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Heat of combustion measurements have established the strain energies due to methyl interferences as 12.6 ± 
1.5 kcal./mole for 4,5- (compared to 2,7-) dimethylphenanthrenes; as 11.0 ± 1.6 kcal./mole for 1,12- (com
pared to 5,8-) dimethylbenzo(c)phenanthrenes; and as 15.0 ± 0.7 kcal./mole for l ' ,9- (compared to 3',6-) 
dimethyl-l,2-benzanthracenes. The structural implications are discussed. 

Interest in the synthesis of certain compounds con
taining methyl groups in close proximity to each other 
arose in connection with the problem of chemical car
cinogenesis. The compounds 4,5-dimethylchrysene (I) 
and l',9-dimethyl-l,2-benzanthracene (II) were desired 
for testing as they represented structures bearing a 
similarity to the potent carcinogen, 3,4-benzpyrene 
(HI). 
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The syntheses of I and II have been accomplished.2ab 

During the course of this work other features of interest 
with regard to compounds of this type arose. The 
discovery of optical activity due to warping of the nor
mally planar aromatic system by intramolecular over
crowding was made3 and this led eventually to the 
synthesis and resolution of l,12-dimethylbenzo(c)-
phenanthrene-5-acetic acid3 (IV) and of hexahelicene4 

(V). 
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Another question which arose during this work was 
that of the magnitude of the strain introduced into 
molecules such as I, II, and other analogs. In order to 
determine the strains involved, a joint program was 
agreed upon in which the strained hydrocarbons and 
unstrained isomers were to be synthesized at Ohio 
State University and combustion studies would be car
ried out at the University of Wisconsin. The differ
ences in heats of combustion would then give a measure of 
the intramolecular strain involved, along with any 
crystal lattice energy effects due to the non-planarity of 
the strained molecules. Heats of fusion for hindered 
hydrocarbons, for example, are known to be higher than 
for the isomeric, non-hindered molecules.6 
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In this paper, heat of combustion data for three iso
meric pairs will be described and discussed as if the 
heats of sublimation of these pairs are identical, i.e., 
VI = VII, VIII = IX, etc. Experimental measure
ments to check this assumption are in progress. 

2,7- and 4,5-Dimethylphenanthrenes.—The differ
ence in heats of combustion obtained in this case 

(12. 6 ± 1.5 kcal./mole) might be called the standard 
value for steric strain due to intramolecular overcrowd
ing because these two compounds are the simplest iso
mers which can be written in which the pertinent 
feature is accommodated. The experimental combus
tion data are presented in Table I. 

TABLE I 

HEATS OF COMBUSTION 

AB0 

A£c< 

A£ 0 ' 

(a ir) , 

0 
0 .98597 
1.00010 
0 . 6 2 0 5 8 
0 . 6 1 7 6 8 

- - 1 9 S 

AJ?, 
o h m 
(a) 

-AEu 
cal, 

A-Efuse 
cal. 

A £ i g 

cal, 

- A £ C ; 

cal. 
Devia 

t ion , 
cal . g. "I 

2,7-Dimethylphenanthrene 
0 .1191771 

.1176574 

.1192073 

.0741599 

.0738438 

9 6 5 1 . 0 3 
9 5 2 7 . 9 6 
9 6 5 3 , 4 8 
5 9 9 8 . 5 7 
5 9 7 3 . 0 0 

.19 
00 
58 

.51 

.51 

).67 ± 0.40 k c a l . / m o l e AH0 ' 

0.90 
0 . 7 5 
1.00 
0 . 7 8 
0 . 5 7 

Av. 

9 6 5 8 . 5 9 
9 6 5 8 . 7 3 
9 6 4 6 . 9 3 
9 6 5 5 . 9 3 

22 
9 6 5 8 . 3 7 
91.72 ± 

0 . 2 2 
0 . 3 6 

- 1 1 . 4 4 ° 
- 2 . 4 4 

1 .80 
± 0 . 8 9 

0.40 k c a l . / 
mole 

-1989.65 ± 0.40 k c a l . / m o l e AHf",!9! = 8.69 ± 0.56 k c a l . / 

mole 

4,5-Dimethylphenanthrene 
.99091 
.99396 
.99545 
.63339 
.64411 
.63938 

(b) 
0.1189649 
.1193101 
.1193801 
.0762522 
.0774960 
.0769280 

9633.85 
9661.80 
9667.47 
6167.81 
6268.42 
6224.19 

4 . 0 4 
4 . 4 2 
4 . 9 7 
4 . 6 6 
5 .39 
5 . 2 6 

0. 
.75 
.82 
.67 
.57 
.08 

Av 

9717 .24 
9715 .31 
9705 .84 
9 7 2 9 . 3 8 
9 7 2 2 . 6 6 
9 7 2 5 . 4 3 

9 7 1 9 . 3 1 
-2003 .23 ± 1.40 k c a l . / m o l e AH0 ' 

- 2002 .21 ± 1.40 k c a l . / m o l e Afff°, ! 5 ! 

- 2 0 0 4 . 2 8 ± 
mole 

+ 21.25 ± 1 
mole 

- 2 . 0 7 
- 4 . 0 0 
- 1 3 . 4 7 

10 .07 
3 . 3 5 
6 . 1 3 

± 3 . 4 2 
1.40 k c a l . / 

.40 k c a l . / 

Discarded. 

5,8- and l,12-Dimethylbenzo(c)phenanthrenes.— 
The difference in heats of combustion of these com-
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pounds is less than the standard value (11.0 ± 1.6 
kcal./mole); experimental data are summarized in 
Table II. 

TABLE II 

HEATS OF COMBUSTION 

pounds is greater than the standard value (15.0 ± 0.7 
kcal./mole). The data are presented in Table III. 

TABLE III 

HEATS OF COMBUSTION 

R u n 

1 
2 
3 
4 
5 
6 
7 
8 

AE0 

AE0
1 

1 
2 
3 
4 
5 

AEc 

AEC 

a 

m 
(air) , 

g. 

0 . 9 7 5 6 2 
.99752 

1,00226 
1,00351 
0 . 6 1 7 8 1 

.61613 

.61712 
,64930 

AR, - A E t o t , 
o h m cal, 

AEfuae, 
cal. 

- A E c , 
AEign, cal. 

cal, g . " ' 

(a) 5,8- Dimethylbenzophenanthrene 
0 , 1 1 5 5 4 1 6 9 3 5 6 . 6 2 

,1176384 9 5 2 6 . 4 2 
.1196299 9 6 8 7 . 7 0 
.1191500 9 6 4 8 . 8 3 
.0732431 5 9 2 4 , 4 2 
.0729371 5 8 9 9 . 6 6 
.0731097 5 9 1 5 . 1 8 
.0769178 6 2 2 3 . 2 8 

= - 2 4 5 2 . 3 5 ± 1,28 k c a l . / m o l e 

' = - 2 4 5 1 . 0 4 ± 1.28 k c a l . / m o l e 

0 . 9 9 7 2 2 
,99522 
,99749 
,58833 
,57023 

7 . 1 4 
4 . 2 3 
4 . 2 3 
4 . 5 4 
5 ,82 
4 . 5 0 
4 . 8 7 
5 .12 

AHc0 

AHf" 

0 . 9 0 9 5 8 2 . 2 0 
,90 9 5 4 4 . 9 7 
.75 9 6 6 0 . 8 8 
.80 9 6 0 9 . 7 7 
.59 9 5 7 9 . 0 0 
.55 9 5 6 7 . 1 6 
.94 9 5 7 5 . 7 3 

1.00 9 5 7 5 . 1 7 
Av. 9 5 7 4 . 2 6 

Devia
t ion , 

cal. g, _ l 

7 . 9 3 ° 
- 2 9 . 3 0 ° 

8 6 . 6 2 ° 
3 5 . 5 0 ° 

4 . 7 3 
- 7 . 1 1 

1.46 
0 . 9 1 

± 2 . 5 1 
- - 2 4 5 3 . 4 1 ± 1.28 kca l . / 

mole 
, in - + 2 5 . 8 6 ± 1.28 k c a l . / 

mole 

(b) 1,12-Dimethylbenzophenanthrene 
0 , 1 1 8 4 6 0 8 9593 ,02 

.1182664 9 5 7 7 . 2 8 

.1185804 9 6 0 2 . 7 1 
,0700598 5 6 6 6 , 9 3 
.0678638 5 4 8 9 . 3 1 

= - 2 4 6 3 . 4 0 ± 0.80 k c a l . / m o l e 

« = - 2 4 6 2 . 0 9 ± 0.80 k c a l . / m o l e 

Discarded. 

4 . 5 8 
4 . 0 0 
4 . 6 9 
4 . 7 7 
5 , 0 1 

AHC» 

AH f» 

0 . 8 5 9 6 1 4 . 3 2 
.80 9 6 1 8 . 4 6 
.90 9 6 2 1 . 2 6 

2 . 6 1 9 6 1 9 . 6 9 
2 . 5 4 9 6 1 3 . 2 5 

Av. 9 6 1 7 . 4 0 

- 3 . 0 7 
1.06 
3 . 8 7 
2 . 2 9 

- 4 . 1 4 
± 1.55 

-•* - 2 4 6 4 . 4 6 ± 0.80 k c a l . / 
mole 

,298 -- + 3 6 . 9 1 ± 0.92 k c a l . / 
mole 

R u n 

1 
3 
4 
5 

6 
7 

AEc 

AEc1 

1 
2 
3 
4 

5 
6 

AEc 

AEc 

m 
(air) , 

g. 

0 .63276 
.64407 
.62677 
.64720 

0 .63577 
0 .64420 

A.R, - A E t o t , 
o h m cal. 

AEfuse, 
cal. 

- A E c , 
A E i 8 n , cal. 

cal. g. - i 

(a) 3',6-Dimethylbenzanthracene 
0 .0747392 6 0 4 5 . 2 9 

.0760531 6 1 5 1 . 5 6 

.0739596 5982 .23 

.0765141 6 1 8 8 . 8 5 

0 . 0 7 5 0 6 2 6 6 0 7 4 . 2 2 
0 . 0 7 6 0 6 6 0 6 1 5 5 . 4 2 

= - 2 4 4 4 . 6 9 ± 0.48 k c a l . / m o l e 

» =» - 2 4 4 3 . 3 8 ± 0.48 k c a l . / m o l e 

0 . 6 4 7 8 3 
.65065 
.64990 
.65067 

0 .64551 
0 . 6 4 6 6 8 

4 . 5 0 
5 . 0 8 
5 . 0 1 
5 .01 

6 . 0 5 
6 . 4 0 

AHc" 

AHf",ass 

0 . 6 7 9 5 4 5 . 6 7 
.90 9 5 4 1 . 7 8 
.65 9 5 3 5 . 5 1 

1.00 9 5 5 3 . 2 2 
Av. 9 5 4 4 , 0 5 ° 

0 . 7 3 9 5 4 4 , 4 3 
0 . 6 7 9 5 4 5 . 7 5 

Av. 9544 .74 

Devia 
t ion, 
cal. 

g . " 1 

- 0 . 6 9 
- 0 . 3 1 

1.01 
± 0 . 5 2 

= - 2 4 4 5 . 7 5 ± 0.48 k c a l . / 

= + 1 8 . 2 0 ± 0.67 k c a l . / 
mole 

(b) 1',9-Dimethylbenzanthracene 
0 .0770164 6 2 2 9 . 4 8 

.0773140 6 2 5 3 . 5 5 

.0771722 6 2 4 2 . 0 8 

.0773611 6 2 5 7 . 3 6 

0 .0766890 6 2 0 5 . 8 3 
0 .0768176 6 2 1 6 . 2 4 

= - 2459.69 ± 0.48 k c a l . / m o l e 

" = - 2 4 5 8 . 3 8 ± 0.48 k c a l . / m o l e 

4 . 7 3 
4 . 6 9 
4 . 6 6 
4 . 2 7 

6 . 1 7 
6 . 7 1 

AH0" 

AHf",!98 

3 . 3 4 9 6 0 3 . 4 6 
0 . 7 2 9 6 0 2 . 9 2 

.73 9 5 9 6 . 3 8 

.80 9 6 0 9 . 0 0 
Av. 9 6 0 2 . 9 4 ° 

0 . 6 0 9 6 0 4 . 8 1 
0 . 6 7 9 6 0 2 . 4 6 

Av. 9 6 0 3 . 4 0 

- 0 . 4 6 
1.41 

- 0 . 9 4 
± 0 . 7 2 

= - 2 4 6 0 . 7 5 ± 0.48 k c a l . / 
mole 

= + 3 3 . 2 0 ± 0.67 k c a l . / 
mole 

At first glance this result is surprising, since on in
spection of the formulas, the degree of hindrance seems 
greater than that in the preceding case. However, the 
argument might be advanced that even in the parent 
aromatic hydrocarbon, benzo(c)phenanthrene, there is 
considerable loss of resonance energy due to the non-
coplanarity caused by hindrance at the 1- and 12-
positions. In support of this argument two facts may 
be adduced: (1) The experimentally determined reso
nance energy for benzo(c) phenanthrene (127.7 kcal./ 
mole) is the smallest of any of the five tetracyclic hydro
carbons of formula CisH^: triphenylene, 135.8; chry-
sene, 134.4; 1,2-benzanthracene, 130.4; and naphtha-
cene, 129.6.6 (2) X-Ray crystallographic studies show 
that benzo(c)phenanthrene is not a planar molecule.7 

Since there is already a certain amount of strain in VIII, 
the introduction of the 1,12-methyl groups in IX does 

XI 
not produce as much strain as the introduction of 
two methyl groups in the 4,5-positions of phenanthrene 
does in the phenanthrene series. 

3',6- and l',o-Dimethyl-l,2-benzanthracenes.— 
The difference in heats of combustion of these com-

(6) A. Magnus and F. Becker, Erdol u. KoMe, 4, 115 (1951). 
(7) F. H. Herbstein and G. M. J. Schmidt, J. Chem. Soc, 3320 (1954). 

A private communication to M. S. Newman from Dr. Schmidt states that a 
more detailed and accurate study will soon be published. 

° Weighted as one experiment. 

This result is undoubtedly due to the buttressing 
effect8 of the fused ring on the 9-methyl group. The 
buttressing effect of a fused ring should approximate 
that of a methyl group since the steric effect of an ad
jacent fused ring on a function is about the same as the 
effect of a methyl group located at the same position.9 

In a similar vein, a fused aromatic ring containing a 
methyl group ortho to the point of fusion should approxi
mate the steric effect of an ortho ter/-butyl group.10 

Viewed in this way the degree of strain in o-di-tert-
butylbenzene should be comparable to that of 4,5-di-
methylphenanthrene (VII). A recent combustion of the 
isomers, 1,2,4- and 1,3,5-tri-te^-butylbenzenes11 has 
given 16.8 ± 1.7 kcal./mole for the energy difference. 

Further studies on the strain involved in the buttres
sing effect are under way in this cooperative program. 
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