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Abstract: Pyrolysis (400') of 1,2-benzotropiIidene (1) has been shown to produce naphthalene (Z), 2-methylnaphthalene (3), 
1 -methylnaphthalene (g), benzocycloheptene (5), and benzocycloheptadiene ( 6 ) .  The formation of naphthalene was shown 
not to involve extrusion of methylene, even though in the presence of benzene toluene was produced, but did involve free radi- 
cals. Initiation by di-tert-butyl nitroxide at  300' produced naphthalene and, in the presence of benzene, toluene. It was also 
shown that the thermal rearrangement of tropilidene (1 1) to produce benzene gives methylnaphthalene when naphthalene is 
present. Di-tert-butyl nitroxide also was a good initiator for this free radical reaction and, when it was run at  300°, 1,2-ben- 
zotropilidene was a product. The observation that bitropyl produced products similar to tropilidene or tropilidene plus nitrox- 
ide suggests the tropyl radical is involved. By analogy, the benzotropyl radical is implicated in the benzotropilidene reaction. 
The free radicals (9  and 10) produced by the addition of the benzyl radical to naphthalene and by the a-naphthylmethyl rad- 
ical to benzene were shown not to be intermediates in the reaction of benzotropilidene with benzene to produce naphthalene 
and toluene. As a result of these data the mechanism shown in Scheme I is postulated for the above reactions. The central 
feature of this mechanistic pathway is the reversible reaction shown in reaction 1 .  

Our interest in  the thermal hydrogen rearrangement re- 
actions of benzotr~pilidenes~,~ has led us to discover a here- 
tofore unrecognized reaction of 1,2-benzotropilidene. As we 
recently reporteds the pyrolysis (gas phase, evacuated Pyrex 
ampoule) of 1,2-benzotropilidene (1) at 410' results in the 
formation of naphthalene (2, 14% relative, 12% absolute), 
2-methylnaphthalene (3, 18% relative), 1 -methylnaphth- 
alene (4, 50% relative), benzocycloheptene (5, ca. 1% rela- 
tive), and 1,2-benzocyclohepta-l,3-diene (6 ,  17% relative).6 
In addition, low voltage mass spectroscopic analysis of the 
crude pyrolysate indicated an ion at m/e 156 corresponding 
to Ci2H12. 

1 2 3 

4 5 6 

Product identification was straightforward. Naphthalene, 

the methylnaphthalenes, and benzocycloheptene were com- 
pared spectrally to authentic samples. The low voltage mass 
spectrum of 6' showed the parent at m/e 144 and the NMR 
spectrum showed the following resonances which were con- 
sistent with 6: T 8.11 (m, 2, CH2), 7.75 (m, 2, CH2), 7.24 
(m, 2, CH2), 4.16 (dt, 1, J = 12.5 and 4 Hz, 
-CH=CHCH2-), 3.50 (dt, 1, J = 12.5 and 2 Hz, Ar- 
CH=CH), and 2.82 (m, 4, ArH). In addition, the reduc- 
tion of benzotropylium fluoborate with lithium aluminum 
hydride produced some 6 among the  product^.^^^ 

Control experiments demonstrated that the methyl- 
naphthalenes were not converted to naphthalene under the 
reaction conditions. 

We also looked for dimers among the products by heating 
a 200 mg sample at 360' for 2 h r  and chromatographing 
the pyrolysate over alumina. A yellow oil (34 mg) was ob- 
tained (after the monomeric fraction had been eluted) 
which could not be crystallized. The NMR spectrum of this 
material was consistent with a "dimer", more properly a 
dihydrodimer or mixture of isomeric dihydrodimers of 
methylnaphthalene and benzocycloheptene: T 2.1-3.1 (m, 
10, Ar-H), 6.9-8.8 (m, 9, CHI  and CH), and 7.4 ppm (s, 3,  
CH3Ar). In addition the uv spectrum resembled that of 
naphthalene: uv max [(C2H5)20] 222 (log e 4.08), 258 
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Of the many free-radical mechanisms which can be post- 
ulated we were able to rule out those involving l-naphthyl- 
methyl (7) and benzyl (8) radicals along with radicals 9 and 
10. This will be discussed later. 

(3.52), 264 (3.51), 284 (3.37), 295 (3.25), and 345 nm 
(2.83). The mass spectrum showed a small parent at m/e 
286 consistent with C22H22. A general structure for the 
dihydrodimer or mixture of dihydrodimers is shown below. 

/ /  

When 1 was heated in the presence of a fivefold excess of 
benzene at  400’ there was formed, in addition to com- 
pounds 2-6, a small amount (ca. 0.2% total, 1.5% of the 
naphthalene) of toluene.1° In a high-pressure gas-phase 
reaction at 360° for 24 hr using a fivefold molar excess of 
benzene (evacuated, heavy-walled Pyrex ampoule, where 
the initial liquid voluMe was one-third of the total available 
volume) the distribution of major products was 2, 17%; 3, 
16%; 4, 17%; and 5, 51%. Significantly, the amount of tolu- 
ene formed was increased to 0.6 and 4% of the naphthalene 
produced. When common free-radical inhibitors such as di- 
phenylamine and 2,6-di-tert-butyl-4-hydroxymethylphenol 
were used there was no apparent change in the quantities of 
naphthalene or toluene produced. 

Since the effectiveness of these inhibitors at 400° is ques- 
tionable, there remain the possibilities that the conversion 
of 1 to 2 is either a methylene extrusion reaction or a free- 
radical reaction. The extrusion of free methylene was elimi- 
nated by the following observations. When heated (420’) in 
the presence of excess cyclohexane, 1 produced no (less 
than 0.005% under conditions where the toluene yield was 
0.2%) methylcyclohexane. Control experiments demon- 
strated the stability of methylcyclohexane under the reac- 
tion conditions. In addition, when 1 was heated (high pres- 
sure; Pyrex ampoule; 360° for 24 hr) with a fivefold molar 
excess of benzene-d6 the major toluene product was tolu- 
ene-ds as determined by VLC and low-voltage mass spec- 
troscopy. Free methylene transfer to benzene-d6 would have 
given tOhene-d6 either directly by C-H insertion or by 
rearrangement of the intermediate tropilidene-d6.1° A con- 
trol experiment, heating toluene-a,a,a-d3 under the reac- 
tion conditions, indicated that no deuterium was lost from 
the molecule and none rearranged into the aromatic ring. 

The free-radical nature of the rearrangement was sup- 
ported by the observation that when the pyrolysis was car- 
ried out with increasing pressures of 1 the amount of hydro- 
genated benzotropilidenes (5 and 6) increased while the 
yield of methylnaphthalenes (3 and 4) decreased according- 
ly. Hydrogenated products are well known in static pyrolys- 
es12 and these products are usually free radical in origin. In 
addition, the formation of naphthalene closely paralleled 
the production of the hydrogenerated products. 

The generalized formula for the dihydrodimer presented 
above is also consistent with free-radical intermediates in 
that, since 4 and 5 are the major products, it is not unrea- 
sonable to speculate that a benzocycloheptenyl radical 
could attack a-methylnaphthalene. The resulting product 
would be the indicated dihydrodimer. 

When the pyrolysis of 1 was carried out in the presence 
of di-tert-butyl nitroxide,13 a compound which presumably 
is a source of initiating radicals at elevated temperatures,14 
the amount of naphthalene formed increased substantially, 
while the methylnaphthalene production was essentially un- 
altered. More significantly, when the reaction was carried 
out in excess benzene at 300°, toluene was formed to the 
extent of 0.67% (6% of the naphthalene produced) com- 
pared to no toluene formation (Le., less than 0.005%) under 
the same conditions without added nitroxide. Thus the 
mechanism of the conversion of 1,2-benzotropilidene (1) to 
naphthalene (2) is free radical in character. 

CH?. 
I 

CH,. 
l 0 
8 .7 

9 10 

The mechanism we wish to postulate for the reaction is 
shown in Scheme I. The reversible nature of the reaction 

Scheme I 
h 

1 13 

4 

2 12 11 

follows from the observation that tropilidene 11 behaves 
very similar to benzotropilidene upon heating. At 405’ tro- 
pilidene (11) produced the expected toluenellq’s (89%), 8% 
of recovered starting material, and 3% of benzene. A con- 
trol experiment showed that the source of benzene was not 
toluene. This result is very similar to that observed by 
Woods’ I who postulated a dimerization-fragmentation se- 
quence to explain the benzene.I6 

To see if benzene formation here was similar to naphtha- 
lene production from 1 the pyrolysis (390°, 2 hr) was con- 
ducted in the presence of naphthalene in an attempt to trap 
the “CH2” fragment. One of the products was shown to be 
a-methylnaphthalene by its VLC retention time on three 
different columns. In addition, mass spectroscopic analysis 
of the crude pyrolysate showed no ions corresponding to 
benzylnaphthalene (m/e 21 8) or dinaphthylmethane (m/e 
268), thus ruling out radicals 7, 8, 9, and 10 as possible in- 
termediates (vide infra). 

The similarity between the, thermal conversion of tropil- 
idene (11) to benzene and of benzotropilidene (1) to naph- 
thalene was further substantiated by heating 11 at 295’ for 
2 hr along with naphthalene both with and without added 
di-tert-butyl nitroxide. The sample without nitroxide re- 
vealed no product formation other than a small amount of 
toluene, whereas the sample with nitroxide showed some 
(ca. 1% of the initial tropilidene) 1,2-benzotropilidene by 
VLC and NMR analysis. Only trace amounts of the meth- 
ylnaphthalenes were observed. Thus it appears as though 
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the primary product of the reaction of tropilidene and naph- 
thalene in the presence of nitroxide is benzotropilidene and 
this in turn produces the methylnaphthalenes at  higher tem- 
p e r a t u r e ~ . ~  An appropriate control experiment demon- 
strated that naphthalene and di-tert-butyl nitroxide, when 
heated together, do not produce 1 ,Zbenzotropilidene or the 
methylnaphthalenes. 

It should also be pointed out that a mass spectrum of the 
390’ pyrolysate revealed no ions corresponding to benzyl- 
naphthalene (m/e 218) or dinaphthylmethane (m/e 268). 
Thus, in this reaction also, benzyl (8) and a-naphthylmeth- 
yl radicals (7) are eliminated as intermediates. 

From the above data it can be seen that the benzotropil- 
idene plus benzene reaction and the tropilidene plus naph- 
thalene reaction are the reverse of one another. One prob- 
lem is that we have not been able to obtain the seven-mem- 
bered ring product, tropilidene, from the benzotropilidene 
plus benzene reaction. Even at  300’ toluene is the only C7 
product observed. It is known, however, that tropilidene 
rearranges to toluene at  300°.11 

To further elucidate and prove the mechanism in Scheme 
I we were able to show that the tropyl radical 12 is indeed 
involved and that, by analogy, the benzotropyl radical 13 is 
implicated. Since the tropyl radical (12) is very readily pro- 
duced by pyrolysis of bitropyl (14)17 we heated bitropyl by 

m-0 
14 12 

itself at 410’ for 1 hr. VLC analysis showed the volatile 
products (up to CS) were toluene (72% relative), benzene 
(19%), and xylene (9%) in addition to a trace of ethylben- 
zene. There was also a substantial amount of bibenzyl pro- 
duced.17 When bitropyl (14) was heated for 1 hr at  410’ in 
excess naphthalene, 1- and 2-methylnaphthalene were de- 
tected among the products by VLC on three different col- 
umns. In addition, a mass spectrum of this pyrolystate 
showed no ions corresponding to either benzylnaphthalene 
or dinaphthylmethane which, once again, rules out the in- 
termediacy of benzyl and naphthylmethyl radicals. 

When the above reaction was conducted at  300’ for 3 hr, 
1,2-benzotropilidene was formed at  the expense of the 
methylnaphthalenes. Thus, once again, the primary product 
appears to be benzotropilidene which, at  400’. is converted 
to the more thermodynamically stable methylnaphthalenes. 

Since bitropyl (14) decomposition is an unambiguous 
source of tropyl radicals and 14 gives the same reaction as 
tropilidene it therefore seems reasonable that tropyl radi- 
cals are involved in the “methylene transfer” reaction. Thus 
the reaction of tropilidene with di-tert-butyl nitroxide to 
produce benzene involves the conversion of 11 to the radical 
12. 

As a further mechanistic proof we attempted to prepare 
the benzotropyl radical 13. This of course was independent 
of its preparation (by analogy) from 1.2-benzotropilidene 
and di-tert-butyl nitroxide. We first attempted to prepare 
bis( 1,2-benzotropyl) in a manner similar to that which was 
done for bitropy1.I’ Reaction of benzotropylium fluoborate 
with zinc dust failed to produce the expected dimer. The 
only observable product of this reaction was a small yield 
(ca. 10%) of the reduction product 1,2-benzotropilidene. 
The tarry residue was shown by TLC not to contain any di- 
mers. 

A second synthetic attempt was based on the formation 
of bitropyl by the reaction of manganese pentacarbonyl 
anion with tropylium fluoborate.I8 Reaction of benzotropy- 
lium fluoborate with sodium pentacarbonylmanganate (-I) 
produced ca. 25% yield of 1 ,2-benzotropilidine along with 

85% of dimanganese decacarbonyl. The residue was shown 
by TLC not to contain any dimers. 

A further attempt to prepare the benzotropyl radical by 
disrotatory ring opening of 2,3-benzonorcaradien-7-yI radi- 
cal (15) also did not prove s u c c e s ~ f u l . ~ ~ ~ ~ ~  

15 
Thus, since we were unable to prepare 13 by a route 

other than by reaction of 1 with di-tert-butyl nitroxide or 
by pyrolysis of 1, our conclusion about the mechanism relies 
upon the analogous tropyl-tropilidene system. 

As proof for the assertion that radicals 7,8,9,  and 10 are 
not involved in the benzotropilidene plus benzene reaction 
we prepared them independently and showed that they gave 
different products. When bis( 1 -naphthylacetyl) peroxide 
(16) was heated at  300’ for 1.25 hr in benzene neither tolu- 

0 0 
II II 

CH,-C-O-O-C-CH, 
I I 

W 
16 

ene nor naphthalene were produced. The major product was 
a-methylnaphthalene; there was no /3-m’ethylnaphthalene. 
Analysis of the reaction mixture by VLC showed the pres- 
ence of some I-benzylnaphthalene. The trapping efficiency 
of the radical is low since benzene is not a very efficient 
radical trap and 7 is a relatively stable radical. We also 
used the azo compound 17” as a precursor for radical 7. 
This azo compound (17) was prepared from the azine 1822 
by partial hydrogenation in acetic acid using Adam’s cata- 
lyst at 3 atm H2 pressure. Identification of 17 rests on its 
N M R  and mass spectra. N M R  (CDC13) T 1.8-2.8 (m, 14, 
ArH) and 4.5 ppm (s, 4, ArCH2). The mass spectrum 
showed the parent at m/e 310 (C22H18N2) and the base 
peak at  m/e 141 corresponding to the a-naphthylmethyl 
cation, CllH9. In addition there was a significant peak 
(1 3.8% of the base peak) at m/e 282 corresponding to P - 
28 (P - N2). 

CH,-NdN-CH, C€€=N-N==CH 
I I I I 

17 18 

The results of the thermal decomposition of 17 were es- 
sentially the same as from 16, namely some benzylnaph- 
thalene was produced when benzene was present. The major 
product was a-methylnaphthalene and there was a small 
amount of the dimer of 7 as indicated by the mass spectrum 
(m/e 282). No toluene was produced from benzene but 
VLC showed a trace of naphthalene. 

Since a-benzylnaphthalene was not observed as a product 
from benzotropilidene (1) pyrolyses in the presence of ben- 
zene, radicals 7 and 10 are eliminated as possible intermedi- 
ates. In addition, careful analysis of the pyrolysate indicat- 
ed no trace of diphenylmethane. This observation coupled 
with the absence of benzylnaphthalene argues against the 
benzyl radical as the precursor of toluene. We also decom- 
posed bis(phenylacety1) peroxide ( 19)23 in the presence of 
naphthalene and obtained bibenzyl (20) (ca. 10% yield) and 
1 -  and 2-benzylnaphthalene (ca. 3% yield) in a 2:l ratio. 
There was no benzene, tropilidene, or methylnaphthalenes 
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formed in this reaction and thus radical 9 (along with 8) is 
eliminated as an intermediate. 

One final observation which would also tend to rule out 
simple methylene extrusion is the mass spectrum. It is well 
known that many mass spectral fragmentation reactions 
have analogy in thermal and photochemical reactions. The 
spectrum of VLC purified 1,2-benzotropilidene (1) showed 
no peak ((1% of the parent ion) at  the parent minus CH2 
(P - CH2) at m/e 128. 

In conclusion, the evidence favors the mechanism shown 
in Scheme I for the reaction of benzotropilidene with ben- 
zene to produce toluene and naphthalene and for the reac- 
tion of tropilidene with naphthalene to produce benzene and 
benzotropilidene. The central feature of the mechanism can 
be formulated as 

which, it should be pointed out, is a C-H group transfer 
rather than the originally postulated CH2 group transfer. 

Experimental Section 
General. Melting and boiling points are uncorrected. Relative 

yields based on VLC peak areas are not corrected for thermal con- 
ductivity differences. Vapor phase chromatography was done with 
either a Varian 1200 flame ionization instrument or a Matronic 
500 dual column, thermal conductivity instrument using the fol- 
lowing columns: (A) 15 ft X 0.25 in. column packedwith 20% Car- 
bowax, 20 M on 60-80 mesh Chromosorb P; (B) 5 ft X 0.25 in. 
column packed with 10% Carbowax, 20 M on 60-80 Chromosorb 
P; (C) 7 ft  X 0.25 in. column packed with 10% DC 710 silicone oil 
on 45-60 Chromosorb P; (D) 7 ft. X 0.125 in. column packed with 
15% DC 710 silicone oil on 60-80 mesh Chromosorb P; (E) 7 ft X 
0.125 in. column packed with 10% Morflex 510 (triisodecyl trimel- 
litate) on 45-60 mesh Chromosorb P; (F) 5 ft X 0.25 in. column 
packed with 20% SE-30 silicone rubber on 60-80 mesh Chromo- 
sorb P; (G) 5 ft X 0.25 in. column packed with 10% Apiezon L on 
60-80 mesh Chromosorb P. 

Nuclear magnetic resonance spectra were obtained on a Varian 
A-60-A high-resolution spectrometer with 5-25% solutions in CC14 
containing tetramethylsilane as internal standard. Infrared spectra 
were obtained on either a Perkin-Elmer 700 or 467 spectrometer. 
Ultraviolet spectra were recorded on either a Cary 15 or Perkin- 
Elmer 402 spectrometer. Mass spectra were obtained on either a 
Du Pont 21-492 or a JEOL-07 mass spectrometer. 

General Procedure for Static Pyrolysis Reactions. Two basic 
types of reaction vessels were used. Gas-phase reactions were car- 
ried out in Pyrex ampoules of wall thickness 1 mm, inside diameter 
6 mm, and volumes of ca. 5 ml, except where otherwise noted. 
High-pressure gas-phase pyrolyses were performed in sealed Pyrex 
capillary tubes of wall thickness 3.5 mm, inside diameter 2 mm, 
and volumes of ca. 0.75 ml, except where otherwise noted. The ves- 
sels were washed with ammonium hydroxide, rinsed with water, 
and oven dried. After addition of the sample the ampoules were 
cooled in Dry Ice, evacuated to 10-25 Torr of pressure with an as- 
pirator, and sealed. Pyrolyses were carried out in a combustion fur- 
nace and temperatures were monitored with a thermometer. After 
addition of the sample and an initial equilibration period of 5-10 
min, the temperature could be maintained within 3-5'. After heat- 
ing for the required amount of time, the ampoule was removed 
from the oven and cooled in Dry Ice so that the sample condensed 
in one end. After complete cooling the ampoule was opened and 
the sample removed. 

Extended Pyrolysis of 1.2-Benzotropilidene (1). I n  a typical reac- 

tion 0.5 g of 1,2-ben~otropilidene~~ was sealed in a 30-ml ampoule 
and heated at  410' for 1 hr. The products and their relative yields 
were: naphthalene (2, 14%), 2-methylnaphthalene (3, 18%). I -  
methylnaphthalene (4, So%), benzocycloheptene (5, ca. I%), and 
1,2-benzocycIohepta- 1,3-diene (6 ,  17%). The products were col- 
lected by preparative VLC (column A). Naphthalene and the 
methylnaphthalenes were identified by comparison of their VLC 
retention times and NMR spectra with those of authentic material. 
Benzocycloheptene was identified by comparison with its known* 
NMR spectrum: T 8.25 (m, 6), 7.20 (m, 4), and 3.15 ppm (m, 4). 
1,2-Benzo-l,3-cycloheptadiene was identified by its N M R  spec- 
t r u m : ~ 8 . 1 1  (m,2),7.75(m,2),7.24(m,2),4.16(dt,l,J= 12.5 
and 4 Hz), 3.50 (dt, 1, J = 12.5 and 2 Hz),  and 2.82 pprn (m, 4). 
The assignment was confirmed when identical material was ob- 
tained as a minor product in the lithium aluminum hydride reduc- 
tion of benzocycloheptatrienyl tetrafluoborate.' 

A 200-mg sample of 1 was pyrolyzed in the gas phase at  360' 
for 2 hr. The pyrolysate was chromatographed on a 6 in. column of 
neutral alumina using a 3.1 mixture of petroleum ether to ether as 
the solvent. Analysis was by TLC and VLC (column B). The first 
fraction (66 mg) contained monomeric products, mostly methyl- 
naphthalenes and benzocycloheptene. The second fraction (34 mg) 
consisted of a yellow oil. Further purification through recrystalli- 
zation was unsuccessful. An N M R  spectrum of this material was 
consistent with a dimer or a mixture of isomeric dimers of methyl- 
naphthalene-benzocycloheptene: T 2.1-3.1 (m, IO, ArH), 6.9-8.8 
(m, 9, - C H z - ) ,  and 7.4 ppm (s, 3, CH3); uv max [(C2H5)20] 222 
(log c 4.08), 258 (3.52). 264 (3.51), 284 (3.37), 295 (3.25). and 
345 nm (2.83). A mass spectrum of this fraction introduced 
through the solid inlet probe of the mass spectrometer (probe tem- 
perature 350') indicated a small ion at  m/e 286 corresponding to 
the dimer parent. 

The third and final chromatography fraction of the pyrolysate 
(ca. 100 mg) consisted of tars and polymers. 

Pyrolysis of 1,2-Benzotropilidene (1) in the Presence of Benzene. 
A sample of 50 mg of 1,2-benzotropilidene and 140 nig of benzene 
which had been purified by preparative VLC (column C) was 
sealed in a 50-ml ampoule and heated at  400' for 1 hr. Analysis by 
VLC (columns A, C, and D) revealed the presence of toluene in 
addition to the above-mentioned products. The toluene was identi- 
fied by its VLC retention time (columns A, c, and D), its low-volt- 
age mass spectrum (molecular ion at  m/e 92). and comparison of 
its infrared spectrum with authentic toluene. 

The above reaction was repeated on a smaller scale using 5-ml 
ampoules and varying the initial ratio of benzene to 1,2-benzotro- 
pilidene. No significant effect on the naphthalene formation was 
observed (VLC column A). Analysis of the low-boiling compo- 
nents (VLC column D) revealed that optimum toluene formation 
occurs with a 5 M excess of benzene. 

High-pressure Pyrolysis of 1,2-Benzotropilidene (1)  with Ben- 
zene. In a Pyrex capillary ampoule (0.75 ml) was placed 0.20 ml of 
benzene and 0.05 ml of 1 .  The sample was evacuated, sealed, and 
heated at  360' for 24 hr. Analysis by VLC (column A) revealed 
the following products: naphthalene ( 1  7%), benzocycloheptene 
(5 I%), I-methylnaphthalene (l7%), and 2-methylnaphthalene 
(16%). Further analysis (VLC column D) showed toluene formed 
in a total yield of 0.6%, representing 4.0% of the naphthalene pro- 
duced. 

Pyrolysis of 1,2-Benzotropilidene ( 1 )  and Benzene in the Bres- 
ence of Radical Inhibitors. The previous reaction was repeated with 
the addition of a few milligrams of either diphenylamine or 2.6-di- 
rert-butyl-5-hydroxymethylphenol to the sample. Analysis (VLC 
columns A and D) revealed no change in the relative yields of 
naphthalene (1 5%) or toluene (0.6%). 

Pyrolysis of 1,2-Benzotropilidene (1)  with Cyclohexane. I n  a con- 
trol run cyclohexane was sealed in a Pyrex ampoule and heated at  
425' for 2 hr. Analysis (VLC column E) revealed no change in the 
starting material and no formation of methylcyclohexane. Methyl- 
cyclohexane was shown to be similarly stable under these condi- 
tions. 

To a 300-ml Pyrex ampoule was added 0.20 g of 1,2-benzotropi- 
lidene (1) and 1.0 g of freshly distilled cyclohexane. The sample 
was heated for 3 hr at  420'. Analysis (VLC column E) revealed no 
methylcyclohexane. The limits of detection were calculated using a 
standardized solution of methylcyclohexane to be 0.005% or 50 
PPm. 
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Pyrolysis of l,2-Benzotropilidene (1) with Benzene-&. Three 
Pyrex capillary ampoules (vol. 1.65 ml each) were each filled with 
0.45 ml of benzene-d6 and 0.15 ml of 1,2-benzotropilidene (1). The 
samples were heated at  360' for 24 hr. The toluene peak on the 
VLC (column C) was collected as part of the tail of the benzene 
peak. Collections from all three pyrolyses were combined. They 
were shown by VLC to contain an approximateiy equal mixture of 
benzene and toluene. Mass spectral analysis at  low voltage re- 
vealed the major toluene isomer to be toluene-ds (m/e 97). The rel- 
ative abundance of deuterated isomers was do, 0%; d l ,  2%; d2, 2%; 
d3,4%; d4, 13%; ds, 100%; and d6, 15%. 

In a I-ml Pyrex capillary ampoule was placed 0.080 ml of 1 and 
0.250 ml of benzene-d6. The sample was heated at  360' for 21 hr. 
The following products were individually collected by VLC (col- 
umn B); benzocycloheptene (5), naphthalene (2), and the methyl- 
naphthalenes (3 and 4). Authentic samples of the above com- 
pounds were obtained and their mass spectra taken. The mass 
spectra of the pyrolysis products were similarly obtained. Compar- 
ison of intensities of P + 1 peaks with authentic samples yielded 
the following amounts of deuteration in the pyrolysis products: 5 
(2% d l ) ,  2 (5% d l ) ,  3 and 4 (3%d1).  

Pyrolysis of Toluene-a,a,a-d3. A 0.150-ml sample of VLC-puri- 
fied toluene-cY,cu,a-d3 (92% d3)25 was sealed in a Pyrex ampoule 
and heated at  400' for 2 hr. Analysis by NMR showed no scram- 
bling (92% d3) within experimental limits. A capillary tube of vol- 
ume 2 ml was filled with 0.500 ml of benzene-ds, 0.170 ml of 1,2- 
benzotropilidene ( l ) ,  and 0.010 ml of pure toluene-cu,cu,a-d3. The 
evacuated tube was heated at 360' for 24 hr and the VLC purified 
(column C) toluene was shown to be 89% d3 by NMR analysis. 

Pyrolysis of 1,2-Benzotropilidene (1) with Di-tert-butyl Nitrox- 
ide. A series of pyrolyses were carried out in Pyrex ampoules using 
varying amounts of 1,2-benzotropilidene (1) and di-tert-butyl ni- 
t r ~ x i d e . ' ~  The samples were heated at  400' for l hr. Analysis was 
by VLC using column B. The optimum naphthalene formation was 
obtained using a fivefold excess of nitroxide. 

Two Pyrex capillary ampoules were filled with 0.20 ml of ben- 
zene and 0.02 ml of 1,2-benzotropilidene (1) each. In addition, to 
one of the ampoules was added 0.10 ml of di-tert-butyl nitroxide. 
The samples were evacuated (15 Torr), sealed, and heated at  300° 
for 1.2 hr. Analysis by VLC (column D) revealed that the sample 
without the added nitroxide showed no toluene formation (Le., less 
than 0.005%), but the nitroxide-containing sample formed toluene 
to the extent of 1200 ppm of the benzene or 0.67% of the starting 
material and 6% of the naphthalene formed. VLC analysis (col- 
umn B) showed that without nitroxide 40% of the starting material 
(1) had disappeared while 95% of the benzotropilidene ( I )  had 
reacted in the presence of added nitroxide. The addition of nitrox- 
ide increased the naphthalene yield from 0 to 11%. 

Control Pyrolyses with Di-tert-butyl Nitroxide. A sample of tol- 
uene was heated with di-tert-butyl n i t r ~ x i d e ' ~  at  400' for l hr. No 
benzene, xylene, or cycloheptatriene was observed (Le., less than 
0.005%) using VLC column D. A sample of purified I-methyl- 
naphthalene was heated with the nitroxide at  310' for 1 hr. N o  2- 
methylnaphthalene or 1,2-benzotropiIidene was observed as prod- 
ucts (VLC column B) to a limit of 0.01%. A sample of benzene was 
heated with excess I-methylnaphthalene and nitroxide at  400' for 
I hr. No toluene or cycloheptatriene was observed (VLC column 
D). 

Pyrolysis of Cycloheptatriene (11). VLC purified (column C) cy- 
cloheptatriene (11) (0.15 ml) was heated in a Pyrex ampoule at  
310' for 1 hr. VLC analysis (column C) revealed that less than 2% 
of the cycloheptatriene (11) had reacted. The products, formed in 
trace amounts, were toluene and benzene. A Pyrex ampoule con- 
taining 0.15 ml of 11 and 0.05 ml of di-tert-butyl nitroxide was 
heated at 310° for 0.75 hr. The product formation was as follows 
(VLC column D): 88% cycloheptatriene, 5% toluene, 7% benzene, 
and a trace amount of what is most likely a cycloheptadiene iso- 
mer. 

To monitor absolute yields, the previous pyrolysis was carried 
out using cyclododecaneZ6 as an internal standard. After heating at  
310' for 1 hr the reaction was 53% complete. The absolute yield of 
toluene was 0.3 mol % while that of benzene was 2.0 mol %. A 
trace amount of a compound whose VLC retention time (column 
F) matched that of bibenzyl was also found in the pyrolysate. 

Pyrolysis of Cycloheptatriene with Naphthalene. A sample of cy- 
cloheptatriene (0.10 ml) was sealed in an ampoule with 200 mg of 

naphthalene and heated a t  390' for 2 hr. The presence of l-meth- 
ylnaphthalene among the products was substantiated by its VLC 
retention time comparison with that of authentic material on three 
columns (B, C, and F). A mass spectrum of the pyrolysate revealed 
no ions corresponding to benzylnaphthalene (m/e 218) or di- 
naphthylmethane (m/e 268). 

Two ampoules were each charged with 0.150 ml of cyclohepta- 
triene (1 1) and 200 mg of naphthalene. In addition, 0.050 ml of di- 
tert-butyl nitroxide was added to one of the ampoules. The sam- 
ples were sealed and heated at  295' for 2 hr. The sample without 
the added nitroxide showed no product formation other than some 
toluene. However, the nitroxide-containing sample was shown 
(VLC columns B, C, and F) to contain 1,2-benzotropilidene (ca. 
1% of initial cycloheptatriene). A VLC collection of this peak and 
subsequent NMR analysis substantiated the presence of 1,2-ben- 
zotropilidene. Only trace amounts of methylnaphthalenes were ob- 
served in the VLC of the pyrolysate. 

Pyrolysis of Bitropyl (14). A 20-mg sample of bitropyl prepared 
by the method of Dauben" was sealed in an ampoule and heated 
at  410' for 1 hr. Analysis of the lower molecular weight compo- 
nents (c8 and less) was by VLC using column D. Products and 
their relative yields were: benzene (19%), toluene (72%), and xy- 
lenes (9%). The higher molecular weight products consisted mainly 
of bibenzyl. 

When the above reaction was repeated in the presence of excess 
toluene, the benzene to xylene ratio in the product mixture re- 
mained the same. When the pyrolysis of bitropyl was performed in 
excess benzene, no diphenylmethane was observed as a product. 
When the reaction was carried out at 410' for 1 hr in excess (200 
mg) naphthalene, the relative yields of the lower molecular weight 
products remained the same as they were without naphthalene. I n  
addition, two small peaks (ca. 1% of the initial bitropyl) with the 
retention times of I -  and 2-methylnaphthalene were detected on 
columns B, C, and F. A mass spectrum of the crude product mix- 
ture revealed a small ion at  m/e 141 corresponding to the benzotro- 
pyl cation produced from the methylnaphthalenes. No ions corre- 
sponding to either benzylnaphthalene (m/e 21 8) or dinaphthyl- 
methane (m/e  268) were observed. 

A 20-mg sample of bitropyl was heated at  300' for 3 hr in 200 
mg of naphthalene. VLC analysis (columns B, C, and F) revealed 
a peak whose retention time matched that of 1,2-benzotropilidene 
(1). Collection of this peak and analysis by N M R  substantiated 
that it  was 1,2-benzotropilidene. 

Attempted Preparation of 7,7'-Bis(l,2-benzotropyl). Dauben's 
synthesis of bitropyll' was followed in an attempt to prepare 7.7'- 
bis( 1,2-benzotropyl) from benzotropylium t e t r a f l ~ o b o r a t e . ~ ~  A 
yellow oil was extracted from the zinc dust. Chromatography was 
over neutral alumina (6 in. column) with ether as the solvent. The 
first fraction contained 1,2-benzotropilidene (ca. 10%. VLC col- 
umn B). Further elution did not result in any dimeric products. A 
tarry residue remained on the column. Anaysis of this material by 
TLC (alumina, with ether solvent) revealed that no dimers of Rr 
value similar to the dihydrodimer formed from pyrolysis of 1 were 
present. 

A second attempt to prepare the bisbenzotropyl was based upon 
Whitesides' synthesis of bitropyl.I8 Benzotropylium tetrafluobo- 
rate27 (0.45 g, 2 mmol) was dissolved in 25 ml of freshly distilled 
(from LiAIH4) THF. The solution was cooled to -78' (acetone- 
Dry Ice bath) and 4 mmol of sodium pentacarbonylmanganate 
( - I ) Z 8  in 10 ml of cold (-78') T H F  was added. The mixture was 
stirred at  -78' for 30 min. It was warmed to room temperature, 
concentrated under reduced pressure (rotary evaporator), and di- 
luted with 150 ml of water. The solution was extracted with hex- 
ane (3 X 100 ml), dried (MgSOd), and concentrated by rotary 
evaporator at  reduced pressure to leave a yellow oil along with 
some yellow crystals. The crystals were separated and identified as 
manganese decacarbonyl (ca. 85%) by their melting and mixture 
melting points. The yellow oil was chromatographed over neutral 
alumina. The major organic material was 1,2-benzotropilidene (ca. 
25%, VLC column B). No dimers were eluted. A brown-yellow res- 
idue remained on the column. It was shown by TLC (alumina, 
with ether as solvent) not to contain any dimers of Rr value similar 
to the dihydrodimer formed from pyrolysis of 1. 

Pyrolysis of Phenylacetylperoxide (19) in the Presence of Naph- 
thalene. In a Pyrex capillary tube were placed 50 mg of naphtha- 
lene and 0.25 ml of a solution of phenylacetyl peroxide (19) in tol- 
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uene prepared by the method of Bartlett.23 Temperatures were 
kept below -20'. The tube was sealed and heated for 2 hr at  300'. 
Analysis of the pyrolysate by VLC (columns C, D, and F) revealed 
no formation of benzene, cycloheptatriene, xylene, or methyl- 
naphthalenes. The major combination product was found to be bi- 
benzyl (ca. 10% absolute). A significant amount (ca. 3% absolute) 
of 1- and 2-benzylnaphthalene in a 67:33 ratio was also formed. 

An authentic sample of I-benzylnaphthalene (50 mg) was heat- 
ed in an evacuated Pyrex ampoule at  360' for 24 hr. VLC analysis 
showed only ca. 10% formation of 2-benzylnaphthalene. A sample 
of I-benzylnaphthalene (50 mg) was heated at  300' for 24 hr in 
the presence of 0.10 ml of di-terr-butyl nitroxide. Analysis by VLC 
(columns C, D, and F) revealed no formation of benzene, toluene, 
or methylnaphthalene. Naphthalene was formed in less than 1% 
yield. Isomerization to 2-benzylnaphthalene (ca. 10%) was ob- 
served. 

Bis(1-naphthylacetyl) Peroxide (16). In a 250-ml round-bot- 
tomed flask equipped with a magnetic stirrer and a reflux condens- 
er with drying tube was placed 25 g (0.15 mol) of I-naphthylacetic 
acid dissolved in 150 ml of benzene. To this was added 20 ml of 
thionyl chloride and six drops of pyridine. The mixture was stirred 
at  45' for 5 hr. Low-boiling materials were removed by reduced 
pressure distillation (aspirator) through a Dry Ice-2-propanol 
trap. The residue was distilled at 0.2 Torr through a 6 in. Vigreux 
column to afford 20.1 g (91% of theoretical) of I-naphthylacetyl 
chloride: bp 116' (0.2 Torr) (lit.29 bp 167' (IO Torr)); ir  (neat 
film) 1780 cm-' (C=O); N M R  (CCId) T 2.6 (m. 7, ArH) and 5.8 
ppm (s, 2, CH2). 

To a 125-ml Erlenmeyer flask immersed in an ice-salt bath and 
equipped with a magnetic stirrer was added 12.6 g (0.034 mol) of 
the above acid chloride. To this was added 7.5 ml of 30% hydrogen 
peroxide followed by a cold solution of 7.0 g (0.17 mol) of NaOH 
in 50 ml of water. The mixture was stirred and shaken for a few 
minutes while kept in the bath. Cold benzene (40 ml) was added 
and the stirring was continued for ca. 5 min while in the bath. The 
liquid mixture was allowed to settle, and the benzene layer (yel- 
low-green) was decanted and cooled in Dry Ice. 

Pyrolysis of Bis(1-naphthylacetyl) Peroxide (16). A Pyrex capil- 
lary tube containing 0.25 ml of the benzene solution of the perox- 
ide, 16, was heated at 300' for 1.25 hr. Analysis by VLC (columns 
C, D, and E) showed benzene and 1-methylnaphthalene as the only 
low molecular weight components present. Analysis for higher mo- 
lecular weight substances (columns F and C) revealed the presence 
of a trace amount of 1-benzylnaphthalene by comparison with the 
retention time of an authentic sample. No other components were 
observed. When a sample of 16 in benzene was allowed to decom- 
pose at room temperature overnight a white precipitate was 
formed. Filtration and spectral analysis showed this to be the 1- 
methylnaphthyl ester of a-naphthylacetic acid: mp 98-101'; ir 
(CC14) 1720 cm-' (C=O); NMR (CC14) T 2.8 (m. 14, ArH), 4.9 
(s, 2, CH20),  and 6.4 ppm (s, 2, CH2CO). 

Azobis(1-naphthylmethane) (17).2' 1 -Naphthaldazine (18)22 was 
prepared by the method of Cohen and Wang30 as a yellow powder, 
mp 151-153'. To a solution of 18 (8 g, 0.026 mol) in 100 ml of 
glacial acetic acid was added platinum oxide (ca. 0.1 g) and the 
mixture was hydrogenated in a Parr shaker at  3.06 atm for 2 hr. 
Hydrogen uptake was 0.024 mol, 92% of theoretical, and the solu- 
tion had turned colorless. Acetic acid was removed by reduced 
pressure distillation. The residue was washed with water, taken up 
i n  hexane, and recrystallized to yield a tan powder, mp 122-125O. 
Further recrystallization from petroleum ether afforded white 
crystals: mp 124- 125' dec; yield 0.3 g, 1 mmol (4% of theoretical). 
The infrared spectrum showed a complete absence of absorption in 
the 3400-3500 cm-' region indicating that none of the hydrazine 

was prepent. The NMR spectrum (CDC13) 1.8-2.8 (m, 14, ArH) 
and 4.5 pprn (s, 4, ArCH2N=) was consistent with the bisazo 
structure. In addition when the NMR sample was shaken with a 
few milliliters of D20, the signal at  4.5 ppm disappeared indicating 
a facile exchange of the I-methylnaphthyl protons. The major ions 
in the mass spectrum (70 eV) were: m/e (re1 intensity) 312 (0.3), 
311 (2.0), 310 (6.8), 282 (13.8), 142 (15.8), 141 (lOO.O),  and 28 
(1.4); P + 1 (24.5), P + 2 (4.5), calculated values 24.8 and 2.95, 
respectively. 

Pyrolysis of Azobis( I-naphthylmethane) (17). A 20-mg sample of 
the azo compound (17) and 0.20 ml of benzene were sealed in a 
Pyrex ampoule and heated at 300' for 24 hr. Analysis by VLC 
showed no toluene (column D) to the limits of detection, ca. 
0.005%. The major product, I-methylnaphthalene (4, and a trace 
amount of naphthalene (2) were detected on column B. A small 
amount (ca. 1% of the 1 -methylnaphthalene) of benzylnaphthalene 
was detected on column G. 
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