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An explanation for the different carcinogenic potencies observed among methyl derivatives of
the angular benzacridines is given in terms of the tendencies of these compounds to undergo
specific metabolic activating reactions analogous to those of polycyclic aromatic hydrocarbons.
Theoretical reactivity indices representing these reactions correlate with the carcinogenic

activities of these compounds.
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It has been known for many years that some methyl
derivatives of the angular benzacridines are highly car-
cinogenic, whereas others are inactive (3-7). Furthermore,
the methyl derivatives of benz[c]acridine tend to have
higher carcinogenic activities than the methyl derivatives
of benz[a]acridine (3). No convincing reason for these dif-
fering activities has yet been presented.
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Many chemical carcinogens are now known to be
activated and transformed in vivo into highly active
metabolites (8,9). Although the relevant metabolism for
benzacridines has not received a great deal of recent
attention, that of the homologous hydrocarbon
benz[a]anthracene, as well as other polycyclic aromatic
hydrocarbons, has been the subject of intensive scrutiny.
From such experimental investigations, carcinogenic
activity has been linked to the tendency of these latter
compounds to undergo specific sequences of metabolic
transformations. In particular, oxidation reactions on
angular benzo rings, leading ultimately to so-called ‘“‘bay
region’’ (10) dihydrodiol epoxide and carbonium ion
forms, appear to be central to carcinogenic activation in
polycyclic aromatic hydrocarbons. The carbonium ions are
presumably those forms which ultimately attack critical
cellular components, possibly nucleic acids. Evidence for
the importance of this reaction scheme has been sum-
marized elsewhere (9,11,12). Interesting theoretical
studies relevant to this problem have also been given
(11,13,14).

We have previously presented an extensive theoretical
' examination of the putative activation steps for polycyclic
aromatic hydrocrbons using reactivity indices taken from
molecular orbital (MO) theory (12,15). In this, it was
discovered that correlations exist between certain reactivi-
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ty indices and the observed carcinogenic activities of the
compounds, and it was inferred from the correlations that
(a) the corresponding reactions maybe important to the
carcinogenic process and (b) the reactions appear to be
reasonably described in terms of the MO indices. This ex-
amination has been extended to the methyl derivatives of
benz[a]anthracene (16) and chrysene (17), both cases in
which well-established differences in carcinogenic potency
result from substitution at different positions, and again
correlations were observed. Methyl derivatives present
attractive systems for examination since the physical pro-
perties of the derivatives (e.g. solubilities, diffusion coeffi-
cients, etc.) can be expected to be quite similar, and atten-
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Possible metabolic transformations of benz[a)acridine discussed in the text, and locations of the
molecular A, B, and bay regions. For convenience, only a single stereoisomeric form is illustrated.
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tion can be focused upon electronic (reactivity) differences
without the potential intrusion of extraneous factors. Here
we extend this analysis to the methyl derivatives of the
angular benzacridines, assuming that the reactions of
these compounds are analogous to those of benz[aJanthra-
cene and other polycyclic aromatic hydrocarbons.

Methods of Calculation.

From the evidence for the polycyclic hydrocarbons, the
analogous of activating which
benz[alacridine may undergo is illustrated in Figure 1. A

sequence reactions
corresponding sequence of reactions may be expected for
benz[clacridine. For convenience of description, the bond
site of initial epoxidation on the benzo ring is termed the
‘A region,” and the bond at which the second epoxida-
tion takes place is termed the ““B region’ (12). The ‘K
region’’ is as originally designated by the Pullmans (18).

Calculations were performed on the various inter-
mediates in the reaction scheme of Figure 1 using Huckel
molecular orbital theory, with parameters taken from
Streitwieser (19). Within this w-electron framework, the
A-region epoxide (Ila) and the A-region dihydrodiol (I1b)
are equivalent. The methyl group was represented as a
heteroatom (h, = 2.0, k., = 0.7) with an auxiliary induc-
tive parameter 6 = -0.1. From our previous work several
indices were selected as representative for the reactions:

L4, Ie: These represent the sums of the two atomic
superdelocalizabilities (20) for the A and K
region bonds, respectively, of the original com-
pound. This type of index was first suggested
by Mainster and Memory (21,22), and should
represent tendency toward epoxidation at the
indicated bond in the parent compound.

I, This is the sum of atomic superdelocaliza-
bilities for the B region bond in the A-region
dihydrodiol; its value provides a measure of
the tendency for reaction ¢ of Figure 1 to oc-
cur (15)

Qs, S;: These are, respectively, the net m-electron
charge and atomic superdelocalizability at the
benzylic carbon atom of the carbonium ion.
Lower values of Q, and higher values of S, cor-
respond to more stable carbonium ions (12).

Results and Discussion.

Available carcinogenicity data for the angular benz-
acridines and their methyl derivatives are summarized in
Table 1. It is evident that although unsubstituted
benz[alacridine and benz[clacridine are both noncar-
cinogens, methyl substitution at specific positions,
especially in benz[clacridine, can lead to highly active
compounds.

Calculated results for the indices I, and I, are listed in
Table 2, which includes calculated results for a number of
untested compounds. These indices can be taken as
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Table 1.

Experimental Carcinogenicities of Benzlalacridine,
Benz[aJacridine and Some Methyl and Dimethyl Derivatives

Cardinogenicity
Compound Index Reference
Benz[a]acridine
9-Methylbenz[a]acridine
10-Methylbenz[alacridine
12-Methylbenz[alacridine
8,12-Dimethylbenz[alacridine
9,12-Dimethylbenz[alacridine
10,12-Dimethylbenzajacridine
Benz[clacridine
7-Methylbenz[c]Jacridine
8-Methylbenz[c]acridine
9-Methylbenz[clacridine
10-Methylbenz|clacridine
5,6-Dimethylbenz[clacridine +++
7,9-Dimethylbenz[clacridine +++
7,10-Dimethylbenzfc]acridine +++
7,11-Dimethylbenz[c]acridine ++

+
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measures of the tendencies for epoxidation to occur at the
K and A regions, respectively, of the parent compounds.
Examination of the results shows that both indices afford
some degree of separation according to carcinogenic ac-
tivity. All the known strong carcinogens show values
[x>2.10 and all weak and noncarcinogens, values below
2.10. The weak and inactive compounds are not
distinguished by I, although this may not be of major
concern considering the crudity of the experimental data.
(The unusually high I values for the 5- and 6- substituted
benz[c]acridines are artifacts resulting from attachment of
the methyl group directly to the K region. As in our
previous studies (16,17), we assume that attachment of a
methyl group inhibits reaction at the substituted position.)
The index I, does separate the known carcinogens
(Ly =1.841) from the noncarcinogens (I, < 1.840), but does
not distinguish between strong and weak carcinogens.
This is consistent with earlier studies (12) which also show-
ed little correlation with carcinogenicity for this index.
The index I, as sometimes observed previously (13), gives
a better correlation to carcinogenic activity than expected
within the present theoretical framework, possibly because
of some unrecognized relation to bay region properties
(12,23).

Table 3 shows resulis for the reactivity index I/, a
measure of the tendency of the A-region dihydrodiols to
undergo epoxidation at their B regions. The correlation is
fairly good, and about the same as that found for the
parent-compound index I. The high values for the 1- and
2- substituted compounds are artifacts resulting from at-
tachment of the methyl group directly at the 1- and 2- posi-
tions. Methyl substitution very likely blocks reaction at
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Table 2.

Correlation Between Carcinogenicity and the Indices Ix and
I, for the Angular Benzacridines and Selected Derivatives

Compound I I, Cardinogenicity
Index
5,6-Dimethylbenz[cJacridine 3.019* 1.960 ++ +
5-Methylbenz[cJacridine 2.376* 1.822
6-Methylbenz[c]acridine 2.354* 1.903
6-Methylbenz[alacridine 2.210* 1.890
7,10-Dimethylbenz[clacridine 2135 1.849 +++
5-Methylbenz[aJacridine 2.133* 1.807
7,11-DimethylbenZ{clacridine 2,129  1.847 ++
7.9-Dimethylbenz[c]acridine 2,127  1.848 +++
4-Methylbenz{cJacridine 2113 1.967* )
7-Methylbenz[c]acridine 2.112 1.841 +++
2-Methylbenz{c]acridine 2.112  1.906
10-Methylbenz[cJacridine 2.051 1.819 0
8-Methylbenz[c]acridine 2050 1.818 0
1-Methylbenz[clacridine 2.042 1979
3-Methylbenz|[c]acridine 2,040  1.957*
9-Methylbenz[clacridine 2032 1817 0
11-Methylbenz[cJacridine 2.032 1816
Benz[c]acridine 2025 1810 0
2-Methylbenz[a]acridine 1.968 1.901
4-Methylbenz[alacridine 1.961 1.953*
10,12-Dimethylbenz{a]acridine 1930 1.846 +
8,12-Dimethylbenz[a]acridine 1928 1.846 +
10-Methylbenz{aJacridine 1.926  1.815 0
8-Methylbenz[a]acridine 1.922 1814
3-Methylbenz|a]acridine 1913  1.970*
9,12-Dimethylbenz{aacridine 1.909  1.847 +
1-Methylbenz[a]acridine 1.908  1.982
9-Methylbenz[e]acridine 1.903 1.817 0
12-Methylbenz[aJacridine 1.903  1.840 0
11-Methylbenz[a]acridine 1.898 1.816
Benz[a]acridine 1.898 1.808 0

*High values for these compounds result from direct attachment of
methyl groups at the K or A region (see text).

these positions, and we therefore expect these derivatives
to be inactive.

Results for the carbonium ion indices Q, and S, are
shown in Tables 4 and 5. The correlation of these indices
with carcinogenic potency appears to be rather good, in
agreement with results obtained for previous systems
(12,16,17). Only the weak carcinogen 9,12-dimethyl-
benz[glacridine is notably out of place. (We point out that
this compound and the 8,12- and 10,12-derivatives of
benz{e]acridine carry methyl substitution in their ‘L
regions,’’ classically considered to be sites of deactivating
reactions (18). These compounds, as shown in Tables 2-5,
also are generally more active than expected, possibly
because their L regions are blocked by the methyl
substitution.) The correlations of Tables 4 and 5 may in-
dicate that ““bay region” carbonium ion stability is an
important factor influencing carcinogenicity in these com-
pounds, as well as in the polycyclic aromatic hydro-
carbons,
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Table 3.

Correlation Between the Index 1’5 and Carcinogenicity
for Angular Benzacridines and Selected Derivatives

Compound I's Cardinogenicity
Index
2-Methylbenz[clacridine 2.852*
1-Methylbenz[clacridine 2.833*
1-Methylbenzfe]acridine 2.689*
2-Methylbenz[a]acridine 2.617*
5,6-Methylbenz[c]acridine 2.610 +++
6-Methylbenz|cJacridine 2.552
6-Methylbenz[a]acridine 2.440
7,10-Dimethylbenz{c]acridine 2.386 +++
7,11-Dimethylbenz[clacridine 2.384 ++
7,9-Dimethylbenz[alacridine 2.382 +++
7-Methylbenz{cJacridine 2373 +++
8-Methylbenz[clacridine 2.334 0
10-Methylbenz[clacridine 2.333 0
11-Methylbenz[clacridine 2.320
9-Methylbenz[c]acridine 2.319 0
3-Methylbenz{cJacridine 2.318
4-Methylbenz[c]acridine 2318
5-Methylbenz[clacridine 2.318
Benz[c]acridine 2318 0
10-Methylbenz[a]acridine 2.220 0
8-Methylbenz[a]acridine 2217
3-Methylbenz{alacridine 2.200
4-Methylbenz[a]acridine 2.200
Benz{alacridine 2.200 0
10,12-Dimethylbenz[alacridine 2.198 +
9-Methylbenz[alacridine 2.197 0
8,12-Dimethylbenz[a)acridine 2.195 +
11-Methylbenz[a]acridine 2.193
5-Methylbenz[alacridine 2.191
9,12-Dimethylbenz{alacridine 2.180 +
12-Methylbenz[a]acridine 2.180 0

*High values for these compounds result from direct attachment of the
methyl group at the B region.

In summary, we conclude that the reactivity indices
used previously in studies of the polycyclic aromatic
hydrocarbons also correlate with carcinogenic potency for
the methylbenzacridines. The results provide a reasonable
rationale in terms of tendency to undergo specific
metabolic transformations for the generally greater activi-
ty of benz[c]acridines relative to benz[ajacridines, and also
for the differing activities observed among the methyl
derivatives of these compounds. The results appear to im-
ply that benzacridines are activiated to carcinogenic end
products in a fashion similar to benz[a]anthracene and
other aromatic hydrocarbons, and that epoxidation of the
A-region dihydrodiols and the stability of the final car-
bonium ion may be important determinants of car-
cinogenicity. Predictions are presented regarding the
potential carcinogenic activities of some still-untested
methyl benzacridines.
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Table 4.

Correlation Between Carcinogenicity and the Net Charge Density
Q, for the Benzylic Carbon of Selected Benzacridines

Compound Q. Cardinogenicity
Index
5,6-Dimethylbenz[c]acridine 0.3375 +++
6-MethylbenzfaJacridine 0.3642
6-Methylbenz[clacridine 0.3727
7,11-Dimethylbenz[clacridine 0.3993 ++
7,9-Dimethylbenz[clacridine 0.4035 +++
7,10-Dimethylbenz[c]acridine 0.4080 ++4+
7-Methylbenz[c]acridine 0.4126 +++
5-Methylbenz[clacridine 0.4232
8-Methylbenz[clacridine 0.4268 0
11-Methylbenz[c]acridine 0.4278
10,12-Dimethylbenz[a]acridine 0.4289 +
8,12-Dimethylbenz[a)acridine 0.4295 +
10-Methylbenz[c]acridine 0.4300 0
8-Methylbenz[alacridine 0.4300
10-Methylbenz[a]Jacridine 0.4307 0
9-Methylbenz[c]acridine 0.4320 0
2-Methylbenz{clacridine 0.4365
3-Methylbenz{clacridine 0.4365
4-Methylbenz{clacridine 0.4365
Benz[clacridine 0.4365 0
5-Methylbenz{alacridine 0.4416
2-Methylbenz{a]acridine 0.4450
3-Methylbenz[a]acridine 0.4450
4-Methylbenz[ajacridine 0.4450
Benz[gjacridine 0.4450 0
11-Methylbenz[alacridine 0.4460
9-Methylbenz{a]acridine 0.4472 0
12-Methylbenz[a)acridine 0.4472 0
9,12-Dimethylbenz{ajacridine 0.4498 +
1-Methylbenz[clacridine 0.5416*
1-Methylbenz[a)acridine 0.5518*

*High values for these compounds result from direct attachment of the
methyl group to the benzylic carbon.

Acknowledgments.

We thank Drs. D. M. Jerina and B. Pullman for helpful
discussions and correspondence on the topic of chemical
carcinogenesis.

REFERENCES AND NOTES

(1) Address after September 1, 1978: Chemistry Department,
University of California at San Diego, La Jolla, California 92093.

(2) Author to whom correspondence should be addressed. Address
during the academic year 1978-79: Institute for Theoretical Physics,
Stockholm University, Vanadisvagen 9, S-113 46 Stockholm, Sweden.

(3) A. Lacassagne, N. P. Buu-Hoi, J. Lecocq, and G. Rudali, Bull.
Assoc. Fr. Etude Cancer, 33, 48 (1946).

(4) G. M. Badger, Brit. J. Cancer, 2, 309 (1948).

(5) A. Lacassagne, N. P. Buu-Hoi, R. Daudel, and F. Zajdela, Adv.
Cancer Res., 4, 315 (1956).

(6) C. Lieberman, P. Lazar, I. Chouroulinkov, and M. Guérin, C. R.
Soc. Biol., 162, 835 (1968).

Vol. 16

Table 5.

Correlation Between Carcinogenicity and the Superdelocalizability S,for
the Benzylic Carbon of Angular Benzacridines and Selected Derivatives

Compound Q. Cardinogenicity
Index
5,6-Dimethylbenz[clacridine 0.764 +++
6-Methylbenz[a]acridine 0.686
7,11-Dimethylbenz[c]acridine 0.671 ++
6-Methylbenz[c]acridine 0.657
7,9-Dimethyibenz|clacridine 0.653 +++
8,12-Dimethylbenz[alacridine 0.642 +
10,12-Dimethylbenz[alacridine 0.636 +
7,10-Dimethylbenz[c]acridine 0.629 +++
7-Methylbenz[clacridine 0.616 +++
5-Methylbenz[cjacridine 0.599
8-Methylbenz[ajacridine 0.596
11-Methylbenz[c]acridine 0.590
10-Methylbenz[a]acridine 0.587 0
8-Methylbenz{cJacridine 0.584 0
12-Methylbenz[a]acridine 0.581 0
9,12-Dimethylbenz[alacridine 0.579 +
9-Methylbenz[clacridine 0.573 0
5-Methylbenz[a)acridine 0.571
10-Methylbenz[clacridine 0.570 0
11-Methylbenz[a]acridine 0.562
2-Methylbenz[clacridine 0.553
3-Methylbenz{cJacridine 0.553
4-Methylbenz[clacridine 0.553
Benz[c]acridine 0.553 0
9-Methylbenz[a]acridine 0.550 0
2-Methylbenz[alacridine 0.550
3-Methylbenz[ajacridine 0.550
4-Methylbenz{a]acridine 0.550
Benz[a]acridine 0.550 0
1-Methylbenz{c]acridine 0.364*
1-Methylbenz[a]acridine 0.352*

*Low values result from direct attachment of the methyl group to the
benzylic carbon.

(7) S.S. Epstein, M. Small, H. L. Falk, and N. Mantel, Cancer Res.,
24, 856 (1964).

8) E. C. Miller and J. A. Miller, in *‘Chemical Carcinogens’’ (ACS
Monograph 173), C. E. Searle, Ed., American Chemical Society,
Washington, D. C., 1976, Chapter 16, p. 737.

(9 E. C. Miller, Cancer Res.,38, 1479 (1978).

(10) The term '‘bay region’’ refers to a concave, exterior topological
region of the hydrocarbon bordered by three benzene rings, ope of which
must be a terminal ring. ‘ “\

(11) D. M. Jerina, R. Lehr, M. Schaefer-Ridder, H. Yagi, J. M: Karle,
D. R. Thakker, A. W. Wood, A. Y. H. Lu, D. Ryan, S. West, W. Levin, and
A. H. Conney, in **Origins of Human Cancer,” H. Hiatt, J. D. Watson,
and 1. Winstin, Eds., Cold Spring Harbor Laboratory, Cold Spring Har-
bor, N. Y., 1977, p. 639.

(12) 1. A. Smith, G. D. Berger, P. G. Seybold, and M. P. Servé, Cancer
Res., 38, 2968 (1978).

(13) D. M. Jerina and R. E. Lehr, in "*Microsomes and Drug Oxida-
tions,”” V. Ullrich, L. Roots, A. G. Hildebrant, R. W. Estabrook, and A. H.
Conney, Eds., Pergamon Press, Oxford, 1977, p. 709.-

(14) P.P. Fu, R. G. Harvey, and F. A. Beland, Tetrahedron, 34, 857
(1978).

(15) G. D. Berger, I. A. Smith, P. G. Seybold, and M. P. Servé,
Tetrahedron Letters, 231 (1978).



Apr. 1979

(16) 1. A. Smith and P. G. Seybold, Int. J. Quantum Chem., Quantum
Biol. Symp., 5, 311 (1978).

(17) G. D. Berger and P. G. Seybold (to be published).

(18) A. Pullman and B. Pullman, Adv. Cancer Res., 3, 117 (1955).

(19) A. Streitwieser, Jr., ““Molecular Orbital Theory for Organic
Chemists,”’ John Wiley & Sons, New York, N. Y., 1961

(20) K. Fukui, T. Yonezawa, and C. Nagata, Bull. Chem. Soc. Japan,
27, 423 (1954).

Substituent Effects in Chemical Carcinogenesis 425

(21) M. A. Mainster and J. D. Memory, Biochim. Biophys. Acta, 148,
605 (1967).

(22) J.D. Memory, Int. J. Quantum Chem., Quantum Biol. Symp., 2,
179 (1975).

(23) D. M. Jerina, R. E. Lehr, H. Yagi, O. Hernandez, P. M. Dansette,
P. G. Wislocki, A. W. Wood, R. L. Chang, W. Levin, and A. H. Conney, in
**In Vitro Metabolic Activation in Mutagenesis Testing,”” F. J. de Serres,
J. R. Fouts, J. R. Bend, and R. M. Philpot, Eds., Elsevier/North Holland
Biomedical Press, Amsterdam, 1976, p. 159.



