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As mentioned above, there appears to have been no 
serious attempt to generate 1,2-cyclopentadiene. From 
our calculations this suggests itself as a fruitful field 
of study since not only should such species be readily 
available from the bicyclopentane precursors, but the 
decrease in the internal bond angle may well be suffi
cient to cause the drastic change in the electronic 
structure of the allene moiety suggested by these calcu
lations. If such were the case, the chemical behavior 

We have reported on the relative reactivities of a 
series of arylmethanes toward hydrogen atom 

abstraction by the trichloromethyl radical.34 The 
kinetics were shown to exhibit a spread of about three 
powers of ten for the 13 compounds studied. Not 
only were the reactivities dependent on the aryl moiety 
but also were quite dependent on the position of the 
methyl group; the three methylanthracenes had, for 
example, a rate spread of about 20. Experimentally it 
was known, however, that the course of reaction of this 
series of compounds was not clean. The scope of 
possible reactions involving addition to the aromatic 
ring are outlined in Scheme I. The magnitude of the 
radical addition problem was clearly illustrated when a 
series of arylmethanes was subjected to hydrogen ab
straction by bromine atom.5 Gilliom and coworkers 
found that compounds which were anthracene or 
pyrene derivatives did not afford side-chain bromina-
tion but rather a rapid ring substitution reaction. The 
above considerations served to spur our interest in the 
reaction of the trichloromethyl radical with aromatic 
systems. 

In an early investigation on the process of radical 
addition to aromatics, Kooyman and Farenhorst 
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of this species would be expected to be very much 
different from that of 1,2-cyclohexadiene. 
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Scheme I. Trichloromethyl Radical Addition to Aromatic Hydro
carbons and Reaction Pathways Available to the Intermediate 
Radical 
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studied the addition of trichloromethyl rsdicals to n-
hexadecene and styrene.6 They found that these reac
tions were retarded by added aromatic hydrocarbon 
and from the extent of retardation were able to measure 
the relative rates of reactivities of the various aromatics 
toward the trichloromethyl radical. It was found that 
an approximate linear relationship held between the 
logarithms of the relative rate constants and the max
imum free valencies (Fmax, as calculated by a Hiickel 
molecular orbital approach) for the respective aromatic 
compounds. In a related study, Levy and Szwarc de
veloped a method for determining the reactivities of 
methyl radicals toward a series of aromatic hydro
carbons.7 The similarity of the results implies that 
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Abstract: The reaction rates of the trichloromethyl radical addition to a series of 9-substituted anthracenes relative 
to fra/w-stilbene have been determined at 70.0°. It is demonstrated here that there is a definite substituent depen
dence for this addition reaction, and that when the logarithms of the relative rates are plotted vs. Brown's up

+ sub
stituent parameters for the 9-X-anthracenes, good correlation is obtained (r = 0.970) with p+ = —0.83. Sig
nificant deviations from this line are observed for two types of compounds. The deviation for compounds such as 
9-nitroanthracene is explained in terms of steric inhibition of resonance. Compounds with readily abstractable 
hydrogen atoms such as 9-methylanthracene tend to undergo appreciable side-chain reaction. 
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radicals add to that particular carbon atom in the sys
tems having the largest Fmax.7 

The above results were substantiated further in a 
more recent theoretical study.8 Dewar and Thompson 
have shown that an excellent linear relationship exists 
between the logarithms of the relative rates of methyl 
radical addition7 and localization energies for free-
radical substitution (i.e., the 7r-energy differences of the 
(T complexes and the parent arenes, calculated by a 
SCF-LCAO-MO approach). So while it is noted that 
the relative rate data can be correlated with free val
ence,6'7 the perhaps more significant correlation with 
radical localization energies8 also exists. The correla
tion with localization energy has been advocated as pro
viding the best theoretical measure of the reactivity of 
a position toward free radicals.9 In correlating the rates 
of radical formation with such differences in energies, 
the Hammond postulate10 suggests that the transition 
states should resemble the <r complexes. 

The problem which was faced in our prior work on 
the arylmethanes concerned the evaluation of the extent 
of this competing ring reaction with the hydrogen ab
straction process. From the data available in the lit
erature on the effects of substituents in the reaction of 
anthracene derivatives with the trichloromethyl11'12 

and cyanoisopropyl1213 radicals, we were led to believe 
that substituents had only small effects on the sub
stitution reaction and that the reactivities did not vary 
in a regular sense with the electronic character of the 
substituent. From this information we had made the 
assumption that 9-methylanthracene and anthracene 
itself would show approximately the same tendency to 
undergo ring reaction.34 Competitive reactions be
tween anthracene and 9-methylanthracene were, there
fore, utilized to determine the extent of hydrogen ab
straction in the latter system. The same technique was 
extended to determine the extent of hydrogen abstrac
tion in the other arylmethanes as well. Despite the 
fact that we did not question this approach when our 
original work was submitted, we became troubled by 
the possibility that substituent groups could play a dis
tinct role in determining the course of further radical 
substitution. It also became increasingly difficult to 
believe, despite the results of some MO calculations, 
that any substituent, regardless of its electronic nature, 
should favor ring reaction.14 It had been reasoned by 
Greenwood that the free valence at atom 10 of the 
anthracene nucleus increases in passing from the parent 
hydrocarbon to any 9-substituted derivative and should 
be paralleled by an increase in reactivity at that posi
tion. Despite the supportive results of Farenhorst 
and Kooyman,12'13 however, we felt the electronic 
nature of the substituent would be an important factor 
in determining rates of reaction. 

We now report on a study undertaken to examine the 
effects of substituents in the radical trichloromethyla-

(8) M. J. S. Dewar and C. C. Thompson, J. Amer. Chem. Soc, 87, 
4414 (1965). 
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(1952). 
(12) E. Farenhorst and E. C. Kooyman, Reel. Trav. CMm. Pays-Bas, 

81,816(1962). 
(13) E. Farenhorst and E. C. Kooyman, Nature (London), 175, 598 

(1955). 
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tion of 9-substituted anthracenes. This series of com
pounds was chosen for a variety of reasons. An
thracene derivatives should be appreciably more sus
ceptible to substituent effects than other, common 
polynuclear aromatic systems.15 With respect to the 
possible sites of radical attack, the relatively high reac
tivity of the meso positions should increase the selec
tivity of the overall process. Also, anthracene should 
undergo reaction toward trichloromethyl radical at 
rates about 105 that of benzene, 3 X l O 3 that of chrysene, 
and approximately 3 X l O 2 that of pyrene with respect 
to the most active sites in each molecule.6 Unless ab-
stractable hydrogen atoms are present, the anthracene 
derivative should react mostly in the meso positions. 
Based upon kinetic results and the argument that a sub
stituent should exercise a retarding steric effect, 
Kooyman predicted that 9-substituted anthracenes 
should preferentially react in the 10 position.11-13 A 
recent CIDNP investigation of the addition of the 
cyanoisopropyl radical to 9-bromoanthracene shows 
this to definitely be the case.16 Also, since it is generally 
acknowledged that polar effects accompany the reactions 
of trichloromethyl radical, we wished to see if a regular 
variation of reactivity with the electronic character of the 
substituent would evolve. Finally, it was hoped to de
termine whether any serious error had been introduced 
into our work on the arylmethanes by the approach 
then utilized. 

Results and Discussion 

The radical addition reactions of trichloromethyl to
ward the series of 9-substituted anthracenes were run in 
replicate relative to ?ra«,?-stilbene. Reactions were 
carried out in sealed ampoules under a reduced pressure 
of nitrogen at 70.0 ± 0.2°. The solvent was a benzene-
bromotrichloromethane mixture. Benzene and bro-
motrichloromethane were maintained at a constant 
mole to mole ratio of 3:2 and the mole fraction of each 
was constant throughout all kinetic runs. Possible 
changes in complexation factors of the trichloromethyl 
radical with solvent17 affecting the rates were thereby 
avoided. The radical initiator was benzoyl peroxide. 
Solubility problems made direct competition between 
two anthracene derivatives prohibitive; this was over
come by having an anthracene derivative and trans-
stilbene compete directly for the trichloromethyl rad
ical. The addition of bromotrichloromethane to the 
intercyclic double bond of stilbenes is known to pro
ceed smoothly.18 The relative rates of disappearance 
of substituted anthracenes to ?ra«i-stilbene were deter
mined via gas-liquid chromatography. Full details for 
the kinetic determinations are outlined in the Experi
mental Section. The rate data were expressed relative 
to the parent hydrocarbon, anthracene, and are shown 
in Table I. 

As can be seen from the results presented in Table I, 
the rates of reaction of anthracenes toward trichloro
methyl radical are affected by the nature of the substitu
ent. Anthracenes with electron-donating substituents 
show enhanced rates and those with electron-withdrawing 

(15) C. A. Coulson, / . Chim. Phys. Physicochim. Biol, 45, 243 (1948). 
(16) H. Iwamura, M. Iwamura, S. Sato, and K. Kushida, Bull. 
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(c) J. I. G. Cadogan and P. W. Inward, ibid., 4170 (1962). 
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Table I. Relative Reactivities of 9-Substituted Anthracenes 
toward Trichloromethyl Radical Addition at 70.0° ° 

Sub-
stituent 

NO2 
CN 
CO2CH3 
Br 
Cl 
H 
CsHs 
!'-C3H7 
C2H5 
CH3 
OCH3 

kxjk-a 

0.71±0.106 

0.34 ± 0 . 0 4 
0.74 ± 0 . 0 7 
1.00±0.04 
1.02 ± 0 . 0 4 
1.00 
2.28 ± 0 . 4 3 
2.38± 0.30 
3.39 ± 0 . 4 4 
6.85 ±0 .89 
5.52±0.60 

No. of 
kinetic 
runs 

7 
5 
5 
7 
7 
7 
7 
6 

10 
6 
5 

<• All results obtained relative to stilbene. b Average deviation. 

substituents show retarded rates relative to the parent 
hydrocarbon. Figure 1 shows a graphical representa
tion of these results presented in the form of a linear 
free energy relationship. The logarithms of the relative 
rates of reaction are plotted against the ap

+ parameters 
of Brown and Okamoto.19 The same function is al
most universally encountered in correlations of the 
formation of benzylic type radicals. It would seem 
logical to expect these parameters to be operative in all 
cases, such as the present study, where direct resonance 
interaction between the substituent and the site of rad
ical formation can occur. Utilizing 9 of the 11 points 
(excluding nitro and methyl), a linear relationship is ob
tained with a slope (p+) of --0.83 and a good correla
tion coefficient of 0.970. The p+ value appears quite 
reasonable and comparable in magnitude to that found 
for hydrogen abstractions from substituted allylben-
zenes (—0.64),20 a system where resonance stabilization 
of the resultant radicals by substituents is not unlike 
that in the present situation. 

We feel that the deviation of the methyl and nitro 
points are of considerable interest. The methyl com
pound exhibits the highest reactivity of all compounds 
in the series. This is the result of loss of this material 
via hydrogen abstraction from the exocyclic methyl 
position as well as ring substitution. The present cor
relation estimates the relative amounts of side-chain 
reaction and ring reaction to be 65 and 35%, respec
tively. The originally chosen values in our previous 
report on the arylmethanes were 83 and 17 % . M In 
that study the logarithms of the relative rates of hy
drogen abstraction from the arylmethanes were plotted 
against the change in 7r-binding energy between the 
arylmethyl radicals and the parent arenes as calculated 
by a SCF-LCAO-MO approach. This yielded a line 
with slope +5.45 and correlation coefficient of 0.977. 
With our present correction for the 9-methylanthracene 
point incorporated into that work the slope of the line is 
changed to +5.34 with a correlation coefficient of 
0.973. With this, it is seen that the overall change 
introduced into the linear free energy relationship of 
hydrogen abstraction from arylmethanes is approxi
mately 2%. This result satisfied our curiosity into 
what we felt may have been the largest source of error 
which was incorporated into our previous work and 
shows that those results are not significantly affected. 

(19) H. C. Brown and Y. Okamoto, /. Amer. Chem. Soc, 80, 4979 
(1958). 

(20) M. M. Martin and G. J. Gleicher, J. Org. Chem., 28, 3266 (1963). 

789 

1.0-

OCH3X 

kX QGC6H5 

0 - 0 O v . CO2CH3 
H B r \ £ ©N02 

CM 

1.0' I I I I 1 ' • 
-0.9 -0.6 - 0 3 0 0 3 0.6 0.9 

<r 
Figure 1. Correlation of log kx/kK and crp

+ for the radical tri-
chloromethylation of 9-substituted anthracenes. 

It is felt that the upward deviation of 9-nitroan-
thracene from the correlation line is a result of steric in
hibition of resonance. The nitro group is necessarily 
treated as an electron-withdrawing substituent by 
virtue of both inductive and resonance criteria. The 
latter, however, demands coplanarity of the aryl and nitro 
moieties. While it has been shown that nitrobenzene 
is planar in the crystal,21 complete coplanarity is ab
sent in the p-dinitrobenzene system.22 In this com
pound the angle of inclination of the nitro groups to
ward the benzene ring is 9.5°. This should still, how
ever, allow for extensive derealization. Such should 
not be the case for 9-nitroanthracene. Nonbonded 
interactions between the nitro group and the hydrogen 
atoms at positions 1 and 8 (see structure II) should 

definitely preclude coplanarity. An X-ray structure 
determination on 9-nitroanthracene by Trotter has 
shown that in the solid phase the nitro group is nearly 
perpendicular (85°) to the aromatic system.23 Trotter 
has subsequently argued that a less severe deviation 
from planarity might exist in solution,24 although one 
must still conclude that much of the electron-with
drawing tendencies of the nitro group are not present in 
this molecule. With the effect of the nitro group 
diminished in this way, 9-nitroanthracene exhibits a 
much larger relative rate than would be expected other
wise. 

It is interesting to note that substituents in other 9-
substituted anthracenes also deviate appreciably from 
planarity. Both carbomethoxy and methoxy are far 

(21) J. Trotter, Acta Crystallogr., 12, 884 (1959). 
(22) S. C. Abrahams, Acta Crystallogr., 3, 194 (1950). 
(23) J. Trotter, Acta Crystallogr., 12, 237 (1959). 
(24) J. Trotter, Can. J. Chem., 37, 1009 (1959). 
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from coplanar with the anthracene system, the devia
tions being 73 and 86°, respectively.25 Carbomethoxy 
should qualitatively resemble nitro in its electronic 
properties and it does show a slight upward deviation 
from the correlation line. While this may be due to 
some steric inhibition of resonance, the departure from 
the correlation is approximately within the experi
mental uncertainty. We have, therefore, chosen to 
treat the results for 9-carbomethoxyanthracene as 
representing a "normal" effect. The electronic prop
erties of the methoxy group differ greatly from the 
others just discussed in possessing a resonance effect 
which is electron donating. Though nonplanarity 
should theoretically remove this effect, the kinetic re
sults show no departure from expectation. The non-
planar structure does not preclude potential resonance 
stabilization, however. The T system of electrons of 
the aromatic ring can now interact with the lone pair of 
electrons in the oxygen sp2 orbital. This interaction 
should be substantial and, we feel, is the reason for the 
expected behavior of the methoxy compound. The 
phenyl group in 9-phenylanthracene is also most likely 
out of the plane of the anthracene system. Here again, 
electron release should not be as effective as if the 
phenyl group was coplanar. However, the good cor
relation obtained is not unexpected since the reaction 
series used to develop the <rp

+ values19 most probably 
had the phenyl substituent in a noncoplanar arrange
ment also. Indeed, a recent report in the literature 
shows that a new <rp

+ value has been developed for 
phenyl in a known coplanar arrangement.26 The 
greater negative value assigned to <7P

+ for phenyl in 
that situation indicates that a planar phenyl group is 
more electron releasing that a methyl, a situation which 
does not exist in the present study. 

Finally, we should comment upon the reactivities of 
the two other 9-alkylanthracenes in addition to those 
comments already offered about 9-methylanthracene. 
As stated, 9-methylanthracene undergoes a considerable 
amount of hydrogen abstraction from the exocyclic 
methyl accounting for a large portion of its reactivity. 
The formation of the benzylic type radical in this pro
cess necessarily leads to a situation where peri inter
actions between the exocyclic hydrogen atoms and the 
hydrogen atoms in positions 1 and 8 may come into 
play. This type of interaction may cause lessened sta
bilization of the radical intermediate due to a loss of 
coplanarity of the exocyclic position with respect to the 
anthracene system. It has been shown, however, that 
these unfavorable interactions in the 1-methylnaph-
thalene case may be lessened by in-plane bending de
formations at both the exocyclic carbon and the carbon 
to which it is attached along with an out-of-plane de
formation of one hydrogen at the exocyclic site and an 
opposite such deformation at the peri position.27 A 
somewhat analogous situation may exist in the case of 
9-methylanthracene, allowing significant hydrogen ab
straction even though two peri hydrogen atoms have to 
be reckoned with. Increasing a substitution yielding 
the cases of 9-ethyl- and 9-isopropylanthracene makes 
much more significant the problem of peri interactions 
and the very large probability that these two com-

(25) J. C. J. Bart and G. M. J. Schmidt, Isr. J. Chem., 9, 429 (1971). 
(26) D. S. Noyce and S. A. Fike, /. Org. Chem., 38, 2433 (1973). 
(27) G. J. Gleicher, J. Amer. Chem. Soc, 90, 3397 (1968). 

pounds undergo hydrogen abstraction to only a very 
small extent. This is, in essence, substantiated by in
cluding these compounds in the overall correlation and 
noting only very small deviations from the relation ob
tained. Indeed, preliminary strain energy calculations 
show that a planar radical intermediate resulting in 
hydrogen abstraction from 9-isopropylanthracene has a 
prohibitively large nonbonded interaction strain term, 
while the more strain-free perpendicular structure 
allows for no radical derealization into the anthracene 
nucleus. Figure 1 shows that the reactivity of the 9 
isopropylanthracene is essentially that of a compound 
undergoing only the radical addition process. The 
point for 9-ethylanthracene is slightly more off the cor
relation line; this may be an indication that a small 
amount of this compound is reacting via the hydrogen 
abstraction process. These results are qualitatively in 
accord with a study reported on the free-radical halo-
genation of 9-alkyl- and 9-arylanthracenes with iodo-
benzene dichloride which yielded similar relative rate 
data for the three alkylanthracenes we have included in 
this study.28 In that case also, the methyl compound 
was much more reactive than the other two alkyl systems. 

In conclusion, we feel that the significance of this 
work lies essentially in the fact that we have conclu
sively shown that little error was introduced into our 
work on the arylmethanes by the assumptions then 
made. In that process we have observed another in
stance where the reaction of trichloromethyl is in
fluenced by electronic effects as evidenced in the good 
correlation with the o-p

+ substituent parameters. That 
this correlation was observed in a polynuclear aromatic 
system is also deemed of great interest. 

Experimental Section 
Melting points were taken in unsealed capillary tubes with a Mel-

Temp melting point apparatus and are uncorrected. Gas-liquid 
chromatography analyses were carried out with a Varian Aerograph 
202-B gas chromatograph equipped with a linear temperature 
programmer and a Hewlett-Packard 3373B digital integrator. 
The column utilized in this investigation was a 12 ft X 0.25 in. 
aluminum column of 5 % SE-30 on Chromosorb W. 

Materials. Bromotrichloromethane and benzene were purified 
by standard techniques. Benzoyl peroxide (Matheson Coleman 
and Bell), p-dibromobenzene (Matheson Coleman and Bell), and 
rra/zs-stilbene (Matheson Coleman and Bell, Scintillation Grade) 
were used with no further purification. Anthracene, 9-bromoan-
thracene, and 9-methylanthracene (Aldrich) were used as com
mercially obtained. 

9-Chloroanthracene was prepared via the reaction of anthracene 
with anhydrous cupric chloride in refluxing CCh," mp 98-100 ° (lit. 2» 
mp 104-106°). 

9-Cyanoanthracene was prepared from 9-anthraldehyde by con
version to its oxime and subsequent dehydration with acetic 
anhydride,30 mp 177-178° (lit.30 mp 177.5-179°). 

9-Methoxyanthracene was obtained from the reaction of anthrone 
and aqueous sodium hydroxide followed by addition of methyl p-
toluenesulfonate,31 mp 94-96° (lit.31 mp 95-96°). 

Methyl 9-anthroate was prepared from the reaction of 9-an-
throic acid with methanol in benzene and trifluoroacetic anhydride 
according to the method of Parish and Stock,32 mp 111-112° (lit.33 

mp 112.7-113.2°). 

(28) D. Mosnaim, D. C. Nonhebel, and J. A. Russell, Tetrahedron, 
25, 3485 (1969). 

(29) D. C. Nonhebel, Org. Syn., 43,15 (1963). 
(30) L. F. Fieser and J. L. Hartwell, J. Amer. Chem. Soc, 60, 2555 

(1938). 
(31) J. S. Meek, P. A. Monroe, and C. J. Bouboulis, /. Org. Chem., 28, 

2572(1963). 
(32) R. C. Parish and L. M. Stock, Tetrahedron Lett., 1285 (1964). 
(33) P. D. Bartlett and F. D. Greene, J. Amer. Chem. Soc., 76, 1088 

(1954). 
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9-Nitroanthracene was obtained via the direct nitration of anthra
cene,84 mp 142-144° (lit.34 mp 145-146°). 

9-Ethylanthracene, 9-isopropylanthracene, and 9-phenylanthra-
cene were prepared from the reaction of anthrone with the appro
priate Grignard reagent,35 the product of which underwent spon
taneous dehydration to yield the desired 9-substituted anthracenes: 
9-ethylanthracene,mp54.5-56.5°(lit.36mp59°); 9-isopropylanthra
cene, mp 76-77° (lit.36 mp 75-76°); 9-phenylanthracene, mp 
148.5-151.5° (lit.37 mp 152-153°). 

AU of the materials used in this investigation had purities in ex
cess of 98% as determined by glpc. 

(34) C. E. Braun, C. D. Cook, C. Merritt, Jr., and J. E. Rousseau, 
"Organic Syntheses," Collect. Vol. IV, Wiley, New York, N. Y., 1963, 
p 711. 

(35) L. J. Klemm, D. Reed, L. A. Miller, and B. T. Ho, J. Org. 
Chem., 24,1468(1959). 

(36) F. Krollpfeiffer and F. Branscheid, Chem. Ber., 56,1617 (1923). 
(37) P. L. Julian, W. Cole, G. Diemer, and J. G. Schafer, /. Amer. 

Chem. Soc, 71, 2058 (1949). 

Procedure for Kinetic Studies. A solution of the substituted 
anthracene, ?ra/u-stilbene, p-dibromobenzene, bromotrichloro-
methane, and benzene was prepared in the approximate molar ratio 
of 1:2:1:50:75. A small amount was reserved for analysis as 
starting material. The remainder was divided among ampoules 
containing a small amount of benzoyl peroxide. The ampoules 
were sealed under a reduced pressure of nitrogen and then placed 
in a constant-temperature bath at 70.0 ± 0.2° for 77-122 hr during 
which time 14-73% of the substituted anthracene had been con
sumed. After completion of the reaction, the ampoules were 
cooled and opened and analyzed for the disappearance of substi
tuted anthracene and ?ro«s-stilbene via glpc using p-dibromo-
benzene as an internal standard. The relative rates of reaction, 
Substituted anthracene/̂  (ron.-stiibene, were then determined by standard 
techniques.3S 
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Abstract: The ionization potentials of several a-naphthyl, /3-naphthyl, and phenyl derivatives (Ar-X, X = Me3Si-
SiMe2, MesSiCH2, MeO, and CH8) have been determined by charge-transfer spectra. These data were used to 
evaluate the relative efficiencies of cr (or n)—w conjugations by using the first-order perturbation theory. It is 
shown that a silicon 3p orbital is only one-third as effective as carbon or oxygen 2p orbital to overlap with carbon TT 
systems. The considerable a—K interaction seen in Si-Si T systems may be attributed to the very high energy of the 
Si-Si o- orbital. 

I t has been reported in 1964 that the silicon-silicon 
bond has conjugating properties with phenyl and 

vinyl groups.2-4 These "conjugating properties" have 
been rationalized at first in terms of "d-7r" interaction 
in the excited state. 2~r Later, the ground-state inter
action between the silicon-silicon a bond and the 7r 
system was recognized as an important factor in addition 
to d-7r* interactions. 

Although inductive polarization of benzene molec
ular orbitals by the /3-trimethylsilyl group has been 
suggested,8 the importance of <r-7r conjugation between 
the Si-Si bond and the benzenoid IT system has been 
indicated recently by reaction,9 electronic and charge-

(1) Presented in part at the 5th Symposium on the Structural Organic 
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