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product, isolated as usual, was chromatographed over silica gel 
to yield 4,5-dimethyl-9,10-phenanthrenequinone, mp 161-163 "C, 
which was not depressed on mixing with an authentic sample,23 
mp 163-164 "C:. 

9-Bromo-2,4,5,7-tetramethylphenanthrene* ( 7 ) .  By a 
procedure similar to that described above 2 was converted in 38% 
yield into 7: mp 110.5-112.0 "C; mass spectrum,'* peaks at m/e 
312 and 314 of about equal intensity; NMR (CDCl,, Me4Si) 6 2.55 
(br s, 12, ArCH,,), 7.46 (m, 3 Hw-3.-3,6,8), 7.80 (s. 1, HP-,,J, 7.95 (br 
s, 1 HW-J. Oxidation to 2,4,5,7-tetramethyl-9,lO-phenanthrene- 
quinone was readily effected as above. The quinone was converted 
in high yield into the quinoxaline derivative,a which was identified 
by its melting point and mixture melting point with quinoxaline 
prepared from authentic 2, mp 230.0-230.5 "C, by reaction with 
o-phenylenediamine. 

9-Bromo-3,4,5,6-tetramethylphenanthrene* (8). As above, 
3 was converted in 2b'% yield into 8: mp 69.5-73.0 "C; mass 
spectral peaks at m / e  312 and 314 of about equal intensity;" NMR 
(CDC13, Me4Si) 6 2.44 (m. 12,  ArCH,), 7.37-7.64 (m, 3, ArH), 7.75 
(s, 1, HryO,),,8.O7 (perturbed d,  J = 8 Hz, 1, Hpos.J. Oxidation 
afforde 3 4 5 6-tetramethyl-9,1O-phenanthrenequinone, identified 
as its quinoxaline der iva t i~e ,~ ,  mp and mmp 178.5-180.0 "C. 
9-Bromo-2,7-dimet.hyIphenanthrene* (9) and 9-Bromo- 

3,6-dimethylphenanthrene* (10). These compounds were 
prepared by adding a slight excess of bromine to solutions of 4 
and 5 in CCll a t  0 "C. After 2 h a t  ambient temperature the 
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solvent was removed by rotary evaporation and the remainder 
heated on a steam bath for 30 min. After dry column chroma- 
tography on silica gel (activity grade 111) using hexane, there was 
obtained 65% yield of 9 [mp 100-101 "C (analytical sample 
102.5-103.5 "C); mass spectrum, peaks a t  mle  284 and 286 of 
about equal intensity; NMR (CDCl,, Me4Si) F 2.50 (s, 3, ArCH,), 
2.57 (s, 3, ArCH,), 7.37-7.50 (m, 3, Hpos.l,fi,8), 7.97 (s, 1, Hpm.~o), 
8.14 (br s, 1, Hpos.l), 8.44 and 8.57 (both br s, 2, H,,.,,,)] and a 
50% yield of 10 [mp 64-66 "C (analytical sample 6 6 4 7  "C); mass 
spectrum, peaks a t  m l e  284 and 286 of about equal intensity; 
NMR (CDC13, Me,&) 6 2.58 (br s, 6, ArCH3), 7.27-7.74 (m, 3, 
HP.2,7,8), 7.97 (s ,  1, Hpos-lO), 8.25 (d, J = 5 Hz, 1, E,,-,), 8.44 (br 

Registry No. 1,3674-69-9; 2, 7396-38-5; 3, 7343-06-8; 4, 1576-69-8; 
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Rate coefficients have been measured for detritiation of the 9-position of some strained and unstrained 
polymethylphenanthrenes by anhydrous trifluoroacetic acid at 70 "C. These lead to partial rate factors (in 
parentheses) as follows: 2,7-dimethylphenanthrene (12 9501, 3,6-dimethylphenanthrene (59 800), 3,4,5,6-tetra- 
methylphenanthrene (356 OOO), 4,5-dimethylphenanthrene (38 3001, 2,4,5,8-tetramethylphenanthrene (230 000). 
The reactivities of the former two (unstrained) compounds are in excellent agreement with those predicted from 
the effects of monomethyl substituents in phenanthrene. By contrast the reactivities of the latter two compounds 
are approximately threefold greater than predicted due to steric interaction of the 4- and 5-methyl substituents; 
these produce nonplanarity of the aromatic rings and hence increased reactivity through loss of ground-state 
resonance. 'The strained 3,4,5,6-tetramethylphenanthrene is by contrast less reactive than predicted, this being 
attributable to substantial reduction, through distortion, of the conjugative interaction between the 3- and 9-positions 
(which is normally much greater than the other substituent site interactions). 

In this series of papers we have sought to determine, 
mainly through the use of an acid-catalyzed hydrogen- 
exchange reaction, quantitative reactivity data for aromatic 
hydrocarbons. Advantages of the reaction (among others) 
are freedom from steric hindrance and accuracy of the 
kinetic method. Recently we have determined4 the effects 
of methyl substituents a t  each of the 1-8-positions upon 
the rate of exchange of tritium a t  the 9-position in tri- 
fluoroacetic acid a t  70 "C. The data are shown in Figure 
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1 where the numbers indicate the activating effect of a 
methyl group a t  the appropriate position on the rate of 
tritium exchange at the 9-position. (Because 1,2-hydrogen 
shifts occur across the 9,lO-bond of methylphenanthrenes 
during hydrogen e ~ c h a n g e , ~  a significant error is intro- 
duced if the activating effect of a 6- and 8-methyl sub- 
stituent in a. symmetrically substituted polymethyl- 
phenanthrene is calculated from the raw data.4 The cor- 
rected activating effects for these substituents are therefore 
given, in parentheses, in Figure 1. For the other substit- 
uents the errors are trivial so no correction need be ap- 
plied.) 

(5) H. V. Ansell, P. J. Sheppard, C. F. Simpson, M. M. A. Stroud, and 
R. Taylor, J .  Chem. Sac., Chern. Comrnun., 587 (1978). 
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Table I. Rate  Coefficients and Partial Rate Factors for Protiodetritiation of Ar-9-t Anhydrous 
Trifluoroacetic Acid at 70 ' C 

_.___ _ ~ _ _ _ _ _ _ _ _ _ _  
AT-9-1 no. 1O7hobsd ,  s - '  1Oihcalcd, s - '  kobsd/kca ld  f oia 

3 3 640 

4 21 850 

p 2=; 5 3 3  850 

Ne V: Ne Ne 

a Defined by log f / - - 8 . 8  where f = k(Ar-x-t) /k(benzene-t) .  

3.0 

\+ \-------- 

Me 
Figure 1. Activating effects of methyl substituents on exchange 
at the 9-position of phenanthrene. See the text about the numbers 
marked with a superscript a. 

The availability of these data has meant that the effect 
of distortion of the phenanthrene ring system (which oc- 
curs in certain polymethylphenanthrenes) can be measured 
quantitatively in terms of electrophilic aromatic reactivity. 
Previously, the effects of multiple methyl substituents have 
been measured in both benzene6 and n a ~ h t h a l e n e , ~  and 
the agreement between observed and calculated rates is 
excellent over a very wide reactivity range (lo8). Thus in 
phenanthrene, similar agreement should obtain, and any 
deviations which occur may therefore be reasonably at- 
tributed to the incursion of the effects of steric strain. 
Accordingly, a research program was undertaken in co- 
operation with Professor M. S. NewmanI5 in order to in- 
vestigate these ring-strain effects. 

Results and Discussion 
Rate coefficients for exchange of 9-tritiated poly- 

methylphenanthrenes (1-5) were measured in anhydrous 
trifluoroacetic acid a t  70 " C  and could be duplicated to 
better than *2%. These are given in Table I along with 
the rate coefficients predicted from the monomethyl sub- 
stituent effects (Figure l), the partial rate factors (the rate 

(6) K. E. Richards, A. IL. Wilkinson, and G. J. Wright, Aust. J .  Chem., 
25,2369 (1972); R. Taylor, Aromat. Heteroaromat. Chem., 2, 226 (1974). 

(7) H. V. Ansell and FL. Taylor, Tetrahedron Lett., 4915 (1971). 

1300 0 .95  1 2  950 0.47 

5 830  0.97 59 800 0.54 

1080 3.37 38 300 -0.52 

9 060 2.41 230 000 - 0 . 6 1  

- 0 . 6 3  40 750 0 .83  356 000 

coefficient for detritiation of benzene under the same 
conditions is 0.095 X s-l19), and u+ values ( p  is -8.8).1° 
The main features of the results are as follows. 

(i) For planar 2,7-dimethylphenanthrene, and planar 
3,6-dimethylphenanthrene, agreement between observed 
and calculated rates of exchange is excellent, the observed 
reactivity being slightly less than predicted in each case. 
Each additional methyl substituent produces a more re- 
active system, the transition state for reaction of which will 
be nearer to the ground state so that the effects of sub- 
sequent substituents will be smaller; i.e., the reactivity- 
selectivity effect operates." It may be noted that the good 
agreement between the observed rate coefficient for 3,6- 
dimethylphenanthrene and that calculated by correcting 
for the 1,2-hydrogen shift across the 9,lO-bond5 further 
confirms the existence of this shift. (Without this cor- 
rection the predicted rate coefficient would be 8600 X 
s-l, significantly higher than that obtained.) 

(ii) For the nonplanar 4,5-dimethylphenanthrene there 
is a most marked divergence between observed and cal- 
culated rate coefficients, the former being over threefold 
greater. This can be attributed to the loss of conjugation 
and hence ground-state stability of the molecule arising 
from the twisting of the phenanthrene framework caused 
by interaction of the adjacent methyl groups. Interestingly, 
the reactivity increase is of a similar magnitude to that 
observed in tetra-," penta-,' and hexahelicenes,12 which 
are ca. 3-, 7-, and 11-fold more reactive, respectively, than 
they are calculated to be. These data, taken along with 
the results for l o -ann~ lenes '~  constitute. as far as we are 

(8) H. V. Ansell and R. Taylor, J .  Chem. Soc.., Chem. Commun., 952 

(9) R. Baker, C. Eaborn, and R. Taylor, J .  Chem. Soc., Perkin Trans. 

(10) For a discussion of the principles involved, see R. Taylor, Aromat. 

(11) M. M. J. Le Guen and R. Taylor, J .  Chem. SOC., Perkin Trans. 

(1973). 

2, 97 (1972). 

Heteroaromat. Chem., 4, 247 (1976); 1, 188 (1973). 

2, 1274 (1974). 
(12) Y. El-din Shafig and R. Taylor, unpublished work. 



aware, the only reactivity data which demonstrate the 
enhanced reactivity of an aromatic ring arising from loss 
of conjugation in the ground state. 

(iii) Although the present results indicate a reactivity 
increase due to loss of planarity of just over threefold, the 
true value may be rather greater, because the methyl 
substituent effects Sjhould be diminished by the loss of 
conjugation. This is strongly suggested by the results for 
4 which should be the product of the results for 1 and 3. 
That it is not indicates that the 2-  and 7-methyl substit- 
uent effects observed in planar 1 become diminished in 
nonplanar 4. The effect is especially noticeable in 5 which 
possesses a 3-methyl substituent, this latter being by far 
the most strongly activating of all the methyl substituents 
because of the strong 3,9-conjugative interaction (6) .  In 

r 

;& ~ 3 :  Cu3 C h t  

I “  
H 

6 

addition, formation of the hyperconjugative structure 6 will 
be inhibited by the presence of the adjacent (and but- 
tressed) methyl group. Consequently, compound 5 ,  al- 
though severely distorted, is actually less reactive than 
predicted from the additive effects of the normal methyl 
substituent effects. 

(13) R. Taylor, .J. Chent. Soc., Perkin Trans. 2, 1287 (1975) 

This study shows, therefore, that  noncoplanarity pro- 
duces both increased reactivity and reduced substituent 
effects. We plan to examine the significance of these 
factors in determining the carcinogenic behavior of some 
aromatic hydrocarbons. 

Experimental  Section 
The appropriate bromo aromatics in ether were treated with 

an excess of 1.5 M n-BuLi in hexane, warmed for a few minutes, 
and then treated with tritiated water of sufficient activity to 
produce products of ca. 0.5  mCi/g. Normal workup followed by 
column chromatography (elution with petroleum ether) gave 
products which melted to within 1 “C of the literature values. 

Kinetic studies were carried out in the normal way.14 It was 
discovered that addition of trifluoroacetic acid to the aromatic 
deposited in the ampules produced an instantaneous reaction 
during mixing, and this resulted in an initial substantial loss of 
activity. This is a surface-catalyzed reaction which evidently ceases 
once removal of the aromatic from the glass surface is complete, 
and this is being investigated more fully. The effect can be 
minimized by using relatively larger ratios of aromatic to acid per 
ampule and freshly purified acid: when this is done, normal 
first-order kinetics are obtained. 
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Syntheses are described of the trans 3,4-dihydro diol (la) and the corresponding anti diol epoxide (2) of 
7-methylbenz [alanthracene, implicated as proximate and ultimate carcinogenic metabolites, respectively, of this 
potent precarcinogen. Additional syntheses are reported of the related trans 1,Zdihydro diol (3a), the corresponding 
anti and syn diol epoxides, and 2- and 3-hydroxy-7-methylbenz[a]anthracene, additional potential metabolites 
of this polycyclic hydrocarbon. 

7-Methylbenz[a]anthracene (MBA) is one of the most 
potent known carcinogenic polycyclic hydrocarbons.’,* 
Metabolic ~ t u d i e s ~ - ~  have implicated the trans 3,4-dihydro 
diol ( la)  as a proxirnate6 carcinogenic metabolite and 

(1) “International Agenc,y for Research on Cancer: Monograph on the 
Evaluation of Carcinogenic Risk of the Chemical to Man: Certain Po- 
lycyclic Aromatic and Heterocyclic Compounds”; World Health Organ- 
ization: Geneva, Switzerland, 1973; Vol. 3. 

(2) Huggins, C. H.; Pataki, J.; Harvey, R. G. Proc. Natl. Acad.  Sci. 
G.S.A. 1967, 58, 2263. 

(3) Tierney, B.; Hewer, A,; Walsh, C.; Grover, P. L.; Sims, P. 
Chem.-Bid. Interact. 1977. 18. 179. 

(4) Vigny, P.; Duquesne, M.; Coulomb, H.; LaCombe, C.; Tierney, B.; 

(5) Chouroulinkcw, I.;  Gentil, A,;  Tierney, B.; Grover, P.; Sims, P. 
Grover, P. L.; Sims P. FEBS Lett. 1977, 75. 9. 

Cancer Lett .  1977, ,3, 247. 

trans-3,4-dihydroxy-anti- 1,2-epoxy-1,2,3,4-tetrahydro-7- 
methylbenz[a]anthracene (2) as the principal ultimate6 
carcinogenic metabolite of this hydrocarbon. Despite the 
biological significance of these compounds, syntheses of 
la and 2 have not yet been achieved.7 The synthetic 
approaches devised earlier for the analogous dihydro diol 
and diol epoxide metabolites of other polycyclic hydro- 

~~~~ ~ ~ ~~ 

( 6 )  A proximate carcinogen is defined as a metabolically activated 
intermediate precursor of the ultimate carcinogen which is the active 
form which interacts with the critical receptor, generally believed to be 
DNA, leading to induction of cancer: Miller, J. Cancer Res. 1970,30,559. 

(7 )  Oxidation of MBA by ascorbic acid-ferrous sulfate-EDTA af- 
forded various dihydro diols and other oxidized products from which 1 
was isolated by LC in <0.2% yield: Tierney, B.; Abercrombie, B.; Walsh, 
C.; Hewer, A.; Grover, P. L.; Sims, P. Chem.-Biol. Interact. 1978,21,289. 
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