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Nmr Chemical Shifts in Carcinogenic Polynuclear Hydrocarbons 
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For polvcyclic uro'iiutic livilroc irboas displaying a rang' of carcin ogenic aclivit ie-, the relation between 
molecular orbital calculations and recently measured chemical shifts, derived from analysis of high-field nmr 
spectra, is examined. The modified and unmodified .McWeeny methods of evaluating the dominant ring-current 
contributions are compared with experimental shieldings (relative to benzene) for naphthalene and benz[«!-
aiithracene. For dibeiiz|(/,'i]anfhracene, benz )|r!i)h?nanthreue. and dibe;izo[r.(/]phenanthrene, shielding.-
calculated by the McWeeny method also correlate with experimental shieldings; large downfield shifts cause 
bay protons to lie on subsidiary lines (the phenanthrenic proton effect >. This agreement enables nmr shifts to 
provide a test of LCAO ("tic ilations underlying theories of carcinogenesis. The significance of small deviations 
from otherwise satisfactory correlations with LCAO-based ring-current theory for the K and I. regions of carcino
gens is discussed in terms of molecular geometry. 

The primary agents responsible Cor the carcinogenic 
activity of coal tars,1 '- tobacco smoke.3 and air pol
lutants4 tire thought to be polycyclic aromatic hydro
carbons and their alkyl derivatives. One approach 
toward discerning their mode of action at the cellular 
and molecular levels involves associating this biological 
property'''11 with physicochemical measurements. 

Two sets of parameters, the chemical shifts, v. and 
spin spin coupling constants , , / . result from the analysis 
of a high-resolution nmr sped rum: values of both can 
vary somewhat with concentration, solvent, tempera
ture, and. in particular, with the influence of a neighbor
ing, biologically important , molecule. However, knowl
edge of v and •/. even if only to moderate accuracy, 
allows the application of molecular orbital (AIO) theory 
to polycyclic hydrocarbons7 to be checked and provides 
a way of determining the electron distribution within 
the molecule, for example. 7r-electron ring currents, 
which may be calculated by MO methods. '4"" make 
Large contributions to v in polybenzenoid hydrocarbons; 
anisotropics of susceptibility within bonds in the a 
framework can also be important . ' - Moreover, in 
sterically hindered molecules, v can be indicative of 
deviations from planari ty; ' - the detailed geometrical 
compatibility of hydrocarbon1:< and receptor will be 
important in the binding associated with carcinogenic 
activity. In this paper we discuss the relation between 
recent chemical shift I4-,;' measurements and AIO 
calculations on polynuclear hydrocarbons of varying 
carcinogenic activities as1K" ls l is ted in T a b l e I. f a u 
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|)irical correlations"'15 ' '2" can also be made between 
ortho H H coupling constants ;tnd MO calculations; 
the Pullman1 7 ' - '-2 theory of carcinogenesis defines 
threshold values of localization energy (electron density) 
in the active K {ortho) and b (para) regions. 

Ring-Current Contributions to Chemical Shifts in 
Carcinogenic Polynuclears. Despite controversy about 
the origin of shifts23 ~2;> and magnetic susceptibilities2''1 

in polynuclears, it is generally accepted that the domi
nant contributors27 to chemical shielding in poly
nuclears are the 7r-electron ring currents first invoked to 
account for magnetic susceptibility anisotropics.'-* The 
magnetic held promotes ring fluxes, defined in terms of 
the modified 7r-binding energy.21' which may be regarded 
as either specific to a given ring"-3" or as line currents in 
the component bonds.'" 

In the magnetic-field modified LCAO theory, a wave 
('(Illation is set up for w electrons only: shift contribu
tions from a anisotropics must be considered separately. 
Further, LCAO ring currents and chemical shifts 
calculated for alternant polynuclear hydrocarbons are 
relatively insensitive to the refinements of a many-
electron (S(T') Uamillonian. variation of resonance 
integrals (rj.i. or choice of atomic orbitals (AO) giving 
independence from j . Although inclusion of overlap 
makes little difference to either 7r-electron energies321" 
or LCAO-calculated anisotropic magnetic susceptibili
ties34-^' of polynuclears. recent calculations with this 
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TABLE I 

CARCINOGENIC POTENCY OF HYDROCARBON'S STUDIED IN T H I S INVESTIGATION' 

C o m p d 

Benz [a] anthracene (I) 
7-Methylbenz [a]anthracene (II) 
7,12-l)imethylbenz[a]anthracene (III) 
(-)-AIethy 1-7,iS-ethanobenz [a] anthracene 

(20-methylcholanthrene) (I \ ' ) 
Dibenz [a,h]anthracene (V) 
Benz[a]pyrene (\"I) 
Benzoic]phenanthrene (VII) 
I)ibenzo[c,</]phenanthrene ( \TII) 

" Activity: + 
437(1969).' CK 

J—|—h, very marked: + , very we; 
I). Bartle, "i). W. Jones, and R. S. .Matthews, ibid., 876 (1969) 

Ref 16 

Inactive 

+ + + 
-T + + + 

+ + + + 
+ -T 

+ + + + 
+ 
Inactive 

NR mean 

Carcinogenic po tency (or a c t i v i t y ) " — 

s not r 

Ref 17 

t'ncei'tain 

+ + + 
+ + + + 

+ + + + 
+ + 
+ + + + 
-r 
Inactive 

sported. b K. I). Bartle 

Ref 18 

+ 
NR 
NR 

NR 

+ + + 
+ + + 
NR 
NR 

and I). W 

N m r shifts 
r epor t ed in ref 

Jones, J 

14 
14 
14 

14 
14 

14, l.j 
b 
c 

Chem. Soc, A 

H(l ) 
H(2) 

TABLE II 

NAPHTHALENE. COMPARISON OP EXPERIMENTAL SHIELDING CONSTANTS, <T, V»|M.1UC, 

(WITH RESPECT TO BENZENE), WITH VALUES CALCULATED BY SEVERAL METHODS 

Dipole 
a p p r o x m t n 

(Paul ing 
model) 
Ref 38 

1.43 
1.16 

Pople 
m e t h o d 
Ref 11 

1.44 
1.22 

- C a l c d 

-Hucke l L C A O -

Rel 37 

1.31 

1.17 

-McWeeny m e t h o d 
Ref 39 Re 

1.31 
1.17 

36 

1 . 2-S 

1 .1 . ) 

S C F 
Ref 39 

1.2S 
1 . 1.5 

Var iab le 
(3 

Ref 40 

1.24 
1.09 

-R efined LC 
/3 inde

pendence 
Ref 41 

1 .39 
1.21 

\ 0 
Inc lus ion 
of over lap 

Ref 36 

1.20 
1.11 

Exp t l 
Ref 11 

1.2S 
1.10 

and experi-
<7ir.,e,,ze„e (W^ 

refinement36 .suggest that ring-current shifts for some 
protons deviate significantly from "simple" LCAO 
values. Comparison of calculated u,36~41 

mental proton-shielding constants, a 
respect to benzene), for naphthalene (Table II) shows 
that LCAO-calculated shifts correlate well with experi
mental values. It is concluded that a comparison of 
calculated and experimental shifts in polynuclear 
carcinogens should afford a measure of the applicability 
to these compounds of LCAO theory on which the 
Pullman theory17'21'22 of carcinogenesis depends. 

Low symmetry and or poor solubility render the 
measurement of chemical shifts in many polynuclear 
carcinogens difficult from nmr spectra recorded at 
moderate frequencies; recently, spectra for a number 
of benz[a]anthi-acenes (of carcinogenic potency given 
in Table I) have been analyzed14-15 at 220 .MHz. The 
fair correlations (Figures 1-3) between calculated36'37,42 

shielding parameters, <r^/<TThe„ze„e, and values derived 
from the experimental shifts confirm earlier valuations42 

of ring-current calculations in the approximate solution 
of parent hydrocarbon spectra in terms of relative 
chemical shifts. As with analogous polynuclear hydro
carbons, bond anisotropics for peripheral protons are 
small enough to be neglected, 1I,12"'i7'43 but bay protons 
experience here such anomalously large downfield 
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shifts that they lie on a subsidiary (broken) line 
(Figures 1-3) displaced —0.35 shielding unit (O.o4 
ppm) from the main line. 

Several explanations of this phenanthrenic proton 
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Figure 1.—Graph of observed and calculated values of shielding 
parameter, o-T o-n„„n„, relative to benzene, for hydrogens in 
benz[a]anthracene. Full line is for equality of observed and 
calculated parameters; bay proton* lie on dashed line. Closed 
circles37 and half circles36 correspond to values of u^ :'o-Tbmmr 

calculated by the McWeeny method: open circles correspond to 
values of a,, o>i„.„„,lu. calculated with inclusion of overlap.36 
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Figure 2.—Observed and calculated (McWeeny (shielding*, <r„ 
a,,,,,,. for ben/n(«)pyrene; lines as in Figure I. Open circles 
are for observed values'" at infinite dilution in ('Oh; closed 
circles for observed values14 for solution in 0S:>. 

charge polarization in the H (' bond with consequent 
deshielding. This is estimated at 0.7(i ppm (by an 
approximate u pn'ofi calculation) or ().;"> 1 riu empirical 
correlation based on "experimental steric" shifts 
deduced by substraefing calculated ring-current shifts, 
one. from the observed shift: for certain calibration 
molecules, however, such as bonzo [i- ]phenanfhrene, 
one is based on an inappropriate4* planar model. 
There may be a parallel'1'"'-47 between this stoically 
induced charge polarization and the third mechanism 
proposed, an electric-field effect which is difficult to 
evaluate and arises from repulsion between hydrogen 
orbitals/'"'"'1 

Over-all agreement for I (figure 1) is better between 
experiment and McWeeny-method a, owU.„„.„, calcu
lated by Caralp and Hoarau :w than for either the shield
ing parameters calculated ostensibly by the same 
method by Memory, ct aL.~ or those with overlap 
inclusion™ which in general are about 0.1 shielding unit 
too low. Agreement between experimental and IX WO 
c» » , „ „ values4-is also good for V. but our measure
m e n t s 1 4 or a- <T:,,„.U tor VI at low c o n c e n t r a t i o n in 

2 - 0 -

OBSERVED 

1-5 

y 

V . 

1'5 
CALC. ( V ^ T / I 

r"'" 
2 0 

Figure '•>.—Observed and calculated (McWeeny! shielding pa
rameters, o-,r. (Tin,,.,,,,.,,,., for dibenz[a,h]anthracene (half circles), 
dibenzo[r,(yjphenaiithrene (closed circles), and benzo[r]phen-
anthrene (open circles ), all in OS,; solution. 

effect have been proposed. First, attribution to local 
anisotropics of susceptibility (Ax) appears plausible: 
this calls for downfield shifts of 0.20 ppm, with respect 
to benzene, in phenanthrene4 4 and between 0.27 and 
0.4") ppm in triphenylene.1- depending on the values 
taken for Axc-c and Axc-n and whether the modifica
tion4''' of the McC'onnell e(|tiation411 is used. Secondly, 
recent work by Cheney47 suggests that the steric 
compression41* to which bay protons are subject induces 

(U) K. I ) . Hurtle and ,1. A. S. S m i t h . Spertrocltim. Artu, 23A, 1B89 
(1967). 

(45) iul J . W. Apsi iaon, W. <;. ( r a i n . iJ. V. D w u a r r a , I) . W. Malh ie son . 
I.. Similiters. and W. II. Whulley, ( ' *«« . Cummiir... 1S59 (Klllli): il.) Teirn-
lirilrnn. 2 3 , 2:S.'<!I i l l l t iT ) . 

l4(i) II. M. McConnc l l . ./. Chrm. I'),,,.-.. 27, 22<i i l<tr»7 i. 
17) li. V. C h e n e y . ./. .1/»<•/•. Chrm. , % „ 90, 5580 (HIIS8I. 

! IS) ( ' . lu-icl. ./. Mill. Siirrlr,/.. 1, IS 11957). 

\' VI 

("So are shifted to high field of both McWeeny values4-
and infinite-dilution (CCi-i) experimental results.1'1 

This discrepancy arises because dilution shifts"'- for VI 
are much larger1''1 than those found for phenanthrene4 4 

and other alternant polycyciics.1" and for fluoraii-
thencs;''3 in fact, differences between our 5 values14 and 
those of Haigh and Mallion1''' correlate rathei' well with 
the downfield shifts observed1''' when VI is diluted. 
LCAO-based ring-current theory thus appears to 
account well for proton chemical shifts in I, V. and VI, 
and to endorse the applicability of such simple MO 
methods to these polycyclic carcinogens;''4 small 
deviations from theory may be significant, however, as 
is discussed below. 

A Possible Geometric Effect in Carcinogenesis by 
Benz[a]anthracenes. The reason why FI-14 in V 
suffers (Figure '•-]) about 0.1 shielding unit extra upheld 
shift (not experienced by the opposed H-l) may be thai 
it is slightly displaced from the plane of the rings; in 

' t ( o K. 1). Marlle and I), \\ . .lone.-. •/, (7,<m. .So,.. . 1 , UiT i 191V.) i. 
150) T. W. Marshal l a n d .1. A. Pople. Mnl. /'/,;/.«., 3, :i:59 (UKiOi. 
(51) It . .1. A b r a h a m and .1. S. E. Uolker. ./. CUt:m. Stir.. 806 ll9ti:S), 
(52) .1. V Pople , W. (I . Schneider , ami 11. .1. Bernste in , " Hiirh-Resnlulkin 
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the crystal,-''' C-l lies very nearly in, and C-14 slightly 
(0.01 A) out, of the mean molecular plane. There is 
reduced deshielding of H-12 in I (Figure 1), for which 
the refinement of the noncentrosymmetric crystal 
structure'''6 is not available. Moreover, in crystals 
of the potent 7,12-dimethyl derivative I I I , some C 
atoms lie appreciably out of the molecular plane57 

(O.o() A for 12-CH3) in contrast with the earlier view58 

of planarity as a prerequisite of carcinogenicity. Our 
observation12 '14 that the bay proton H- l is shielded 
rather than deshielded12 when Ale is introduced suggests 
that this nonplanarity persists in solution. Since the 
corresponding C - l l atom in the equally active carcino
gen VI also projects slightly from the mean ring plane,59 

there is evident a gradual increase in potency of some 
benz[a]anthracenes, from the almost planar I, through 
V. to VI and I I I , as increasingly bulky groups at the 
12 position protrude from the molecular plane. While 
molecular geometry, and especially planarity, of 
carcinogens is involved in theories of interaction with 
DXA (mutagenesis611) and with proteins (genetic 
regulation theories),61 its role is less clear for the benz-
[a]anthracene series than for the acridine series.62 

With the recent availability of full assignments for 
the spectra of VII (also designated 3,4-benzophenan-
threne49) and VII I (also designated 3,4,.j,(S-dibenzo-
phenanthrene6 3). it has been possible to make improved 
correlations with theoretical shielding parameters.37 

Apart from the hindered 1 position, calculated values 
of 0-T/avi„,„,„„„. in VII tend to be slightly downfield of 
experimental values, but nonhindered positions in 
VII I show a much bigger difference.42 This may be a 
consequence of nonplanarity in that orbital overlap, 
ring currents, and deshielding are all reduced. 

Chemical Shifts in the K and L Regions. Alkyl-
Substituted Polynuclear Carcinogens.—Agreement be
tween observed and calculated chemical shifts is good 
for the K regions of I and V (Figures 1 and 3); although 
the experimental shielding parameters are greater than 
those calculated for both the K-region protons H-4 and 
H-."> in VI (Figure 2), this correlation is probably for
tuitous, since similar discrepancies are observed for the 

(55) J. Iba l l . p r i v a t e c o m m u n i c a t i o n s , 1968. 
(56) I'. H. Kr iedlander ami D . Sayre , Nature, 178, 999 (1956). 
(57) J. Ibal l , ihiil., 201 , 916 (1964). 
(58) A. H a d d o w , Roy. Inst. Chem. (London) Lectures, Monograph*, 

Rept., Series No. 4, 1 (1959). 
(59) .). Iball and I ) . W. Young, p r i v a t e c o m m u n i c a t i o n quo ted in G. 

Fersjuson and .J. M . R o b e r t s o n . Ailvun. Phys. Org. Chem., 1, 203 (1963). 
(60) 1',. Pu l lman , Biopolymers Symp., 1, 141 (1964). 
(61) C. Heide lberser , J. Cellular Comp. Physiol.. 64 (Suppl 1), 129 (1964). 
(62) L. S. Le rman , ./. Mot. Biol., 3 , 18 (1961). 
(63) K. 1). Bar t le . I ) . W. Jones , and R. S. M a t t h e w s , ./. Chem. Soc, A, 

876 (196H). 

"pyrenic" protons H-l and H-12. In both I and VI, 
Haigh and Mallion have noted15 that the K region pro
tons exhibit anomalous dilution shifts. 

The high-field shifts induced in the para H-12. when 
one H of the L region is substituted by Ale (in II) or 
CH2 (in IV), are smaller than in compounds of lower 
molecular weight. Thus vvl is at 0.0() ppm higher field 
in II than in I, but the /)-CH:i shifts in toluene,64 

1.8-dimethylnaphthalene,65 and4-methylphenanthrene44 

are + 0.KS, +0.23, and +0.1.") ppm, respectively; 
the difference of 0.20 ppm between values in I and IV 
compares with a high-field shift of 0.31 ppm induced by 
p-CH2 in acenaphthene.65 The shielding of FI-7 by 
/i-CH3 in 12-methylbenz[a]anthracene is also small.66 

If /)-CH3 shifts occur because inductive or hyper-
conjugative interaction with the -K system increases 
electronic change at the para C,64,fi7 then our results14 

on the carcinogens II and IV suggest that the charge 
density at C-12 in the benz[a]anthracene system 
changes onlv slightlv when a CH;j or CH- is substituted 
at C-7. 

On the other hand, while the K region proton H-b' in 
both II and III is subject to strong deshielding (0.33 
and O.lfi ppm, respectively) by Me-7, via the spatial 
peri effect,44'65 H-(i in IV is scarcely affected by the 
pen'-methylene. Association of the carcinogenic activ
ity of these molecules with a geometric factor in the K 
region cannot therefore be ruled out. 

Conclusions.—Experimental nmr chemical shifts in 
polycyclic carcinogens correlated quite well with values 
calculated from MO theory and, for this purpose, 
LCAO theory is adequate. Consequently, pmr shifts 
can be used to assess the validity of LCAO calculations 
on which some theories of carcinogens depend. Those 
cases showing small deviations are consistent with the 
association of carcinogenic activity in benz[a]anthra-
cene derivatives with the stereochemistry of the C-12 
substituent in the L region; geometric effects are also 
possible in the K region. 
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