10 dpm/mmole 
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Aniline (counted as N-methyl- 

N'-phenylthiourea) 	 58.6 dpm/mmole 

C. Partial Degradation of Benzene Derivatives 

All the major products were partially degraded. The partial 

degradation of toluene- 14  C and benzaldehyde- 14C were described in 

the previous sections, 

Phenylacetylene was first hydrogenated to the ethylbenzene, 

which was oxidized to a benzoic acid. The benzoic acid was de-

graded.by Schmidt reaction. The activity of the s-carbon was ob-

tained by subtraction of the activity of benzoic acid from that 

of ethylbenzene. 

Biphenyl 4C was similarly oxidized to benzoic acid and was 

degraded. 

Diphenylmethane was degraded as follows The oxidation of 

diphenylmethane with Se02  in a sealed tube gave benzophenone. 

The treatment of benzophenone with hydrazoic acid 62  gave benzoyl-

anilide and the subsequent hydrolysis gave benzoic acid and aniline. 

For double checking the result, this benzoic acid was Schmidt de-

graded as usual. 

• 	.Sè02 	HN 	
+ -> C0 	- 	C0NH 	- C00H + NH3  

H 2  0 

The phenylcycloheptatriene was catalytically hydrogenated to 

phenylcycloheptane; this was then oxidized, with chromic acid in 
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acetic acid, to a mixture of benzoic acid, adipic acid, and glu-. 

taric acid (see Figure 35). The benzoic acid was degraded as 

before. In order to determine the activity distribution in the 

cycloheptane ring, the adipic acid was Schmidt degraded to CO 2  

and 1,4-butanediainine, which was oxidized to a mixture of succinic 

acid and oxalic acid. The activity in oxalic acid was taken as 

that of C 3  in phenylcycloheptatriene: 

woo 
PhO.. : -. PtHO2 	Ph 	 CrO 	PhCOOH+H00 +' 

HOOC 

IHM3 

Ph A H2  + CO2 	H2N (CH2)4NH2 + 

&4nO4  

3CcOOH

tC008 
3000H 

 +1 
 '3C0011 

Figure 35. The degradation of phenylcycloheptatriene. 

The labeled phenylacetylene, biphenyl, diphenylmethane and 

phenylcycloheptatriene obtained from IR-16 (5 KeV 14C ions irra-

diation) were degraded. 
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General procedure for the Oxidation' of benzenê derivative 

About 100 A of alkylbenzene was dissolved in 5 ml of glacial 

acetic acid, 12 drops of concentrated sulfuric acid were added, 

and the mixture heated to 70 - 800. With vigorous stirring, a 

saturated aqueous solution of chromic acid was added dropwise so 

that the temperature of the reaction mixture did not exceed 100 0 . 

The addition of chromic acid was continued until no further con-

sumption of the acid was observed. The reaction was allowed to 

continue for 20 - 30 minutes and the excess of chromic acid re-

moved by additionof methyl alcohol. The solvent was then eya-

ported by a stream of N2 . The residue was dissolved in 2 ml of 

water, and was extracted by three 50-ml portions of ether, Subli- 

mations and/or methylation with diazomethane, followed by glc, were 

used in the purification of the organic acids. 

General procedure for the Schmidt reaction 69  and the counting 

of CO 2 
 73 

The apparatus used is sketched in Figure 36. The oxidizing 

trap was not used. The acid or sodium salt of the acid (>0.2 mmoles) 

was dissolved in 2 ml of 100% H 2SO4  in a three-necked 25 ml conical 

flask (flat bottom, in order to stir the mixture with a magnetic 

stirrer) fitted with a gas inlet, a gas outlet system, and a tube 

bent at right angles into which 1.5 mole equivalent of NaN 3  were 

placed. The solution was stirred until the organic acid was dis-

solved. With stirring, the NaN 3  was added portionwise during a 

period of 30 minutes. The stirring was continued until all the 



RCOOH 	
or 	ANHYDRONE 	 LIQ. N 2  

PUMP 

TRAPPING 

+  
H2SO4 	ACIDIC KMn04 	DRY ICE—IPA 

XBL 686-4233 

Figure 36. Apparatus for Schmidt Reaction and trapping of CO2. 
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solid dissolved. The temperature was then raised slowly to 600 

(during 30 mm) and was kept at this temperature for another hour. 

During the reaction the.evolved gas was swept through a drying 

tube containing anhydrone, a U-trap at -80 °  (dry ice-IPA) and a 

triple U-trap at -196 °  (liquid N2 ). The CO 2  trapped in liquid 

nitrogen was vacuum transferred Into a 25 ml conical flask con-

taming 5-fold excess of 3 M ether solution of phenylmagnesium 

bromide at liquid nitrogen temperature. The Grignard reaction 

mixture was allowed to warm up to room temperature (15 - 30 miii). 

It was then hydrolyzed with 5 ml of ice-water, extracted with 

ether to remove the by-product biphenyl, and was acidified. The 

extraction of acidic aqueous solution with ether (3 x 25 ml) gave 

crude benzoic acid. The benzoic acid was methylated with diazo-

methane, and the methylbenzoate purified by glc. The benzoate 

was trapped from the exit.port of the glc column by means of a 

disposable pipette. The weighing and the counting of the benzoate 

gave the specific activity of the. CO 2 . 

The amine from the Schmidt reaction was extracted, purified 

onglc (or oxidized to the corresponding acid), weighed and counted. 

Phenylacetylene-C Phenylacetylene was hydrogenated 

to ethylbenzene, purified on glc (CW20M), oxidized to benzoic 

acid, and degraded. The specific activities were 

Ethylbenzene 	 1.34 x 10 dpm/mmole 

Methylbenzoate 	 9.05 x 10 dpm/mmole 

CO2  (a-carbon counted 

as methylbenzoate) 
	

9.03 x 10 dpm/unnole 



-109- 

Aniline 	 4495 x 10 3  dpm/nunole 

Biphenyl-14C: The purified biphenyl was oxidized to ben-

zoic acid. The Schmidt reaction gave the following specific 

activities 

Biphenyl 	 4.62 x 10 dpm/imnole 

Methylbenzoate 	 4.18 x 10 dpm/nimole 

CO 2  (as benzoate) 	 1.86 x 10 dpm/mniole 

Aniline 	 2.29 x 104  dpm/mmole 

Diphenylmethane-14c: The diphenylinetharie was oxidized 

(sealed tube, 2500, 10 hours) to benzophenone, which was in turn 

converted to benzanilide. Two ml of 100% sulfuric acid were 

placed in an Erlenineyer flask, and 2 ml of benzene were then 

added to cover the acid. The flask was cooled to 00  and, with 

stirring, 75 mg of NaN3  was added. After the NaN 3  was dissolved 

a solution of 82 mg of benzophenone in 3 ml of benzene was added. 

The mixture was stirred overnight at room temperature and then 

heated at 70 - 80 °  for 1 hour. About 15 ml of water was added 

and the solution ref luxed for 6 hours. Extraction of the acidic 

reaction mixture with ether gave about 40 mg (crude) of benzoic 

acid. The aqueous solution was then made basic with NaOH, and 

was extracted with ether. About 30 mg of aniline were obtained. 

The specific activities were: 

Diphenylinethane 	 1.77 x 10 dpm/mmole 

Benzophenone 	 1.58 x 10 dpm/nimole 
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Methylbenzoate 	 1.46 x 10 dpm/mmole 

Aniline 	 7.32 x 10 dpm/mmole 

The benzoate and adipate (about 10 mg each)were diluted with 

30 ).. each of carrier beuzoate and adipate. Both compounds were 

degraded further by the Schmidt reaction. In the latter case, the 

14-butanedjamine product was oxidized with basic }a'{n0 4  to a mix-

ture of succinic and oxalic acid. Thespecific activities were: 

Methylbenzoate 	 9.11 x 10 dpm/mmole 

CO 2  (as methylbenzoate) 	6.97 x 10 4 dpm/mmole 

Aniline 	 .2.15 x 10 dpm/mmole 

Dimethyladipate 	 3.89. x 10 dpm/mmole 

CO2  from adipic acid 

(as meihylbenzoate) 	7.93 x 10 dpm/nmiole 

Dimethylsuccinate 	 2.295 x 10 4 dpm/mmole 

Diniethyloxalate 	 1.07 x 10 
4

dpm/minole 

The dependability of the above 

grading the synthesized (see p. 113 

All the procedures were performed a 

are shown below 

Phenylcycioheptane: 

Methylbenzoate 

Dimethyladipate 

Dimethyiglutarate 

degradation was checked by de-

) phenylcycloheptane-1-.14c. 

described above. The results 

1.85 x 10 dpm/mmole 

1.8 x 10 dpni/mmole 

52.2 dpm/tnmole 

38.7 dpmummole 
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IV. THE SYNTHESES 

Phenylcycloheptatriene o-phenyltoluene, phenylcycloheptane_ 
14 

and glutaric acid-2- 14C were synthesized for the product 

identifications and the test runs for the degradations 

Phenylcycloheptatriene was prepared by the reaction of 

tropylium bromide and phenyllithiuni. Figure 37 shows the nmr 

spectrum of this compound. There are absorptions at 6 =  7.3 

(singlet, phenylHs), 675 - 6.55. (triplet, C34  Hs), 6.44 - 5.95 

(complicated doublet )  C25 Hs), 5.50 - 5.17 (quartet, C 	Hs), 1 6   

and a triplet (C 7  H) around 2.65 with the peak ratio of 5:2:2:2:1. 

These are in agreement with the data reported by Ter Borg and 

Kloosterziel 75 and Tezuka 76  

Spiro( 6 06)trjdecah•exae3e was assumed to be one of our pro-

ducts.. Since its synthesis appeared very difficult, its hydro-

genated derivative, previously unreported, was prepared. This 

compound, spiro(6.6)tridecane was synthesized by the routine spiro 

compound synthesis: 77  

0 

a tEü0 
+ Br(CH2 ) 6Br 

Wolff -Kishner 

reductions 8 
I 	 II 
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W( NO 

1 	 I 
8 C) 	 71) 
	

4.0 	 20 	10 	 C 
PPM (8) 

- 	X1Th 673-1013 

Figure 37. NMR spectra of .  7-phenylcycloheptatriene in carbon 

tetrachioride. 
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The base catalyzed condensation of 1 9 6-hexamethylene dibromide 

with cycloheptanone gave about 24% of spiroketone (I), which was 

in turn reduced to the corresponding spirane (II). The discus- j  

sion of the structures of I and II are presented in the Appendix. 

• 

	

	 Phenylcycloheptane_l-14c was synthesized from cyclohexanone- 

1-14C. This ketone was ring enlarged to cycloheptanonelJ 4c by 

the reaction with diazomethane. 78  The Grignard reaction of phenyL-

magnesium bromide with cycloheptanone-1J 4C gave 1-phenylcyclo-

heptanol-l- 14C. The subsequent dehydration and hydrogenation gave 

the deslred.phenylcycloheptane....1_ 14C: 

CHN2 	
MgBr 	

l00% H COOHÔ 

Pt02  

H2  

14 	 14 Glutaric acid-2- C was prepared from diethylmalonate-2_ C by the 

following sequence of reactions: 

COOEt 	• 	COOEt 	conc. 	COOH 

	

/ 	CH2=CHCN 	/ 	1) 	IW1 	/ 

	

*CH 	 -) *CHCHCHCN 	 *C}iCHCH.COOH 
t-Bu0 	 2) dil.HC1 

COOEt 	 COOEt 
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Diethylmalonate-2J 4C was cyanoethylated with acrylonitrile.. The 

hydrolysis of the cyano group followed by hydrolysis and decar-

boxylation gave glutaric acid-2-J4C. 

o-Phenyltoluene was synthesized starting from o-bromotol.uene. 79  

The Grignard reaction of tolymagnesiumbromide with cyclohexanone 

gave l-(o--tolyl)-l-cyclohexanol. The aromatization of this com-

pound with sulfur gave the desired o-phenyltoluene:. 

	

MgBr 	 OH 

	

+ 	
6 6b a 

Phenylcycloheptatriene : 46  

When 25 g of cycloheptatriene was brominated, 73.7 g of di-

bromotropylidene (N025  1.5968) was obtained. Heating this dibromo 

compound at 65 - 70 °  under 1 mm yielded 10 g (21.3% yield) of 

trppylium bromide, mp 205 - 210 ° . Tropylium bromide was further 

reacted with phenyl lithium to give 10 g of crude phenylcyclohepta-

triene (69% yield). Vacuum distillation of the crude product at 

0.7 mm gave the following fractions: 

 below 25 °  0.9 g 

 65 - 87.5 0  2.9 g 

 86.5 - 87 0  4.1 g 

 87 - 100 0  1.5 g 

Fraction 3 crystallized after standing at room temperature 

overnight. This crystal was filtered and gave a mp 27 - 28 0 . On 
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recrystallization from methanol the purified white crystal (3 g) 

melted at 28 - 29 ° . The nmr spectrum was shown in Figure 37. 

Spiro (6 6) tridecane(II) 

A mixture of 22.4 g of cycloheptanone, 50 g hexamethylene di-

bromide, and 50 g potassium t-butoxide in 12 of benzene was refluxed 

for 12 hours. After acidification the benzene layer was separated 

and the benzene distilled. The steam distillation of the residue 

and the recrystallization (dil. EtOH) of the distilled oil gave 

4.6 g of colorless crystalline spiro(6.6)tridecan-l-one (I), mp 58-

590 	The yield was 23.7%. 

Anal. calcd. for C 13H220: C, 80.41; H 11.34 

Found: C, 80.13: H, 11.33 

The nmr spectrum of this spiroketone is shown in Figure 48. 

The semicarbazone was prepared in the usual way (except that the 

heating at 80 °  was continued for 2 days). About 2 g of colorless 

crystals, mp 260 - 265 ° , and 2.5 gof lower-melting crystals, mp 

219 - 228 ° , were obtained. The elemental analysis was made on the 

latter. 

Anal. calcd. for C 14H25N80.: C, 66.93: H, 9.96; N, 16.73 

Found: C, 66.95; H, 10.11; N, 17.67 

Wolff-Kishner reduction of the lower melting semicarbazone was 

carried out by heating (215 °  for 6 hrs) the compound with KOH in 

diglyme. About 1 g of crude hydrocarbon was obtained from the 

reaction mixture by extraction with ether. Glc on SE30 (150 - 240°) 
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showed three major peaks with an approximate ratio of 2:1:0.7. 

The mp of the first peak was 34 - 36 ° . The analysis of this com-

pound agreed with C 13H24 . 

Anal. calcd. for C 13H24 : C, 86.66; H, 13.33 

Found: C, 86.3; H, 13 . 7* 

The nmr spectrum (Figure 49) showed 2, proton peaks at T = 8.58 

and 872 with the ràtio..ofl:2. Thesecond,peakwas •found to be 

the starting spiroketone. The third peak was assumed to be 2-(w-

hydroxyhexyl)_cycloheptanone, derived from the hydrolysis of the 

enol ether s  . 	 - 	 .. 	 . 

• 	Anal. c1d. fórC1 I2402 : C, 73.58; H, 11.32 

Found: C, 72.0; H, 12.0* 

The higher-melting semicarbazone was reduced in the same manner. 

The gic showed two major peaks with a ratio of 10:1.5. The reten-

tion time, mp, and the nmr spectra corresponded with the first com-

pound obtained in the lower melting sémicarbazone. The second peak 

was identical with 2 4 (w-hydroxyhexyl) -cycloheptanone. 

The deuterium exchange of the spiroketone were carried out 

with D20-dioxane-NaOD solution in a sealed tube at 90 0  for 24 hours. 

The deuterated spiroketones were purified by glc, and the nmr taken 

(see Appendix). 

• 	 • 	•. Phenyicycloheptane-l- 14 C: 

Cycloheptanone-l-14 	 -- C was prepared from cyclohexanone-l 14C 

*Sjp1e too small for more accurate analysis. 
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(purchased from New England Nuclear Corp.). In a 25 ml flask im- 

14 mersed in an ice water bath was placed 2.5 g of cyclohexanone-.l- C 

(1.86 x 10 dpm/mmole), 6.25 g of "Diazald" (N-methyl--N-nitroso-p-

tolueriesulfonamide), 7.5 ml of 95% alcohol, and 0.5 ml water. 

With slow stirring, a solution of 0.7 g KOH in 2.5 ml of 50% alcohol 

was added dropwise during 15 minutes. The solution was then stirred 

for 4 hours. The solution was acidified with HCl and then extracted 

with ether. Purification with gic (Prepmaster) on CW20M gave 1.6 g 

(1.87 x 10 3  dpm/inmole) of pure cycloheptanone-1J4C. The retention 

time of this compound agreed with that of authentic cycloheptanone. 

The solution of 0.1 gcycloheptanone in 1 ml dry ether was 

added to 0.5 ml of 3 M ether solution of phenylmagnesium bromide 

in a small test tube. After 30 minutes of stirring, this mixture 

was hydrolyzed with 1 ml ice water. The resulting phenylcyclo-

heptanol-l- 14C was extracted with ether. The ether extract was 

dried over anhydrous sodium sulfate and the solvent evaporated. 

One ml of 100% formic acid was added to the residue and the 

mixture shaken for 15 minutes. This mixture was neutralized with 

MaOH and was then extracted with ether. About 0.2 mg of crude 1- 
14 

phenylcycloheptene-1- C was obtained after removal of the ether. 

It was then hydrogenated (Pt0 2 , 2 atm, 2 hrs) in 1 ml of alcohol. 

The glc (CW20M, Prepmaster) purification of the hydrogenated 

solution yielded 90 mg of pure phenylcycloheptane-l- 14C. The 

yield was 52.8%. Specific activity: 1.85 x 10 3  spm/mmole. 
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14 Glutaric acid-2- C.  

Diethyl malonate-2-14C: Seventy-five grams of malonic acid- 

2 14  - C (sp. act, undetermined), were placed in a 2-liter round-bottomed 

flask, together with 500 ml absolute alcohol, 800 ml of benzene, 

and 1.5 ml of conc. H2 SO4 ,' The mixture was refluxed for one day 

while the water formed was slowly collected in a trap. The solu- 

tion was then concentrated to 1 liter, washed with 1 liter of water, 

1 liter of 1% NaHCO3 , and again with 1 liter of water. The solution 

was then dried over Na2 SO4 , and distilled. Diethyl malonate-2- 14C 

90.8 g, bp 195 ° , was obtained. The yield was 78.7%. Specific 

activity was 785.6 ± 8 dpm/tnmole, 

Glutaric acid-2-14C: The cyanoethylation of the 90.8 g of di-

ethyl malonate-2- 14C was carried out as usual. No ethyl-c-.carbethoxy-

y-cyanobutyrate-2..) 4C was obtained. Presumably the carboxylic ether 

had been hydrolyzed to a sodium salt (the reaction mixture was mad-

vertently heated to 75 °  for about 10 mm). The aqueous solution 

- was therefore acidified with concentrated HC1 and evaporated to 

dryness. The residual solid was extracted with ether and the ether 

evaporated. About 35 g of a yellow oil was obtained. This oil was 

then hydrolyzed and decarboxylated as described above. Tenty-five 

grams of the glutaric acid-2- 14C, mp 94 ° , was obtained. The yield 

was 33.4% from diethyl malonate-2- 14C. The specific activity was 

754 + 8 dpm/.imole. 
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o-Phenyltoluene: 79.  

To a solution of 4.3 g (25 rnmole) of o-bromotoluene and 0.5 ml 

of methyliodide (as a "catalyst") in 150 ml. of ether, 0.6 g of mag-

nesium turnings were added. With stirring, the solution was warmed 

to initiate the reaction. After the ether solution started boiling, 

it was allowed toreflux for one hour. A solution of 4.9 g of 

cyclohexanone in 100 ml ether was added over a period of 30 

minutes and the mixture ref luxed for 6 hours. •Fifty g of ice 

were then added and theether layer separated. . Evaporation of 

the ether gave about 10 g of crude 1-(o-tolyl)-1-cyclohexanol. 

The aromatization of this product with 20 g of sulfur at 250 - 300 °  

(2 hrs) gave about 4 g of crude o-phenyltoluene. 	 - 

A small amount (about 0.5 g) of pure o-phenyltoluene for 

this study was obtained by purification with the Prepmaster gic 

on CW20M (200 ° ). 

Anal. calcd. for C13H12 2 C, 94.86 H, 7.14 

Found 	C, 92.28 H, 7.57 

The nmr of this compound is shown in Figure 38. 



PPM (8) 

XBL 692-4091 

!Mre 38. NNR spectr of o-phenyltoluene in carbon tetrachioride. 
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V. RESULTS 

Besides the previously reported products 18  (benzene, toluene 

and cycloheptatriene), styrene, phenylacetylene, benzaldehyde, 

phenol, tropone, biphenyl, diphenylmethane, and phenylcyclohepta.. 

triene were found in the product mixture following the irradiation 

of solid benzene with 14 C ions. 

C3  - C 7  normal alkylbenzenes were also identified in the 

product mixture after hydrogenation. The presence of small 

amounts of cyclooctane phenylbarrelane, o-phenyltoluene and 

spiro(6,6)trjdecane were indicated. 

The radiochemical yields of benzene, phenylacetylene, biphenyl 

and phenylcycloheptatriene were not affected appreciably by the 

charge state and the energy of incident 14C ions or atoms in the 

energy range of 15 Key to 100 eV, 45  The yield of toluene and 

cycloheptatriene in this energy range decreases slightly as the 

energy is lowered. The yield of toluene, cycloheptatriene and 

phenylacetylene decreased drastically below 100 eV, The benz-

aldehyde and diphenylmethane yields, on the other hand, were 

found to increase as the energy decreased. 

The intramolecular 14C distribution of the major products from 

a 5000 eV irradiation are shown in Figure 39. 
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• 	
: 	CH .(30+1) 

II, 
60+1 

•} (55 + 1.5) 	• 	• 

	

- } 45 + 1 5 	0 J 3.7 + 0.1 
3 ,5-Cycloheptatriene 	 Phenylacetylene 

	

93+01 	 J47+01 	9 	}160+02 

	

j 81.3 + 1.0 	CH2 	906+1.5 	 51.8 + 0.7 

	

}

9.3 + 0.1. 	

} 	

0.1 

8.0 ± 0.4 

Biphenyl 	 Diphenylmethane 	 Pheny1cyc1oheptatriene 

	

CH3- 64.6+1.5 	cH3— 61±2 

J39+2 

	

Toluene 	and 	Methylcyclohexane 

from Benzaldehyde 

Figure 39. The activity distribution of the major products from 5000 eV 

irradiation. 	 - 
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The partial (Me vs. ring) degradation of the toluenes ob-

tained from various energy irradiations showed no apparent change 

in the methyl/ring activity ratio above 31 eV irradiàtions. How-

ever, a drastic increase in the ring activity was observed in 5 eV 

irradiation. The results are shown in Table XIII. 

Table: XIII. TolueneJ 4C activity distributions (%) 

eV 

tion 	5000 	5000 	4000 	500 	100 	31 	5 

	

Me 	90.3 	85,2 	84.3 	81.7 	79.9 	83,4 	28,9 

	

Ring 	11.9 	16.0 	14,3 	15,9 	15.1 	12.2 	65.7 

The intramolecular activity distributions of the 1enzaldehydes 

from 5000 and 100 eV 14C.,  and from 4000 and 15 eV 14C0 irradia-. 

tions were essentially identical within experimental error. The 

benzaldehyde obtained from irradiation of 12 C produced from 3:2 

mixture of 12 CO2  and 14CO
20  on the other hand, was specifically 

labeled at carbonyl carbon. These results are summarized in 

Table XIV. 

Table XIV, The activity distribution in benzaldehyde 	(%) 

eV 14+ 5000 

 

100 14C 	4000 14co 	15."CO 	4000 eV 

PoTon (a) (b) 12C+(l2c02+l4c02 ) 

- CHO 64.6 61 68.3 	66.5 	70.8 	96.7 

Ring. 35.4 39 30.5 	.32.7 	25.6 	0.4.. 
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VI. DISCUSSION 

A. The Features of Hot Carbon Atom Chemistry 

1. Slowing Down Process 

The excess kinetic energy bestowed upon the initially formed 

carbon atoms by a nuclear reaction must be dissipated by the system 

down to the range of chemical bond energies (>10 eV) before one 

can anticipate 	any. "chemical" reaction of that carb.on. The fl  

present investigations involve energetic carbon-14 ions of below 

15000 eV. In our system, no less than in a recoil process, most 

of this energy must be lost before there is significant probability 

for a chemical interaction. Rutherford scattering is important for 

atoms with about 15000 eV energy. At around 5000 - 6000 eV, hard 

sphere scattering becomes the main energy degradation process. The 

c011isions between atoms of roughly equal mass result in the loss 

of an average value of one-half the kinetic-energy per collision 

of the incident atoms. The atoms then reach energies near or at 

the chemical bond energies (via elastic and inelastic energy de-

grading collisions) where chemical interactions take place. 

As the energy of the carbons reach a few hundred electron 

volts, their collision cross section becomes so large that the re-

mainder of the energy will be released within a relatively small 

volume with about 25 to 50 eV being associated with the terminal 
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hot spot. 80 ' 81  $ince these last few hundred eV are delivered to 

a small volume in which 5 or 6 terminal collisions take place. 

These collisions give "local hot spots" that may overlap and pro-

vide additional reactive sites for the hot carbon with species 

in its immediate vicinity during the lifetime of the hot zone. 8 ' 

2. Charge and Excitation State 

The charge state of the carbon atom when it reaches the reactive 

energy in the hot reaction has been treated by Yankwich 8°  for ionic 

crystals. That of carbon in organic matrix was discussed explicitly 

by Marshall etal. 31  The charge state of the reacting carbon is 

predicted by the energies at which various charge-transfer processes 

have their maxima. In general, these maxima are higher for the 

lower energy process. 82  Therefore, the charge state of the pre-

dominant reacting atom should be determined by the lower energy 

process. The approximate energies for the maximum cross-section for 

various charge transfer reactions are then calculated from the 

resonance rule. 82. This rule predicts the maximum cross-section for 

a process with an energy change 3  .E, will occur when Vmax  = [ aJEI J/h 

where h is Plank's constant a is an interaction d1stance and V 
max 

is the relative velocity of interacting atoms at the energy of 

maximum cross-section. Assuming a = 7 x 10-8  cm, Marshall et al. 

were able to tabulate maximum cross-section energies for various 

interactions in carbon-ll--ethylene system. Table XV lists similar 

calculation for our benzene system. 



Table XV. 	Maximum cross-section energies 

Reaction i E I eVa E max 
eV 

(1) C( 1s) + C 6  H 6 30 C 	+ C 6  H  6  + e 
8,6 1.5 .x 10 

(2) C(1D) + C 6  H  6 	
+ C 6  H 	

+ e 10.1 2 x 10 

(3) C( 3P) + C 6H6  ----> C 	+ C611 6  + e 11.3 2.6 x 10 

(4) C  + C 6  H  6  -v c( 1s) + c6H6+ 0.6 7.2 x 102  

(5) C 	+C6H6 	C(1D) + C6H6+ 0.9 1.65x 10 

(6) C 	+ CH6 	C(3P) + C 6  H  6 + 
2.1 8.1 x 103  

(7) C( 3P)+ C 6H 6 	C(1D) + C 6H6  
1.2 2.89 x lO 

(8) C(P)+ C 6H6 . 	C(1D) + C 6H6*b 46 8.5 x 10 

(9) C(1D) + C 6  H  6 
	c(3P) + C 6  H  6 * b 

2.46 1.2 x 10 

(10) C( 1 s) ± C 6H6 	> C(3P) + C 6H6*b 1 2 x 10 3  

Ionization potential: C( 3P), 11.3 eV; C( 1D), 10.1 eV; 

C( 1S), 8.6 eV; CH6  9.2 eV. 

C6H6*: lowest lying excited state 
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Table XV shows that the ionization process (1, 2, and 3) of 

neutral carbon has its maximum cross-section at 10 5  eV, while 

the cross-sections for neutralization of carbon ions (4, 5, and 6) 

increase at 10 3 - 10 4 eV. Therefore, the relonization of the 

neutral carbon cannot take place at lower energies (below 10 eV), 

and the reactive species in our system may be expected to be a 

neutral carbon atom. 

The hot carbons-14 produced in 14N(n,p)14C reactions possess 

the energy in the range of 45 ReV. During the process of energy 

degradation, it passes through the energies at which various charge 

and energy transfer reactions have their maximum cross-sections. 

The importance of the predominant process may then be predicted. 

In the present case, however, many experiments were performed at 

energies at or below energies of maximum cross-section. The neu-

tralization processes (4 - 6) may be important for the 15, 5, and 

0.5 KeV irradiations, as was demonstrated in Table VII, where 

the products are both qualitatively and quantitatively the same 

for the irradiatjons of 5 and 0.5 KeV carbon-14 ions and neutral 

carbon-14. The yields and the products distribution in our 100 eV 

irradiation were also similar to those of higher energy irra-

diations. This observation may be taken to indicate that the cross-

sections for the charge transfer reaction of carbon ion in benzene 

tail off slowly from their maxima at 10 	eV toward lower energy 

in such a manner that the predominant reacting species at lower 

energy is still the neutral carbon. 
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The ion-molecular reaction between positive ions and hydro-

carbons has been extensively studied by the group of Swedish 

workers. 	Their investigations, using thedouble mass spectro- 

meter, at the energy range of 900 eV to 3 eV, indicated that the 

cross-section for the charge transfer reactions between C  and 

hydrocarbons with higher ionization potential, such as CH 4  (12.99 

eV), CD4 , 83  C 2 H  6 (11.65 eV), C 2D6 , 84  and n-C 4H10  (11 	, 8 eV) 85  

are relatively low and are considerably lower at lower kinetic 

energies of the impacting C. On the other hand, for C 
2  H 

 4 86 

(10.6 eV) and C2H2 87 
 (11.4 eV), which have lower Ionization poten-

tial, 88  the cross-section for the charge transfer reactions are 

large and are comparable at both ends of the energy range. Benzene 

has the ionization potential of 9.2 eV: it may therefore be safe 

to assume, by analogy, that the neutralization of C  In benzene 

proceeds with large cross-section and that it does not vary appre-

ciably at the energy range of 5 to 900 eV. This conclusIon,along 

with the results discussed in the previous paragraph, predicts 

that the reacting species in 5 up to 15000 eV irradiations are in 

fact neutral carbons. 

The spin state of the carbon atom may also be predicted by 

resonance rule. The results indicate that highly excited electronic 

states should not be important. Only low-lying C( 3P). C( 1D). and 

C(1s) states would be expected to exist at the energy of chemical 

31 interaction. 
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3. The Formation of Hydrogenated C 1  and C2  Species 

During the slowing down process, the initial kinetically hot 

ions will penetrate a certain distance through the solid 

matrix, most of the excess energy (e.g,, 99.9/ for 5000 eV 14 + C ) 

must be given up to surrounding molecules by various interactions. 

The nature of the interactions may also vary continuously during 

its excursion. The net results of these interactions, such as 

fragmentations, excitations, charge neutralization,. and abstrac-

tions, are the formation of carbon atoms, methyne (CH), methylene 

(CH2 ),methyl radical (CH3 ), and C2H, etc. (not mentioning the 

spectrum of fragments and radicals produced by breaking of benzene 

eti route). Although no facet of direct evidence indicating the in-

volvement of these species has been previously available, they have 

been widely postulated as the reacting species in the interpretation 

of reactions of hot carbons in organic systems. 

The formation of CH may involve equations 1 to 5. 

C6H5 -H + C( 3P) —.--. C-H( 2 Tr) 91  + C 6H5 	H = +22 Kcal 	(1) 

C6H5 -H + C( 1D) 	> C-H( 2 ir) + C6H5 	H = -5.6 Kcal 	(2) 

C6H5-H + C 	> C-H + C 
6  H  5 + 

	
(3) 

C 
6  H  6  + C -. [C 7H] 	> C-H + C6H5 . 	 (4) 

C 6  H  6  + C --* [C
7H6 ]+ - -> C-H + C 6 H 

 5 + 
	 (5) 
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Equations 3 and 5 may represent the hydride transfer reactions. 

The relative importance of hydride transfer against that of charge 

transfer reaction has been shown in the, ion-molecular reaction 

83-87 studies. 	Although the population of the ionic species due 

to the hydride transfer reaction is much larger than that due to 

the charge exchange reaction for methane, ethane, and n-butane 

(which have higher ionization potential), the hydride transfer for 

compounds with low ionization potential (ethylene and acetylene) 

is practically nil. The ionization potential of benzeneis 9.2 eV--

much lower than that of ethylene and acetylene. It is therefore 

probable that the role of hydride transfer reaction is much 'less 

important than that of charge exchange reaction. 

Since neutral carbon atoms are the most predominant species at 

the energy of chemical interaction, the abstraction of hydrogen 

from benzene by carbon atoms may be the main route to the formation 

of CR. Since the energy of reaction (1) is endothermic, it is 

evident that the requisite energy must be supplied for the production 

of CR from ground state carbon atom, C( 3P). This can be expected 

only if the translationally hot C( 3P) is involved. Since the bulk 

of the reacting C atoms are in the ground state ( 3P), 31  the 

reaction (1) may very well be the main reaction responsible for the 

CH formation. The involvement of excited singlet C atoms in the 

hot reactions was also postulated. 32  Therefore, the reaction (2) 

may also take place. 
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An alternative route for Cl-I formation from neutral carbon 

atoms is shown in equation (4). Temporary incorporation by in-

sertion of hot radiocarbon in the benzene ring may lead to an 

excited C 7 H  6 intermediate. The degradation of this intermediate 

may then provide CH species (see discussion under "Benzene, on 

page  

The methylene, Cl2 , can be formed by both consecutive and 

concerted hydrogen abstractions by carbon atom s  Reqction (6) 

shows some endotherniicity. 

2 C6H5 -H + C(3P) _ 	CH2(3 g ) ± 2 C 6H5 • H = +5 Kcal 	(6) 

Therefore, the formation of Cl 2  from C( 3P) again, requires the 

excess kinetic energy. On the other hand, the abstraction of 

hydrogens by C( 1D) or by higher electronic state of carbon is 

exoergic. The collisional deactivation of the translationally 

hot :CH2  formed from the latter process may eventually promote 

bond rupture rather than deexcitatlon. In fact, the decomposition 

of some hot Cl2  to C + 12 and C-H + H are reported. 89  The possi-

bility of the correlation between the energy content of CH 2  and 

that of the reacting hot carbon, therefore, becomes difficult. 

The originally-proposed insertion-excitation_decomposition 

route2  for the formation of hot CH 3  radicals is not likely in the 

benzene matrix. The sequential picking up of hydrogens by hot 

carbon atom, reaction (7), is probably the most relevant process. 
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3 C6H5-H + C( 3P) 	> CH3  + 3 C 
6  H  5 
	H = +1 Kcal 	(7) 

Usually, Only a few per cent (3.-8%)2 of the total hot reaction 

products could be accounted for by the formation of these radi-

cals. This is reasonable in view that the chemical reactivitles 

decrease in the order of C> CH>:CH2>.CH3 32 Therefore, most of 

the product-determining reactions could take place before the hot 

carbon atom could experience as many collisional processes as re-

quired for the production of hot methyl radicals. This is in 

good agreement with the observation that only 0.2% of methane 

was found in the reaction of recoiling carbon with benzene. 43  

The most prominant product in most of the hot carbon reactions 

in aliphatic hydrocarbon substrates is acetylene. 2  The mechanism 

of formation of this unique product is well established as in-

sertion-excitation_decomposition mechanism. The formation of 

hot CCH2  C2H, or C 2  species may follow a similar path. However, 

the path by means of stripping of CH by fast carbon 9°  from ben-

zene molecule may also be possible. The C 
2  H x species has been 

postulated in the formation of products having two more carbons 

3090 than the product molecule. ' 
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B. Undesired Side Effects in our System 

1. The incoming hot ions or atoms, during their slowing down 

process, may use up most of their excess energy in the fragmenting 

of benzene molecules. Tracks of fragments and radicals are thus 

produced along their path. There is certain probability that the 

primary labeled products and labeled reactive intermediates may 

interact with these fragments or radicals in the immediate neighbor-

hood. The destruction of the products, or the quenching of labeled 

intermediate species, may occur both during the irradiation and 

during the working up process. 

During our irradiations, the benzene was constantly added to 

the target cold finger so that only a fresh surface of solid ben-

zene was bombarded by incoming ions or atoms. The ratio of the 

incident ions or atoms to benzene molecules was about lO. 

Therefore for 10 KeV ion irradiations, the energy dose was 1 eV/ 

molecule (approximately 10 8  rads). It is possible that this rela-

tively high.dosage may cause some damage on the final labeled 

products. However, as is revealed in Table VII, the data covering 

the dosage between 0,01 and 1.5 eV/molecule, indicate that these 

effects are negligible within experimental error 4  A further support 

for this conclusion can be obtained from the fact that 31 up to 

5000 eV irradiations are essentially equivalent. 

2. As the energy of the fast carbons approaches a few hundred 

eV, a ut erminal hot spot" may result. A 300 eV atom may release 
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its energy, capable of heating about 1000 atoms of the crystal 

lattice to above the melting point, in a time of 10 3  seconds 

at the center of the hot zone. The thot.spot" thus formed may 

have a radius of about 10 A and a lifetime of 10_11 seconds (the 

time required for the temperature to fall below the melting 

point). 8' There is a finite chance that the hot atom or hot 

products will react with species in its vicinity during the life-

time of the hot zone. The thermal rearrangement or decomposition 

of the labeled products within this region are also possible. 

Since the intramolecular radioactivity distributions are used as 

the criteria for the discussion of the reaction mechanisms, the 

effect on the hot products within this hot spot must be considered. 

However, as will be discussed later (under t1Biphenylht, p. 166 ), 

the effect of the hot spot on the products appears not to be impor-

tant in our system. 

14 	 14+ 3. The utilization of CO 2  as the C source presents an 

unexpected difficulty. Although the irradiationg are carried out 

at high vacuum (10 mm Hg), a complete removal of oxygen, or oxygen-

containing fragments, from the target was not attained. This has 

resulted in the formation of appreciable amounts of benzaldehyde, 

tropone, and phenol, which are apparently derived from the quench-

ing of the key intermediate (carbenes or radicals) by oxygen or 

oxygen derivatives. While the contamination by oxygen sources may 

affect the absolute yields of the observed labeled products, the 
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relative yields of the products should not be changed as long as 

the steady state concentration of oxygen source can be maintained 

(for all the irradjations). 

C The Major Labeled Products 

l.Acetylene 

For a long time, our failure to detect labeled acetylene, 3 ' 18  

which is a main product in all carbon recoil studies on hydrocarbons, 2  

was the only discrepancy between this work and carbon recoil cheinis-

try. The difficulty has lately been solved by our use of a vacuum 

90 transfer technique for the product collection. 	About 5/ labeled 

acetylene is formed in our system. This is in good agreement with 

the value obtained from liquid benzene by Williams and Voigt 43  

	

(4.68%) and Rose 	42 (475%, only relative yields are given in 

this report. This value is obtained by assuming the absolute yield 

Of toluene as 2,3%). 

The insertion-excitation-decomposition has been suggested as 

the mechanism for the acetylene formation: 2  

- C 	+R-cH2 	- R_?_C*H 	R.+R' .+HCC*H 	 (8) 

Rt 

	

C* +R-CH2 	), R-C_C*H 	- R_R'+HC*CH 	 (9) 

H 
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The spin state of carbon can probably decide whether route (8) or 

(9) will be followed. 2  The carbon insertion was suggested by Mackay 

and Wolfgang91  from the fact that an unusually high yield of acety-

lene was formed in cyclopropane (65% vs. 20 - 30% for other hydro-

carbons) since a simple electronic redistribution is required in 

the formation of acetylene: 

ll + A 	 H11C CH + CH 2=CH2 	(10) 

The support for this carbon insertion mechanism was subsequently 

obtained from several double labeling experiments. Thus, the 

recoiling in the mixture of (1) C 2 D  6  and C2 116 , (2) CD 3CH3 , (3) CD 

and C2H4 , 92  (4) CD2CH2 , and (5) C 6  D  6  and C6H6 , 93  gave acetylene 

largely in the form of C 2 D  2  and C2H2 ; the yield of CHCD was sub-

stantially lower (about 10 percent). The other mechanisms involving 

CII species and the stripping reaction of carbon is unlikely because 

such processes are expected to produce a much larger amount of CHCD. 

In contrast to aliphatic hydrocarbons whose adduct with carbon 

can easily fragment to give high yield of acetylene, benzene gives 

a relatively small amount of acetylene. The formation of acetylene 

from thermal carbon and benzene, equation (11), 42 is energetically 

possible: 

C + C 6H6  ----p C 6H6  - C ---- k HCCH + H2CCCHCCH AH= -34 Kcal 

(11) 
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The small exothermicity of the reaction, the facile dissipation of 

the excitation energy of the adduct into the aromatic system and 

the extensive internal rearrangement required in the acetylene f or-

mation may account for the low yield (5%, compare to 13% from 

cyclohexane) 41  of acetylene from benzene. 

Williams and Voigt have recently suggested the following 

reaction routes for acetylene formation from benzene: 43  

~ 	
> L L,JJ  J --- [C--H I —* HC H 	 (12) 

[-H] 	HECH 	 (13) 

r 	 * 
I 	—*HCECH 	 (14) 

LJ 
Here, the intermediates in brackets are assumed to be highly acti-

vated species. Reaction (14) agrees with the double labeling 

(equal amounts of C 
 6  H  6 

 and C6D6 )_experiment. 93  Reactions (12) and 

(13), however, involve a subsequent hydrogen abstraction step which 

should give CHECD and HCCH + DCECD in the same probability. Since 

only 8.8% of the acetylene was in the form of HCECD, equations (12) 

and (13). can account for only 18% of the total acetylene production. 

A most, interesting and, perhaps, important feature of these 

mechanisms is that the hydrogens or radiocarbon in the C 7  cyclic 

intermediates must be well scrambled and that equations (12) and 

(13) are but of minor importance. 
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Alternatively, the CECil species produced in (12) and (13) 

may undergo several reactions (low energy processes,.such as in-

sertion in C-C and C-H bonds of benzene) other than hydrogen ab-

straction, rendering the yield of acetylene from this species 

very low. 

2. Benzene 

The hot nature of the, labeled benzene (re-entry product) for-

mation from carbon recoiling in benzene was extensively studied 

by Suryanarayana and Wolf. 38  The addition of the radical scavenger 

1,1-diphenyl-2-picrylhydrazy]. (DPPH) significantly reduced the 

yield of beuzene-C; the change from liquid to solid phase also 

showed the same effect. It was therefore suggested that some of 

the labeled benzene was produced by the thermal reaction of a re-

coil fragment with some radicals generated in the system. 

The re-entry products of many organic amines have been re-

'ported. If a mechanism such as the originally suggested "billard 

ballu replacement is followed, a statistical product distribution 

between the labeled parent and its carbon analog should be observed. 

(The replacement of a carbon or a nitrogen atom by recoiling radio-

carbon should take place with almost equal probability.) 

The investigation of the statistical nature of the re-entry 

products by the determination of the yields may present some 

ambiguities since the determinations of absolute yields are diffi-. 

cult. An alternative, and possibly the more reliable, way for the 

study of this problem is the determination of the intramolecular 
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radioactivity distribution. For example, the labeled toluene from 

the reaction of toluene with radiocarbon should have 6/7 of its 

activity in the benzene ring if a statistic replacement of 

14 by 	(or 
11
C) has taken place. Such investigations for the 

aromatic compounds are collected in Table XVI. 

Except for the toluene, the results contradicting the random 

replacement reaction are well demonstrated. The main features of 

the investigations tabulated in Table XVI are 

The distribution of radiocarbon favors positions with 

higher electron density in the parent molecule. 

The incorporation of radiocarbon in the angular positions 

of the polynuclear hydrocarbons is very small. There 

is no apparent reason for this. 

A change of phase or in irradiation time does not affect 

the observed radioactivity distribution. 

it is therefore suggested that thermal carbon could be respon-

sible for the re-entry product formation. Therefore, the nature 

of the chemical bonding and the thermodynamic factors of the in-

volved intermediate species will control the product formation. 

The yields of benzene-14C are essentially constant for the 

14+ with energy range between 5 to 15000 eV (see Table VII and 

Figure 40). The energy of the reacting carbon, therefore, is 

below 5 eV. Although the exact energy cannot be estimated in 

the present work, it appears sure that low energy instead of high 

energy species are involved. The reaction can then be visualized 
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Table XVI. The intramolecular activity distribution of the re-. 

entry products (parent molecules) 

Compounds Positions Theoretical (%) Exptl.(%) Ref. 

CH3 —C6H5  Me 14.3 11 37 

C 6  H  5 857 89 

t-Stilbene CH 7.1 12.5 37 

C 
6  H 

 5 429 375 

NaphthaIene a 10 16 94 

10 8.5 

9 1  10 10 0.8 

Phenanthlene a 7.15 43 94 

C 
6  H 

 4 42.8 7 

Antliracene C9  = C 10  7.15 43.3 94 

C14  = C58  28.6 6.7 

by assuming the formation of an excited intermediate species re-

sulting from the interaction of a carbon atom and substrate mole-

cule. Then, a swift reshuffling of the atoms followed by a reverse 
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reaction will probably introduce radiocarbon into the parent 

molecule. 

Williams and voigt 43  have suggested mechanisms for the for-

mation of labeled benzene as follows: 

H 
* 

+1: 	10]: O] 	(15) 

• [EJ 	;[c 	] 	,. 	( 16) 

+ 	
I-i 	

, 	- 	
(17) 

Thesehypotheses were supported by the yields of the labeled 

parent compounds from the 11C recoiling inbenzene, toluene, and 

p-xylene (3,54,2.70, and 2.40% in the unscavenged systems, and 

2.85, 2.31, and 2.06% with DDPH). These data have been inter-

preted as showing that the methyl groups on the aromatic nucleus 

exert a steric shielding. Thus, the yields of the labeled 

toluene and xylene were expected to be 5/6 and 4/6, respectively 

of that of the benzenes. A remarkable agreement with the experi-

mental data was demonstrated. 

These data may, however, be interpreted in an alternative 

way if a bicyclo(1.1.0)-butane structure is present in the C 7  

intermediate. 
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*CN  

	

6J + 6C 	6 [ 

	
j 	

6 	-p 6 C 	6 C (18) 
III 	 IV 

6 	 6c 	2 	1,2 	+ 	
+ 	 •- L9J + 7C 

VI 	 (19) 

6 	-t• 6C 	 2 	 '4 	9 2 	+ 8 C. 	(20) 

VII 	VIII 

The formation of the intermediates IV-VIiI may involve the benzyii 

dene (III) and its methyl derivatives resulting from the C-H bond 

insertion by carbon atom, the intramolecular C=C bond insertion by 

the carbene III and its methyl analog, then, give structures IV 

VIII. An essential feature of this suggestion is that the oncoming 

radiocarbon is made equiaient to one of the ring carbon during 

the formation of the reactive intermediate. 'Subsequent reverse 

reaction (the decomposition by removinga carbon atom) leads to 

the reformation of both labeled and unlabeled parent molecule in 

the same proportion. The structures IV-VIII are probably over-

emphasized; these intermediates may, alternatively, be represented 

by partial bond structures IXa, b: 

(IX) 
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In fact, the replacement of 12 
C by 

14 
C can be envisioned as a one- 

step process (by analogy to SN2 reaction) involving the approach 

of a radiocarbon from one side of the benzene molecule: 

3*c 

+ 

Attack by a C atom and expulsion of a C atom are then a syn-

chronous process. 

The intramolecular activity distributions of the re-entry 

product of aromatic hydrocarbons can now be rationalized: the low 

energy, or thermal, carboii, by virtue of its high electrophylicity, 

tends to attack the position with higher electron density; thus, 

for the naphthalene, 

CDI~D 
	

C  0 	w 
0 

Xa 	 Xb 
	

Xc 

the population of structure Xa may be expected to be higher than 

that of Xb and Xc. Furthermore, the formation of naphthalene 

from Xc should be difficult since more elaborate bond breaking 
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and reformation are required. The observed high activity in C 1  

position of naphthalene, and of C 910  of phenanthlene and anthra-

cene, and the extremely low activity in angular carbons, are in 

good agreement with this hypothesis. 

The kinetically hot carbon atom may participate in the above 

reaction. An inelastic collision between hot carbon and benzerLe 

may lead to the formation of vibrationally and, also, electroni-

cally excited species. It is not unlikely that an electronically 

excited IX may give rise to a labeled benzene in its higher 

electronic states. Since benzene is known to isomerize to benz-

valene(XI), fulvene(XII) and Dewar benzene(XIII) by the vacuum 

XI 	 XII 	 XIII 

ultraviolet photolysis, 95  it was hoped that these compounds would 

be found in our product mixture. These possibilities were 

searched for by the hydrogenation of aliquots of target material, 

but without success. None of the expected labeled n-hexane, 

cyclohexane, and methylcyclopentane was detectable. 

3. Toluene 

The detailed study of the toluene-C formation from carbon 

recoiling in benzene was reported by Suryanarayana and Wolf.58 
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The yields of labeled toluene were not depressed either by the 

addition of radical scavenger (DPPH) or the change in phase 

(liquid to solid). The toluene- 11C was thus said to be a hot 

reaction product. 

The hot reaction products with one more carbon than parent 

molecule (for example, toluene from benzene, ethyl benzene from 

toluene, etc.), are classified as the synthesis products. 2  The 

formation of these products has been widely investigated. Hot 

methylene was suggested as being responsible for the synthesis 

product formation by Wolf et al. 36  

The photolysis of 14CH2NH2  in benzene solution was reported 

by Leminon and Strohmeier; 96  the toluene- 14C formed here was 

specifically methyl labeled () , 99.8%). In contrast, only '85 - 88% 

3639 
activity ' was found in theinethyl carbon of the toluene ob- 

tamed from recoiling carbon and benzene. The results obtained 

from 5000 eV 14 + C beam showed a similar activity distribution 3 18  

(Table XIII). 

The total activity distribution of toluene- 14C obtained from 

our 5000 and 4000 eV irradiations, along with that of Visser 

etal's 39  are listed in Table XVII. 

The essential equivalence of the toluene activity distribu-

tion indicates the same kinds of reactions are occurring in both 

hot carbon ion beam experiments and the recoiling carbon. Columns 

2, 3, and 4 represent results obtained by three different degrada-

tion routes. Slightly high values for the C 2  positions were 
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Table XVII. The activity distribution in toluene-' 4C from benzene 

Sources 
5000 eV 

po5ti0a) + benzene(%) 

-CH3  85.2 

Cl  7.4 

2 C 2 5.1 

2 C3  2.4 

C4  1.1 

4000 eV 14C 	14N(n,p). 14C reaction 
38 + benzene (,) 	in benzene 	(/.) 

	

84.3 	 85.7 

	

7.9 	 7.65 

	

4.6 	 3.68 

	

1.1 	 2.00 

	

0.6 	 0.99 

a) The carbon positions are numbered as CH3 q 

obtained in our degradations, yet the agreement of the values, in 

general, is remarkable. The C 3  and C4  activities in column3 are 

low compared to columns 2 and 4; the cause of this deviation is 

not understood. 

The mechanism for the scrambling of activity in the ring of 

toluene- 14C was first suggested to involve either tropylium ion or 

an excited norcaradiene intermediate. 38  

0 a. 
XIV 	 XV 
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The initial formation of hot *Cii 2  from the incoming hot C was 

assumed. The tropylium ion (XIV) could be formed from the excited 

C 
 7  H  8 intermediate, resulting from the interaction of the hot methy-

lene with benzene. A toluene with radioactivity distributed 

equally in all positions should be expected from this route. 

The results shown in Table XVII serve to eliminate the possibility 

that the route involving structure XIV or any symmetric inter-

mediate.is the sole mechanism of the toluene' formation. The 

insertion of hot *CH  into 'a C-C bond of benzene, on the other 

hand, may lead to an excited norcaradiene (XV) specifically 

labeled at the 7 position. However, the excited norcaradiene may, 

due to its excess energy brought in by *CH 2  rearrange and even-

tually scramble the activity among the carbons in its structure. 

The toluene labeled in a certain pattern may then be formed from 

the rearrangement of norcaradiene (Eq. 22). 

+ 

Kv 

I 	 CH 

• 	
o ___* d-c~ 

• 	

. 	 URT4REACEHE1 

(22) 
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A more elaborate mechanism was recently suggested by us. 90  

Again, the hot *CH 2  was postulated. 

c .I 3 

:2 + © 	. [] 	
) [ J :i 	(23) 

} 

6 

xvr 	 xv.  

IL. 	IL. 
0 	(24) 

) 

This mechanism differs from that of. Suryanarayana and Wolf's in two 

features: First, the insertion of hot methylene was assumed to 

occur at both C-H and C-C bonds. Second, detailed mechanisms of 

the insertion reaction, hydrogen migration, and rearrangement of 

excited norcaradiene (XV) were suggested. Here, most of the acti-

vity in the methyl group of toluene was attributed to C-H bond 

insertion by a hot methylene(Eq. 23). Meanwhile, the C-C bond 

insertion of hot *CH 2  gave, instead of,  norcaradiene (XV) directly, 
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a biradical (XVI). The scrambling of the activity in the benzene 

ring could then take place via the formation of norcaradiene and 

the subsequent rearrangements (Eq. 24). - 

Although the hot methylene formation in hot atom chemistry 

is generally well accepted, the first direct evidence for its for- 

mation is. still to be seen. A synthesis product from a hot carbon 

reaction, consisting of one CH 2  more than the pareit molecule, 

can basically be considered- as resulting from three possible 

routes: 

C + RH 	CH  RH 
 CH2 	RH > RCH 3 	- 	 (25) 

C + RH 	> CH - RH RCH2  -.--- RCH3 	 (26) 

c+RH—RCH!RcH3  

The- -possibility of the participation of methyl radical is not 

considered here for the reason previously mentioned. The argument 

about- the relative importance of equations (25), (26), and (27) is 

intriguing, although the energy and momentum considerations tend 

to favor (25). There is as yet no chemical means to indicate at 

what stage the hydrogen pick-up process takes place. However, 

several interesting features concerning this matter may be ob-

tained from the literature and from the present -work: 

a. One of the supports for the CH 2  formation in carbon 

14 	 14 recoiling was that the xylenes- C and ethylbenzene- C obtained 
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from toluene showed a statistical distribution, the relative 

yields for o-, m-, and p-xylene and ethylbenzene, 2.1, 2.3, 1, 

and 3.1 respectively, were taken as indicating a random attack 

behavior of the methylene. This is to be contrasted with the 

recent results reported by Williams and Voigt 43  in which a.de-

tail of carbon-il recoils in benzene, toluene, and p-xylene was 

studied. A non-statistical rather than statistical nature for 

the formation of the synthesis products was well demonstrated (a 

similar result was also obtained for the interaction of recoiling 

carbon-il with p-xylene). 

The reaction of singlet methylene (from photolysis of ketene) 

with toluene was reported by Terao and Shida, 97 using both pyrex 

and quartz cells. A high-pressure mercury arc was used as the 

light source. The results indicated that a ratio other than 

statistical was obtainable for the reactions of methylene in 

liquid toluene. 

Table XVIII shows the yields of xylenes and ethylbenzene 

from the reactions of toluene with recoiling carbons, photolyti- 

cally producedmethylene, and methyl radicals. Williams and Voigt's 

result indicated, besides non-statistical nature, the product 

distribution was not identical with that obtained from singlet 

methylene and from methyl radical. 

The yield of ethylbenzene was among the highest (4.8) in 

the products. While the random mode of attack predicts the value 

of 3, this is indicative of the participation of a species other 

than methylene, which prefers to attack the methyl group. The 



-151- 

Table XVIII. Relative yields of xylenes from toluene 

1 
97 	 C+Tol 

Statistical 	. 	:CH2+Tol 	+Tol Williams 
Compounds insertion CH 3+Tol98  pyrex. quartz Wolf's 37  et al's43  

o-Xylene 	2 	33 	trace 	0.8 	2.1 	1.49 

m.-Xylene 	2 	1.6 	1.55 	1.84 	2.3 	1.36 

p-Xylene 	1 	1 	1 	1 	1 	1 

Ethylben- 	3 	1.6 	1.1 	1.12 	. 3.1 	4.75 
zene 

yiel.d of o-xylene (despite the possible steric effect) was slightly 

higher than (or at least comparable to) that of m-.xylene. This is 

in agreement with the observation that the yield of c-methylnaphtha-

lene was twice as much as the s-derivative from naphtha1en. 94  

the preference of attack at an electron-rich center is indicated. 

b. The gas phase photo-isomerization of cylcoheptatriene 

to toluene has been reported by Srinivasan. 99  It was established 

that the isomerization to toluene occurred not from an electroni-

cally excited cycloheptatriene, but from a vibrationally excited 

ground State molecule formed by the internal conversion of the 

electronic energy. The cycloheptatriene at a higher electronic 

state, however, would convert itself to abicycloheptadiene. 

These results were in agreement with results obtained from the 

photolysis of cycloheptatriene in the liquid phase in which the 
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products consisted mostly of bicycloheptadiene and very little 

100. 	14 toluene. 	Thetoluene- . C formed in the photolysis of diazo- 

methane-) 4C in benzene96  was exclusively labeled :at the methyl 

position. The rearrangement of cycloheptatriene to toluene, as 

was indicated by Eq. (22) and (24), is not the predominant cause 

for the scrambling of radioèarbon into the aromatic ring. 

C. While the ratio of cycloheptatriene and toluene pro-

duced from the reaction of photochemically produced CH 2  and 

benzene is .35.96,101 the ratio of these two cbmpounds in carbon-il 

recoiling and.our 14 + 	 42 	43 C irradiations are 2.3, 	1.2, 	and 2.3, 

respectively. The indication is that a species other than that 

of the CH2 	produced photochemically is involved in the hot atom 

chemistry. 

d. An important conclusion can be derived from the 

activities in the C1  and C2  positions of toluene. Eight and five 

• percert of the total activity in toluene was found in C1  and C, 

respectively (Table XVII). The norcaradiene (XV) was the key 

intermediate for the scrambling of activity in the benzene ring 

in both mechanisms described above (Eq. 22 and 24). The formation 

of toluenes labeled at different positions can then be represented 

by the following equations 
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CH3  

• [-_' 	
•• 	C:3 	CH3  

A 
XVa 	 CH.3 	 CH 

'xv 	

___, a 
 - ____ 	

*• 
1• 	

* 

xv• 	•.,, 	 $ 
C 

Obviously, structure XVa  is the only source of C 1-labeled toluene. 

Since XVa  is a symmetrical molecule, the probabilities for the 

production of C1- and C2-labeled toluenes should be equal. C2-

labeled toluene can also be formed from XVb.'Therefore, the ratio 

of C1/C2  activity., should always be less than one. The observed 

C1/C2  ratios are 1.5, and 1,7 for our degradation, and 2,1 for 

Visser etal..'s, These are much larger than the expected value 

of legs than one. One may then be tempted to assume a kinetic 

isotope effect. The calculated upper limit for 14C isotope ef-

fect102  is 1.5, yet the largest effect actually observed is 1.14.103 

The reaction sôheme involving norcaradiene as a main intermediate 

should therefore be questioned. 
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a. The mechanisms involving equations (22) and (24) 

require the formation of hot methylenes because the isomerization 

of norcaradiene structures must be energized by the excess energy 

brought in by this species. The formation of hot :CH 2  is possible 

in the case of high-energy carbon irradiation. As the energy of 

the carbon is lowered, the population of hot :CH 2  should be re-

duced accordingly. Since the excess energy of :CH 2  is no longer 

available in the lower energy irradiations, the extent of the 

isomerization of, norcaradiene and, therefore.;.the activity in' 

the aromatic ring should be expected to decrease. 

Our results obtained from the partial degradations of toluene 

from various energy irradiations, however, showed an opposite; 

trend (Figure 40). The ring/methyl activity ratio for irradiations 

above 31 ev 14 C were practically constant; however, a dramatic 

increase in the ring activity was found at 5 eV. The irrelevancy 

of. the :, excess kinetic, energy in the incorporation of radiocarbon 

in the toluene ring can therefore be concluded. 

f. While the toluene yield decreases slightly as the 

energy is lowered from 15 to 0,1 KeV, and does so drastically 

below 0.1 Key, the ring/methyl activity ratio is constant above 

31 e (Figure 40). It is likely that the niethy'lene- 14C, if there 

is any formed, should give activity only on the methyl group (see 

b.). Some reactive species such as C and CH should then be res-

ponsible for the activity incorporation in the ring (see e.). If 

this is the case., the decrease in the yield at the lower energy 
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Figure 40, The yields of benzene, toluene, cycloheptatriene, and 

phenylacetylene, and the C 6H5/CH3  activity ratio of 

toluene. 



irradiation mustmean the-decreasein the formation of :CH2  and 

therefore affect the activity ratio. A reverse effect wasobserved 

in. our system. The involvement of :CH2 , therefore, cannot apply. 

This observation can, however,.be visualized by assuming the in--

sertion reactions carbon with different energy of electronic 

state ( 3P, 1D, and 1S, see p. 169). 

g. Finally, Skell and Enge1104  indicated that syn-

thesis products are obtainable from the reaction of thermal C( 1 S) 

with alkanes. The C-H bond insertion., followed by hydrogen ab-

stractions by the resulting carbene was suggested as the sole 

reactionmechanjsm. The absence of CH 2  formation was clearly 

demonstrated by attempted trapping with olefinic compound. The 

hypothesis ofCH 2  formation in favor of C-H insertion of carbon 

in hot atom chemistry should therefore be made only with 

reservations. 

Although all the facts a - g tend to indicate the relative 

unimportance of reaction (25), the possibility of its minor role 

in the formation of methyl labeled toluene cannot be excluded. 

Reaction (26) is unique, because the addition of CH into 

the benzene molecule may lead to the formation of the cyclohepta-

trienylradical (XVII). 	This is a symmetrical and resonance- 

stabilized (RE=31 Kcal/mole) 105  species. A randomly labeled 

XVII 
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toluene should be expected if XVII is formed in the reaction. 

A careful examination of activity distribution reveals that the 

activity in C 4  and C3  positions of toluene are equally distri-

buted. One may, therefore, conclude that some of the toluene 

is formed from reaction (26). 

By a process of elimination, reaction (27) can be consi-

dered as the most important process leading to the ring labeling 

in toluene. 

Two basic mechanisms have previously been postulated for 

31 the reaction of hot carbon with ethylene. 	First, the carbon 

is able to attack the carbon-carbon double bond to give cyclo-

propylidene.. Such an intermediate seems to collapse swiftly to 

a hot allene which, in turn, rearranges to methylacetylene, or 

is collisionally deactivated to allene. Second, the insertion 

of carbon may take place at a C-H bond to give an intermediate 

carbene which can then rearrange to methylacetylene and allene, 

fragment to acetylene, and form a C 5  compound by inserting into 

a second molecule of ethylene. The support for these hypotheses 

is substantial. 31  

Our activity distribution can siDlilarly be interpreted by 

the:basic reaction schemes (31) through (33) shown on the fol-

lowing page. The insertion of carbon into a C-H bond gives C 7-

labeled benzylidene (III). Subsequent hydrogen abstraction by 

III gives toluene specifically labeled on methyl group (reaction 

31). The carbenes (III) and (XVIII) (resulting from C=C insertion 
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of carbon),.on the other hand, may intramolecularly insert into a. 

C-C double bond producing the tricyclic compound IV. The structure 

IV is postulated here to account for the C 1  and C2  activities which 

are, otherwise, difficult to explain (see p.  152 9 	). There are 

three different bonds, a, b, and c, in the bicyclobutane ring of 

IV. The simultaneous or stepwise ruptures of a and b, and a and c 

on C1  respectively give C 1  - and C 2-labeled carbene III. We shall 
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assume that the rate of ab and ac ruptures are in such a mariner 

that the ratio of C 1  and C2  labeled III equal the C 1 1C 2  ratio 

observed in toluene molecule. This is possible since b and c 

are physically different. One other feature of the bond rupture 

of IV must be considered. C 1  and C 7  are equivalent in IV; thus 

the bond breaking of ab and ac onC 7  which gives methyl labeled 

III may take place with the same rate. The net result of these 

isomerizations is the formation of lila with radioactivity 

equally distributed in methyl and C 1  + C2  of toluene (with C 1/C2  

• 	equivalent to that of toluene obtained from high energy irra- 

diations). Similarly labeled toluene can then be formed by the 

hydrogen abstractions by lila (reaction 32). 

Table XIII shows that the ring activity of toluene from 5 eV 

irradiation is twice as much as that of the methyl group. This 

is not feasible if III and IV are the only intermediates involved. 

An intermediate which incorporates more activity in the aromatic 

ring is mandatory. Cycloheptatrienylidene XIX and the aromatic 

tropenyl radical, XVII, seems to best fit this requirement (the 

extensive rearrangement of the hot norcaradiene and cyclohepta-

triene may lead to the labeling of 6/7 activity in the ring. such 

a possibility may be eliminated by the reason stated on p. 152-

15 I,e.). XIX can be formed from the C=C insertion of carbon 

atom. The isomerization of this species is unknown. However, 

with the help of excess energy introduced into the molecule, 

the randomization of the molecule is not unlikely. The formation 
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of XVII may involve the hydrogen abstraction of norcaradienyli-

dene XVIII and/or cycloheptatrienylidene XIX. Another possible 

route for XVII is, as was mentioned previously, the interaction 

of CH with benzene. The relative importance of these two routes 

is difficult to estimate, although for simplicity, the former 

is preferred. 

While C-H and CC bond insertions are postulated and sub-

stantiated by Wolfgang, little attention has been paid.to  the 

possibility of product formation via the hydrogen abstraction 

by the carbenes produced from the interaction of carbon with 

the organic substrate. The evidence that a substantial hydrogen 

abstraction by intermediate carbene does take place can be ob-

tamed from the study of the reaction of the carbon atoms with 

alkanes reported by Skell and Engell) 04  Thus, the reaction of 

carbon vapor with isobutane gave 32% (based on the total C 1  

species to which the substrate was exposed) of isopentane, and 

the reaction of n-butane similarly gave 21% n-pentane and 23% 

isopentane. The absence of CH2  formation here was firmlyes-

tablished with added olef in (no corresponding cyclopropane 

was fOund). Further, 52% of dimethylcyclô.propane and 9% 

ethylcyclopropane, resulting from an intramolecular C-H bond 

insertion of initially formed carbenes, were obtained from iso- 

butane and n-butane, respectively. A similar insertion is pos- 	 - 

tulated here for the formation of IV. 

The activity distribution of toluene from high energy irra-

diation can be explained by the reactions (31), (32), and (33). 
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The participationof 73% of reaction (31), 20% of reaction (32), 

and 7% of reaction (33) may then account for the observed acti-

vity distribution. However, because of the excess kinetic 

energy of the carbon atom, some methylene gives, as in the case 

of photolysis, toluene exclusively labeled at the methyl group. 

While the estimated minimum role of reaction (31) is about 20% 

(calculated from activity distribution in benzaldehyde), its 

upper limit contribution cannot be predicted. 

The second part of reaction (31), and the formation of 

methylene, are endothermic processes. The probability of 

these reactions would certainly be supressed at the low end 

of the energy scale. In fact, the yield of toluene was dras- 

tically reduced when the energy of incident 14 C ion was below 

100 eV (see Figure 40). 

The data on the 5 eV irradiation (see Table XIII) appears 

to indicate that reactions (32) and (33) are enhanced at low 

kinetic energies of the incoming carbon. Thus, at 5 eV 

irradiation, the ring/methyl activity distribution ratio in-

creases drastically. 

The intermediates III, IV and XVII are most probably formed 

from carbon atoms of different energy and spin states. The 

assumption of these states must be made in order to account for 

the many observations obtained in this work. 
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Cycloheptatriene 	., 

Many aspects of this compound's production from benzene 

14+. 	 44' and 	C ions are described by Pohlit. 	Its mechanism of for- 

mation is assumed to be due to the reaction of CH 2  and benzene. 

While the complete degradation has not been done, the re-

suit from the partial degradation (see Figure 39) shows a near 

random distribution. A process including the formation of nor-

caradienylidene (XVIII), cycloheptatrienylidene (XIX), 'and 

cycloheptatrienyl radical (XVII) ,' followed by hydrogen abstrac-

tion, is possible. Some support for this possibility can be 

found Ln Williams and Voigt's paper, 43  in which the yield of 

cycloheptatriene was reduced by 1/3 by the addition of radical 

scavenger (DPPH). 

Phenylcycloheptatriene and Diphenylmethane 

The formation of these two compounds can best be understood 

by the insertion reaction of the carbenes III, XVIII, and XIX: 90  

phenylcycloheptatriene can be formed by the insertion of III 

into a C=C',r bond,, XVIII and XIX into a C-H bond of a benzene 

molecule, whereas diphenylmethane can be formed by the CH inser-

tion of III. Another possible route for the diphenylmethane is 

the isomerization of phenylcycloheptatriene (or phenylnorcaradiene). 

Such a process is unlikely since the intramolecular activity dis-

tributions of these two compounds are distinctly different. 
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A photolytically produced phenylcarbene (III) is known to 

be able to attack the C-C bond of benzene (producing phenylcyclo-

heptatriene) but no diphenylmethane was found in this system. 49  

Similarly, the cycloheptatrienylidene XIX is inert toward addi-

tion to an olefinic double bond. 106  Therefore, the insertion 

into a C-H bond by a thermal III, and the reaction of thermal 

XIX with benzene, cannot be expected in our system i  The assump-

tion of the hot III and XIX is then necessary. 

The intramolecular 14C distribution of phenylcycloheptatriene- 

14 	 14+ 
C from 5000 eV C irradiation is shown in Figure 39. This is 

tentatively explained by the reactions of the carbenes III, lila 

and/or Ilib, and a hot XIX. 

We can, for example, estimate the ratio of participating 

III, lila, and XIX. Since cycloheptatrienylidene XIX may be 

the intermediate leading to cycloheptatriene, the cycloheptatriene 

ring in phenylcycloheptatriene may be assumed to have an activity 

distribution similar to that of cycloheptatriene. If the activity 

due to xix is subtracted, a phenylcycloheptatriene with phenyl/C 7  

ratio of 16/43 can be otained. This ratio can further be ex-

plained by III and IIIa,b. The relative abundance for III, lila 

and XIX, so estimated, for the phenylcycloheptatriene formation 

is IIl:IIIaXIX = 37:32:37. 

There are two alternative ways for the incorporation of 14C 

in the phenyl ring 	(l)The intermediate formation of spiro(6.6)- 

tridecahexaene, XXI, from the reaction of XIX with benzene, and a 

subsequent rearrangement to phenylcycloheptatriene may give the 
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cx 
- XXI 

phenyl labeled compound. (2) The C=C insertion of benzylidene 

Ilib resulting from the isomerization of XIX. The first possi-

bility was checked by the isolation of its hydrogenated product, 

spiro(6.6).tridecane, II. The result 1ndicated an upper yield 

limit of 0.01%. Since the yield of phenylcycloheptatriene is 6%, 

this route is less appealing. The second route is essentially 

indistinguishable with that involving lila. Whether lila or Ilib 

is responsible for the process could probably be decided by the 

complete degradation of the phenylcycloheptatriené. 

The 14C distribution in diphenylmethane is relatively simple. 

The activity in aromatic rings could be accounted for by lila or 

Ilib, and that in the niethylene carbon by III. 

6. Phenylacetylene and Styrene 

C 2  H  x (x = 0, 1, or 2) has been postulated for the phenyl-

acetylene formation. 43 ' 90  The formation of C-CR via insertion-

excitation-decomposition mode was described on p. 137 (Eqs. 12, 

13). An alternative mechanism of C 2R formation by the stripping 

reaction of the fast carbon was also suggested. 9°  Phenylacetylene 

could then be formed from the subsequent reaction of this C H 
2x 
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with benzene. The support for this mechanism is substantial, 

since more than 96% of the activity was found in the'acety1ene 

part. 

The 2 to 1 ratio in the activity of a and of carbons of 

phenylacetylene is of particular interest. The intermediacy of 

C2  is unlikely since such a species would lead to random distri-

bution. C-CH is the most likely candidate. The a  and activity 

ratio can then be taken as: (1) the ratio of reactions 13 and 12, 

or (2) the formation of hot *C_CH species causing a partial 

scrambling of the activity. 

A decomposition stabilization of a metaètable C 13  compound 

may, similarly, yield phenylacetylene. This process is supported 

by the formation of n-alkylbenzenes (see alkylbenzenes). Figure 

40 shows that the yield of phenylacetylene and phenylcyclohepta-

triene is constant in the energy range of 0.1 to 15 KeV (while 

others change slightly with the change in energy). The possibi-

lity of phenylacetylene's formation by the fragmentation of 

phenylcycloheptatriene, or its precursor, is indicated. 

The yield of styrene is quite low (about 0.5%). While no 

degradation was done for this compound, the mechanism of its 

formation would be expected to be similar to that of phenylacetylene. 

L Biphenyl 

Biphenyl could be produced from the reaction of phenyl radi- 

107 	 108 cal 	and benzyne 	with benzene. 
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Benzobarrelene (XXII) and benzocyclooctatetraene (XXIII) 

are also formed along with biphenyl in the.reaction of benzyne 

with benzene. These compounds (XXII and XXIII) are not found in 

our target material. Therefore, benzyne appears not to be formed 

in our irradiations. 

The finding of the labeled phenol, on the other hand, may 

be taken as evidence of the existence of the phenyl radical. 

This radical is known to be highly reactive (much more reactive 

than alkylradicals). 109  Its e.s.r spectrum at 77 °K consists of 

nine hyperfine lines that can be attributed to major hyperfine 

coupling between the two ortho protons and a smaller coupling 

due to the two meta protons. At higher temperature (about -50 0 C), 

only a singlet spectrum is obtainable.
110 

 The delocalization of 

the electron and, as a consequence, the scrambling of activity 

in the labeled phenyl radical is then expected at high temperature. 

Figure 39 shows that the 14 C in biphenyl is concentrated (81.3%) 

at the C 1  carbons. It appears, therefore, that 14 C scrambling 

by the rearrangement of the phenyl radical hardly occurs in our 

irradiation. As little restriction to the isomerization of 

phenyl radical should be expected in the previously mentioned 

hypothetical "hot spot", the lack of delocalization of 14C in 

biphenyl is an indication for the absence of such a "hot spot" 

at the point where the biphenyl precursor is formed. 
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8. Benzàldehyd,Tropone, and Phenol 

These compounds most likely resulted from a quenching reaction 

by oxygen or an oxygen-containing species on one of the inter-

mediates; benzylidene (III), cycloheptatrienylidene (XIX), and 

phenyl radical. C 7116  intermediates such as III, XXIV, XXV, and 

XV11142  have been suggested for recoil carbon reactions in benzene. 

No direct evidence of the involvement of such species has been 

given. Our results here may serve as the first instance in which 

the participating intermediates are clearly trapped. 

	

C 	HOM Q&H 

	

XXIV 	XXV 	XVIII 	III 

The possible sources of the oxygen are discussed by Pohllt. 44  

However, there is a's yet no definite answer to this problem. 

The yield of benzaldehyde, as well as that of other major 

products, is not affected when 02 is introduced simultaneously 

with the input benzene. This is to be contrasted with C recoils 

in ethylene 31  where the addition of oxygen eliminates the production 

of a C5  compound. It is probable that intermediates which cannot 

react effectively with triplet oxygen are formed. 

The carbonyl-ring activity distribution of benzaldehydes ob-

tained from various irradiations are listed in Table XIV, For both 
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14+ 	14+ 
C and CO beams the activity distributions are similar for 

irradiatlons at energies between 5000 and 15 eV.. Support for 

this result is provided by the fact that the kinds and yields of 

+ the major products are the same for 14 	14 + 
C and CO at the same 

energy. The indicatiOn is that, for the 14C0+ irradiations, the 

incident 14CO ions break down before the actual chemical events 

take place. The possible spin states of III and XIX will be 

briefly discussed below, 

9. n-Alkylbenzenes 

n-Propyl-, n-butyl-, n-pentyl--, n-hexyl-, and n-heptyl-benzenes 

are tentatively identif led from the hydrogenated sample. The yields 

are between 0.5 and 0.9% (see Table VI). These producti are appa-

rently formed from the benzene derivatives carrying unsaturated 

straight chain groups. 

As for the phenylacetylene and styrene, two possible mechanisms 

can be predicted for the formation of these unsaturated phenyl 

derivatives 	(1) that they are formed from the reaction of ben- 

zene with the labeled unsaturated straight-chain fragments result-

ing from the random fragmentation caused by the fast carbon, and 

(2) that they are formed as a result of decomposition of a C 13  

ruetastable intermediate. 

Unsaturated non-aromatic hydrocarbons ar6 certainly formed in 

our system. The reported compounds are allene, propyne, 1,2-

butadiene, 1,3-butadiene, isobutene, and 1-butyne) 8  If the pre-

cursors to these C 3  - C compounds react with benzene, the 
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precursors to n-propyl- and n-butylbenzene should be formed. 

Since n-penty].-, n-hexyl-, and n-heptylbenzenes are formed in our 

hydrogenation reaction and their yields are higher than that of 

their n-propyl- and n-butylbenzene counterparts, unsaturated C 5  - 

C 7  chain compounds must also be formed. We therefore carefully 

sought for the preseñcé of unsaturated C 5  - C 7  compounds. The 

results, unfortunately, were negative. Mechanism (2) is therefore 

favored over (1). It is believed that insight into this problem 

could be achieved by degradations of these alkylbenzenes. 

10. Barrelanes 

We originally thought that the Diels-Alder addition of acety-

lenic compounds to benzene and the subsequent decomposition of the 

highly strained adducts, barrelene (XXVI), might contribute to 

the formation of benzene and toluene. Similarly, phenylacetylene 

might react with benzene to give phenylbarrelene. These possibi-

lities,were checked by the search for their hydrogenated products, 

barrelanes. The results indicate that the occurence of these 

reactions is, at most, negligible (Table vi). 

D. Electronic States of the Precursors 

Atomic carbon has been known to have a triplet ground state 

( 3P) with two low-lying, long-lived, metastable singlet states: the 

1D(T-1/2 	15 sec) and 1S(T-1/2 	2 sac) lying 1.3 eV and ...2.7 eV 

above the ground state. 
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The reactions of ls,  'D, and 3P carbon with both alkanes and 

alkenes were reported by Skell and Engell. 21 ' 104 '  111. 	They found 

that the C( 1S) is capable of inserting into the C-H bond, of aikanes. 

The carbene formed can, in turn, undergo intramolecular insertions 

and hydrogen abstractions leading to cycloalkanes and alkanes 

(with one more carbon than the parent molecule). No such insertion 

is observed for C( 1D) and C( 3P). The reactions of carbon atoms, 

with olef ins are unique. Only spiropentanes, resulting from conse-

cutive it-bond additions of carbon, and initially formed cyclo-

propylidene, are formed from C( 1D) and C( 3P). None of the spiro-

pentane is obtainable from the reaction of C( 1S) with olefin: the 

sole observable products here are the allenes. 

31 Marshall, Mackay, and Wolfgang, on the other hand, postu-

lated the C-H insertions of C( 3P) for the reaction of hot 11 C atom 

with ethylene leading to acetylene. The experimental support for 

this is convincing. The formation of the other major product, 

allene, is accounted for by the it-bond insertion of C( 1D). This 

is to be contrasted with Skell's results. 

The results of these two groups of workers differ in several 

i 	 3 aspects 	 1 	3 	
i (1) Thermal D and P do not nsert nto C-H, while P 

does react in carbon recoiling. (2) Thermal C( 1S), but not C( 1D), 

gives allenes from olef ins. 	However, C( 1D) in carbon recoiling 

is assumed to give allene. (3) No spiropentane is formed in carbon 

recoil systems. These differences are, in fact, to be expected, 

since a large excess of kinetic energy is available in recoil 
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chemistry. The C-H insertion of hot C( 3P) is a likely process. 

Similarly, the cyclopropylidene formed from hot 1D and 3 P is 

probably so excited that it bypasses this configuration and col-

lapses directly to the allene. 

For the interpretation of all the facts observed in this 

work, the insertion. of the hot C( 3P) and C(1D) as well as C( 1S) 

is postulated. 

The C-H and C=C insertions of the hot C( 3P), C(1D) and C( 1S) 

lead to the intermediate carbenes with corresponding spin states 

(shown on the following page). 

Table VII shows that the addition of 02 during the irradiation 

does not affect the kind and yield of the products. The singlet 

and/or excited nature of all the intermediates is indicated. 

The excited triplet phenylcarbene (III, Me labeled) derived 

from C-H insertion of hot C( 3P) can: (a) dispose of its spin by 

bond rupture to give acetylene, 31  and CCH which in turn reacts 

with benzene to give phenylacetylene, (b) abstract two hydrogens 

to form toluene-7- 14C, and (c) insert into C=C of benzene to form 

$CHT-7-14C. 

The C=C bond insertion of C( 3P) gives excited triplet norcara-

dienylidene XVIII, and/or cycloheptatrienylidene XIX, which: (a) 

may decompose to acetylene and CH, and (b) abstracts hydrogen 

to give cycloheptatriene-7- 14C (this is supported by the fact that 

slightly higher activity was found in C 167  of cycloheptatriene, 

the other CHT from a similar reaction of singlet carbons is ex-

pectedto isomerize to near randomness due to the higher internal 

energy of the carbon involved). 
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A C-H insertion of hot C( 1D) gives hot singlet III, similar 

reactions of singlet III then provide methylene labeled diphenyl-

methane, $CHT-7- 14C, and toluene-7 4C. Meanwhile, singlet III is 
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capable of undergoing intramolecular C=C insertion, giving IV, 

which during its energy degradation isoinerized to III (see p. 172). 

Such a species (lila or IV) cannot be obtained from triplet III 

since the spin disposal is difficult in this case. The insertion 

and hydrogen abstraction of III. eventually leads to the forma- 

tion of phenylcycloheptatriene (activity in C 7  = aromatic C1 - C 2 ) 

and toluene (activity in C 7 	C1  + C2 ). 

The C=C additIon of the hot C( 1D), on the other hand, gives 

excited norcaradienylidene, XVIII and/or XIX. XVIII affords IV 

upon an intramolecular C-H insertion. The energy imposed on XVIII 

and XIX are probably so great that their isomerization to XIX 

and subsequent randomization of the activity may take.. place before 

they abstract hydrogen to give cycloheptatriene with near random 

activity distribution. The insertion of XIX. into the C-H bond 

of benzene then gives $CHT, whose activity in the CHT ring re-

sembles that of CHT. XIXa may also rearrange to phenyicarbene 

with radioactivity randomly distributed in the molecule. 

Similarly distributed toluene may result after hydrogen pick up. 

While this route may contribute some of the toluene formation at 

high energy, less of it should be expected from low energy 

irradiation. 

Finally, the C-H insertion of C( 1s) may give rise to ex-

tremely excited phenylcarbene, III. A facile hydrogen abstrac-

tion and C-H insertion of 111e should be expected (giving toluene-

7-1 C and methylene labeled $ 2CH2 ). The intramolecular insertion 
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of III leading to IV may not be feasible due to the former's ex-

cess energy. 

The C=C insertion of C(1S), on the other hand, gives XIX, 

which promptly rearranges via XIXa  to phenylcarbene, HIb,  with a 

random activity distribution. The formation of randomly distri-

buted toluene, $CHT (activity in CHT ring), and CHT from III and 

XIX are as described. 
a 

Several features of the above postulates are derivable from 

Figures 40 and 41, as follows: 

(1) The radiochemical yields of toluene and cycloheptatriene 

decrease gradually as the energies of the incident ions are lowered 

from 15 KeV to 0.1 KeV. The yields of benzaldehyde and diphenyl-

methane, however, show a reverse relationship. This is difficult 

to understand because kinetic theory predicts that the kinds and 

yields of products are independent of the initial energy of the 

irradiating carbon as long as it is larger. than 100 eV. Never-

theless, these observations can be explained by the change in the 

ratio of the populations of 3P, 1D, 1S states. This is to be ex- 

pected since the nature and the number of collisions of the incoming 

carbon should vary as its kinetic energy changes. Thus, the rela-

tive abundance of I D and 1S should be higher at lower energies 

than at higher energies, but the reverse is true for 3P. This 

is consistent with the finding that more 3 P is present in an inert-

gas moderated carbon recoiling system.31 
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The apparent slight decrease in the yield of toluene and 

cycloheptatriene, as one goes down to 100 eV, may then be accounted 

3 	.  for by the dimunition of P carbon. The increase in the yields 

of benzáldehyde and diphenylmethane, on the other hand, may reflect 

the abundance of 1 D and 
1
S. 

The benzaldehyde and diphenylmethane line drawn in Figure 41 

may need' some comment. At first glance, the drawing of those 

lines iay- seem arbitrary since the .points are well scattered. 

Their slope, is actually determined by the benzaldehyde/benzene 

and diphenylmethanefbenzene yield ratios vs energy plots where a 

good strEight line can be drawn. An example of such plots for 

benzaldehyde/benzeneis shown in Figure 41. Benzene.is  chosen as 

internal standard in the hope of minimizing the experimental error 

because its yields are essentially constant in the energy range . 

studied (Figure 40).  

(2) Tolueñe is probably formed by hydrogen abstraction of both 

singlet and triplet III, "a' lhb and hhI. The yield and C6H5 1 

CH3  activity-ratio plots of toluene can now be rationalized. As 

the energy is lowered from 15 KeV toward 100 eV, the abundance of 

triplet III decreases, The methyl activity in toluene should fall 

accordingly. Figure 40 indicates this is not so; the C 6H5 /CH3  

activity is constant in this energy range. Therefore, this effect 

must be balanced out by the change in ratio of the singlet species 

III and 111a 
 (since excess energy is required for the isomerizatlon 

of III to 
"a' 

 the ratio of these species' should approach infinity 
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as the energy is lowered). In this manner, the constant ring/ 

methyl ratio may be retained as the triplet III decreases. 

Figure 41 shows that aldehyde activity of benzaldehyde increases 

slightly as the energy of 14C ions fall. This seems to agree 

with the above prediction. As the energy falls below 100 eV, the 

hydrogen abstraction of phenylcarbenes becomes difficult. Since 

the ratio of III (the main source of the methyl label, and a non- 

contributor to ring label) and III 	(the sources of toluene's 
a-c 

ring label). remains the same, the ring/methyl activity of the 

product toluene should not be affected by the retarded hydrogen 

pick-up process. The increase in ring activity below 30 eV indi-

cates either: (i) the C-H insertion of 3 P and 1 D does not occur, 

or (ii) even ifsuCh:insértions do occur, the resulting carbenes 

do not possess sufficient energy for the hydrogen abstraction. 

The formation of toluéne at 5 eV may then be accounted for by the 

reaction of 1S carbon. 

(3) A straight line is obtained for the energy-yield relation-

ship for benzaldehyde. The yields increase as the energy of the 

14+ 
C ions approaches the lower energy end. The supposition that 

spin states, rather than energy, are important in this product 

formation is indicated. The precursors for benzaldehyde are 

probably 1 
 S and 1 D. This is consistent with the oervt -1tw, 

that the introduction of, 02  does not affect their yield. 

The slope for the benzaldehyde yield-energy curve is larger 

than that of diphenylmethane (especially when one considers the 
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CHO/$H ratio),. The same slope should beexpected If the same 

species is involved. It can, therefore, be concluded that both 

and D are responsible for the benzaldehyde formation and the 

1S is the predominant reacting species for diphenylmethane. 

Assuming the diphenylmethane is formed solely from 

and the rate of reaction of.diphenylmethane does not vary appre-

ciably in the energy range studied, the relative abundance of 

at 5000 and 5 eV irradiations can be calculated. The value ob-

•tained is 1 to 1.8. 

Alternatively, about 7% (corresponding to 009% of the mci-

dent ions) of the observed toluene from 5000 eV irradiation can 

be accounted for by Ifib (from S). If the ring activity of 

toluene from the 5 eV irradiation is assumed to be due to 

the relative abundance, 1, and 1.7 f or 1S at 5000 and 5 eV can 

be estimated. The agreement with that calculated from diphenyl-

methane is quite good. This is a support for the prediction (see 

[21) that the toluene obtained from 5 eV irradiation is probably 

formed from S. 

The yields of phenylcycloheptatriene at all energies are 

equivalent within experimental error. The constancy of the yields 

is due probably to the counterbalancing effect of the reactions 

involving 3  P,  1 	1 
D, and S carbons. 

The plot of the sum of toiLuene, cycloheptatriene, benz-

aldehyde, and diphenylmethane yields shows a straight line with 
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zero slope. The importance of the inter-relationship between all 

the reactions involved in the system is therefore demonstrated. 

(7) If the intermediate leading to benzaldehyde is a singlet, 

the role of triplet carbon in the to.luene formation at 5000 eV 

irradiation can be - estimated by comparing the activity distri-

bution. Approximately 60% of the total toluene is attributable 

to C( 3P). 

E. The Role of Excess Kinetic Energy 

The foregoing discussions seem to indicate that hot singlet 

and triplet III, 111ac' XIX and XIXa  play important roles in the 

product distribution. That the kinetic energy is important in 

the toluene formation from triplet III can be seen from the 

drastic increase in ring activity below 30 eV irradiation. The 

intermediate IV is formed at higher energies, but IV is shown to 

be absent at 5 eV for the toluene formation (if the argument 

presented in (4) is valid). The role of singlet III in the 

toluene formation at both ends of. the energy scale is hard to 

predict. 	. 

The role of C( 1s) seems to increase at lower energies. Thus, 

most of the toluene, diphenylmethane, and benzaldehyde, at low 

energy irradiation, probably resulted from this species. There 

is as yet no indication that this is so. The degradation of benz-

aldehyde at low energy should clear up the matter. The CHO/C6H5 
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ratio, after a gradual rise as the energy is lowered, should be 

expected to fall at even lower energy. While the, data for the 

irradiation at energy below 5 eV is not available presently, the 

question of whether or not the kinetic energy is able to change 

the reaction mode of C( 1S) cannot be answered from the present 

work. However, in view of the reported toluene and cyclohepta- 

triene formation from the reaction of thermal carbon and benzene, 22  

and the observed C-H insertion of C( 1s), 104  it is likely that the 
1 intrinsic chemical potential of C( S) is, itself, sufficient to 

overcome the threshold energy for C-H insertion in benzene. The 

addition of excess kinetic energy, therefore, does not alter its 

course of reaction. 

it is obvious that the validity of our suggestions can be 

determined by the further study of the reaction products; for,  

example,, the degradations of benzaldehyde, tropone, diphenyl-. 

methane, and phenylcycloheptatriene from lower energy irradiations 

must be performed in order to determine the quantitative natures 

of the intermediates involved. 

The toluene produced by the reaction of thermal 14 c with 

benzene is of particular interest. Since the hot and thermal 

C( 1S) seem to react similarly, one should expect that the toluene 

14 1 
formed in the thermal C( S) reaction should have an activity 

distribution the same as that from our 5 eV irradiation. Such 

information could be obtained from experiments of the sort re-

ported by Skell and Engel. 
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VII, SUMMARY AND CONCLUSION 

The study of hot-atom chemistry with nucleogenic carbon is 

handicapped by many difficulties such as serious radiation damage, 

the effects of nitrogen sources on the product formations (for 

recoils), short half-life of the radiocarbon (for 11C beams) and 

the difficulty of determining the threshold energies for the 

reactions of particular interest. The ion accelerator eliminated 

most of these difficulties by giving us a beam of monoenergetic 

14+ 
C i ons in the energy range of 15 KeV to 5 eV. It thus has 

given us some idea of the chemical fates of these carbons with 

benzene. 

In the present research we have found, in addition to the 

products previously observed in the carbon hot-atom chemistry of 

benzene (acetylene, benzene, toluene, cycloheptatriene, styrene, 

and diphenyliuethane), the following: phenylacetylene, biphenyl, 

phenylcycloheptatriene, benzaldehyde, tropone, and phenol for the 

first time. The latter three compounds resulted from the unin-

tended presence of an .(as yet) unknown oxygen source. In the 

hydrogenated product mixture, we also established the formation 

of n-C3  - C 7  alkylbenzenes, and traces of phenylbarrelane, spiro-

(6.6)tridecane, cyclooctane, and o-phenyltoluene. The formation 

of benzene derivatives carrying unsaturated C 3  - C7  straight 
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chains were, therefore, indicated, as were minor amounts of phenyl-

barrelene, spiro(6.6)tridecahexaene. b  cyclooctatetraene, and o-

phenyltoluene. About 28% of the irradiating C ions should be 

accounted for by the stun of identif led compounds. 

The radiochemical yields Of the eight major compounds: benzene, 

toluene, cycloheptatriene, phenylacetylene, benzaldehyde, biphenyl, 

diphenylmethane, and phenylcyclohep tat riene were determined for 

the irradiations with the energy of the 14 C ions ranging from 15 

KeVto5eV. 

Toluenes obtained from 5000 and 4000 eV 14 
 C irradiations 

were totally degraded by two different routes. The activity dis-

tributions thus obtained were essentially equivalent to that for 

toluene obtained from the 14  N(n,p) 14C reaction in benzene. It 

appears, therefore, that our reactions are the same as those in-

volved in the C recoiling in benzene. 

Toluene and benzaldehyde from various energy irradiations 

were partially degraded. The ring/methyl activity ratios of 

toluenes were not altered in the energy range from 5000 to 31 eV, 

while a drastic increase in the ring/methyl activity ratio was ob-

served at 5 eV. The -CHO/C 6H5  activity ratio of the benzaldehyde, 

on the other hand, showed a slight increase towards the lower 

energy end. 

The partial degradation of the other major compounds were 

also performed. These were indispensable for the mechanistic 

interpretation of the over-all picture of the reactions involved 

in our system. 
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For thepurpose of identifying the products, and for testing 

the suitability of the degradations, phenylcycloheptatriene, o-

phenyitoluene, spiro(6.6)tridecane, giutaric acid-2- 14C, and 

l4 phenyicycioheptane-l... C were synthesized. 

The possible mechanisms of the reactions leading to the pro-

duct formation were discussed. It was suggested that the hot 

3P), C( 1D), and C( 1  C( 	 S) were involved. The insertions of these 

species into the C-H and C-C bond of benzene might lead to the 

formation of excited phenylcarbene, cycloheptatrienylidene and/or 

norcaradienylidene. These might fragment, abstract hydrogens, and 

insert into another. molecule of benzene both before and after 

scrambling the activity by rearrangement. These suggestions were 

in full agreement with the radioactivity distributions of the 

products and the energy dependence of the yields of the products. 

The existence of the proposed intermediates was substantiated by 

the isolation of benzaldehyde, tropofle, and phenol. All the re-

suits obtained in this work indicate that the relative abundance 

of C( 3P), C( 1D), and C( 1S) played a key role in the product dis-

tribution and the labeling pattern of the products. 

The formation of iCH 2  has long been accepted as the major 

reactive intermediate leading to toluene and cycloheptatriene. 

We do not now regard this as the major intermediate, at least 

for the toluene formation, since such a role for :CH 2  conflicts 

with many of our observations. Hydrogen abstraction by phenyl-

carbene was, instead, tentatively suggested as theivain reaction 
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leading to toluene formation. Evidence for this is presented 

in this work. 

Thermal C( 3  P) and C( 
1 
 D) are incapable of inserting into C-H 

bonds, but such insertions do clearly take place in hot-atom 

reactions. It is therefore concluded that the hot and thermal 

3 	1 	 -' reactions are distinctly different for C( I') and C( D) 	The in- 

trinsic reactivity of C( 1S) may, on the other hand, be so high 

that both hot and thermal species react similarly. 
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VIII. APPENDIX 

THE SPIRO(6. 6)TRIDECANE 

The mass spectrum of spiro(6.6)trideca-l-one (I) and spiro-

(6.6)tridecane are shown in Figure 42. The m/e of molecular ions 

in the mass spectrum as well as the elementary analysis of I and 

II are in complete agreement with the molecular formula C 13H220 

and C13H24 . 

(I) was synthesized from the base catalyzed condensation of 

cycloheptanone with 1,6-dibromohexane (see Experimental). It was 

possible that 3 isomeric compounds would be formed: 

Ia 	 XXVII 	 XXVIII 

XXVII could not be reduced to C 13H24  by Woiff-Kishner reduction. 

Apparently, we have to choose between I and XXVIII. Examination 

of the fragmentation pattern in mass spectrometry could be the 

solution to our problem. However, without the knowledge of the 

fragmentation pattern of the spiro compound this could not be at- 

tempted. 
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A benzylidene derivative formation
112 

 was taken as the indi-

cation of the existence of the -CH 2 - - group in a spiroketone 

molecule. Our attempt in making this derivative was not success-

ful. It was probable that the sterlc hindrance of our spiroketone 

inhibited the approach of attacking benzaldehyde molecule. 

Figure 43 shows the IR spectrum of II. Chiurdoglu et al. 113 

and Dixon et al. 114  have studied the IR spectra of various spiro 

compounds and reported that the absorption at 1387 - 1364 cm 

(doublet) which was contributed by the gem.-dimethyl and isopropyl 

grouping might be the characteristics of the spiro system. Our 

spectrum shows an ill-resolved doublet in this region. This, in 

connection with absorption at 1228, 1206, and 1180 cm 1 , which 

were also observed in gem-dimethyl compounds, was taken as an 

indication for the presence of aquaternary carbon. The bicyclic 

structure (XXVIII) was therefore excluded. 

The confirmative evidence of structure i as well as II was 

obtained from the NMR spectrum of these compounds. The spectrum 

of, spiro(5.5)undecan-1-one (XXIX), spiro(4.7)dodecan-6-one (XXX), 

spiro(5.6)dodecan-1-one (XXXI), and spiro(6.7)tetradecan-8-one 

(XXXII)* were studied for comparison. The a,a-dideutero deriva-

tive of I, XXIX-XXXII, were also prepared and the mar taken. 

Figures 44a,b through 47a,b show the nmr spectra of XXIXa,b; 

through XXXIIa,b, and Figures 48a,b, 49 and 50 show those of Ia,b, 

II, and 2-methylcyclohexanone, respectively. 

*These four compounds were kindly provided by Professor Krapcho of 
the University of Vermont. 
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XBL 692-4097 

Fi1ure 44a. NMR spectrum of spiro(5.5)undeca-1-one. 
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XBL 692-4098 

Figure 44b, NNR spectrum of 2,2-dideuterospiro(5.5)urtdeca-1-one. 
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Figure 45a. NMR spectrum of spiro(5.6)dodeca-1-one. 
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2 	

PPM (8) 	

XBL69299 

Figure 45b. NMR spectrum of 292-dideuterosplro(5.6)dodeca-1_one. 
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Flgure 46a. NMR spectrum of spiro•(4.7)dodeca-6-one. 



Figure 46b. NMR spectrum of 7b7-dideuterospiro(4.7)dodeca_6_one. 
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3 	 2 	 I 	 0 
PPM (8) 

XBL 692-4105 

Figure 47a. NMR spectrum of spiro(6.7)tetradeca-8-one. 
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Figure 47b. NMR spectrum of 9,9-dideuterospiro(6j)tetradeca-8_one. 



0 

XBL 692-40I 

Figure 48a. NW spectri.m of spiro(6.6)trdeca-1-one. 
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R R 

XXIX 	 rn a,b 	 a,b 

R 	 R 	

a R H 
XXXI 	 XXXII 	 b, R = D ab 	 a,b 

Table XIX summarizes all the data and the assignment of the 

peaks. The protons in XXIXab and XXXab were assigned according 

to De Johgh and Wynberg. 5  The proton resonance of XXXIab 	1a,b 

and I b required alternative peak assignment as shown in the table. 

The region ata = 2.1 - 2,4 was assigned to cz-keto hydrogens, and 

a = 1.5 - 2.1, a = 1 - 1.5 to -hydrogens within the same ring of 

the ketone group and the rest of methylenes respectively. The 2-

methylcyclohexanone.was chosen to check this assignment. Although 

this compound was purified repeatedly on gic, •a clear-cut spectrum 

was not obtained. However, as shown in the table, the fact that the 
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Table XIX. NNR spectrum of spiro compounds. 

Compound a ppm 
Peak 
ratio 

Number 
of H 

Position 
of H 

1.07 	- 	 1.63 14 14 
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Compound a ppm Peak Number Position 
ratio of H of H 

2.26 - 	2.38 2 2 x 

c3 1.6-2 4 4 

1.1 	- 	1.57 18 18 

D 

1.6 	-1.9 4 4 . 

1.55 18 18 

2.3 	-2.5 2 2 x 

dID 1.6 	- 	2.1 4 4. 

1.1 	- 	1.6 16 16 

D 

1.6 	- 	2.1 4 4 

1.1 	- 	1.6 16 16 

2.07-2.4 3 3 x 

1.57 	- 	2.07 4 4 

1 	-157 2 2 
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resonance between a= 1,6 - 2,21 and 1.1 - 1.6 ppm had the ratio 

of approximately 2:1 assured that the interpretation was not in-

correct. It appeared that in the case of the spiro compound. 

containing cyclohexanone (XXIX and XXX), the 8-methylene hydrogen 

in both rings showed the same chemical shift. WhIle for the 

compounds containing èycloheptanone and cyclooctanone (XXXI and 

XXXII), the 8-methylene hydrogens in the ring containing the 

keto group appeared at the lower field than that ofthe Other 

ring. This difference was attributed to the effect of the con-

formation of the molecules. 

The deuterium exchanges were performed in the hope that some 

informative changes in the splitting pattern might be observed. 

It. could not be used to differentiate tertiary from secondary 

hydrogen (e.g., XXVIII from I) •since bicyclo(5.2.1)decan-10-one 

underwent deuterium exchange readily. 116 
 Figures 44 through 50 

show the disappearance of the ct-hydrogen peaks, in all cases. 

The splitting pattern for 8-hydrogen peaks stayed similar 

both before and after the exchange. One would expect more 

changes to take place if a bicyclic structure 	. S was in- 

volved. Therefore, it might be taken as evidence for the spiro 

structure. 

While spiro(5.5)undecane 115 showed only one resonance at 

= 1.35 ppm, the spirane(tt) in this experiment showed two peaks 

at a = 1.42 and 1.28 ppm, with the ratio of 1:2. These were, In 

complete agreement with structurefi, assigned as the signal for 
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hydrogens  on carbons a to the quaternary carbon and the rest 

of the carbons, respectively. The peak width of the latter 

(10 cps) was broader than that of the former (7 cps). This 

line broadening might be the reflection of less equivalence of 

the outer protons. 
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