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Nmr Chemical Shifts in Carcinogenic Polynuclear Hydrocarbons
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For polvevelie arienaie hvidroewhons displaving o range of carcinogenic activitios, the relation helween
molecular orbital calealations and recemly measired chemical shifis, derived from analysis of high-field mur

spectra, s examined.

The modified and numodified MeWeeny methods of evalmaing the dominant ring-cirent

contribimions are compared with experimamal shielilings trelative 10 henzene) for vaphthalene and henz[a!l-

anthracene,

For dibenzle fanthracene, benzo(elphenaarhrens, and  dibeazo{c.g]phenanthrene, shieldings

calentated by the McWeeny methid also corvelate with experimenial shieldings; large downfield shifts caise

bay protons to lie on subsidiary lues (the phenanthrenie proton effect
provide a te<r of LCAO cale ilarions nnderlving vheorvies of carcinogenesis.

Thix agreement enablex e shifis i
The sigpificance of small deviatious

o otherwise satisfactory enrrelations with LCAO-hased riog-cnrrent theary for the K and I, reions of carcino-

vens ix disciizsed in 1erms of molecnlar geometry.

The prinary agents responsible for the earcinogenic
activity of coal tars,M? tobaceo smoke® and air pol-
lutant=* are thought to be polvevelie aromatie hydro-
carbons and thenr alkyl derivatives. One approach
toward discerning their mode of aetion at the cellutar
and molceular levels involves associating this biological
property™® with physicochemical measnrements,

Two setx of parameters, the chemieal shifts, »and
<pli-spin coupling constants, /. result from the analysis
of a high-resolution nmr spectrun: values of both can
vary somewhat with coneentration, solveir, tempeta-
ture, and, i particular. with the mflnence of a netghbor-
ing, biologically important, moleente. However, knowl-
edge of v and J. even if only to moderate aceuracy.
altows the application of molecular orbital {NO) theory
to polveyelie hydroearbons' to be checked and provides
a way ol determining the cleetron distribution withim
the molecute,  For example, w-clectron ring currents,
which may be ealeulated by MO methods® "' make
Lrge contributions to « in polvbenzenoid hydroearbons;
anizotropies af susceptibility within bonds< m the o
framewark can alko be mmportant.'*  Morcover, in
steriealty hindered molecules, « can be indicative of
deviations from planarvity:'? the detatled geometrieal
compatibility of hydrocarbon™ and receptor witt he
important i the binding associated with carcinogenice
activity. T this paper we discuss the relation between
recentt chemieal  shift™ P measwrements and MO
caleulations on polynuelear hydrocarbons of varving
carcinogenie activities as™ -5 isted i Table 1. Pin-
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pirieal comelations' 12 can also be made between
ortho H-H couphing constants and MO caleunlations:
the  Pullman!™2422 theory  of  carcinogenesiz defines
threshold values of localization energy (electron density)
in the active K (octha) and L (pwra) reglons.

Ring-Current Contributions to Chemical Shifts in
Carcinogenic Polynuclears.- - Despite controversy about
the origin of <hifts**= and magnetic susceptibihities™
it polynuelears. it s generatly aceepted that the domi-
nant  contributors®™ to chemieal shielding in poly-
nuelears are the s-clectron ring einrrents first invoked to
aceount for magnetie susceptibility anisotropies.®  The
magnetic field promotes ring fluxes. defined in terms of
the modified r-binding cnergy . 2" which may be regarded
ax cither speeifie to a given ring™® or as lne cuarrents i
the component bonds.

In the magnetie-fickd moditied LCAO theory. a wave
equation ix <ct up for = eleetrons only: <hift contribu-
ttons from ¢ anizotropies must he considered separately.
Further, LCAO 1ing  currents and  chemieal  shifts
caleulated for alternant polyielear hyvdrocarbons arve
relatively nsensitive to the retinements of o manv-
cleetrou (SCE; Hamiltomnn, variation of resonancee
integrals (). or cholee of atonie orbitals tAQ) giving
imdependence romn 3. Ahthough tnelusion of overlap
niakes little differenee to either zw-clectron energies®24%
or LOAO-caleulated anisotropic magnetic suxceptibili-
fe<® of polvnuclears, recent caleulations with ths
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TaBLE I
CARCINOGENIC POTENCY OF HYDROCARBONS STUDIED IN THIs INVESTIGATION
e e Carcinogenic potency (or activity)*——————— Nimr shifts
Colnpd Rei 16 Ref 17 Ref 18 reported in ref

Benz[a)anthracene (1) Inactive Uncertain + 14
7-Methylbenz(a]anthracene (II) +++ +++ AR 14
7,12-Dimethylbenz[a]anthracene (I11) +++ 4+ ++++ NI 14
9-Methyl-7,8-ethanobenz[a]anthracene

(20-methylcholauthrene) (IV) + 4+ 44 + 4+ 4+ 4 NR 14
Dibenz(a,h)anthracene 1\) + + ++ + 4+ 14
Beuz[alpyrene (V1) +4++ 4+ + 4+ ++ +++ 14, 15
Benzo[c]phenanthrene (VII) + + NR b
Dibenzo(c,g]phenanthrene (VIII) Inactive Tuactive NR ¢

« Activity:
437 (1969).

+ -+ 4+, very marked: 4+, very weak: NR means not reported.
c K. D). Bartle, D. W. Jonex, and R. 8. Matthews, ibid., 876 (1969).

b K. D. Bartle and D. W. Jones, J. Chem. Soc., 4,

TaBLE 11

N APHTHALENE.

COMPARISOUN OF EXPERIMENTAL SHIELDING CONSTANTS, 07 Crpnsent

(WiTH RESPECT 70 BENZENE), WITH VALUES CALCULATED BY SEVERAL METHODS

Caled o7, orlepsews

Dipole
approxmtn e Hilckel LCAO—————— —_ ———————Refined LCAQ—————
(Pauling Puple Variable B inde- Inclusion
model) mnethiod —————2\e¢Weeny method———— SCF B8 pendence of overlap LxpU
Rel 38 Rel 11 Rel 37 Rel 39 Rel 36 Rei 39 Rel 40 Ref 41 Ref 36 Ref 11
H(l) 1.43 1.44 1.31 1.31 1.28 1.28 1.24 1.39 1.20 1.25
H(2) 1.16 1.22 1.17 1.17 1.15 1.1H 1.09 1.21 1.11 1.10

refinement® suggest that ring-current shifts for some
protons deviate significantly from “simple” LCAO
values.  Comparison of caleulated!*—4! and experi-
mental proton-shielding constants, o,/ epene  (With
respect to benzene). for naphthalene (Table II) shows
that LCAO-calculated shifts correlate well with experi-
mental values. It 18 coneluded that a comparison of
calculated and experimental shifts in polynueclear
carcinogens should afford a measure of the applicability
to these compounds of LCAO theory on which the
Pullman theory!™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]anthracenes (of carcinogenic potency given
in Table I) have been analyzed!* at 220 N[Hz. The
fair correlations (I'igures 1-3) between calculated3® 3742
shielding parameters, ¢./¢ e and values derived
from the experimental shifts confirm earlier valuations*?
of ring-current calculations in the approximate solution
of parent hydrocarbon spectra in terms of relative
chemical shifts.  As with analogous polynuelear hydro-
carbons. bond anisotropies for peripheral protons are
small enough to be neglected, 12343 hyut bhay protons
experience here such anomalously large downfield

(36) L. Caralp and J. Hoarau, J. Chim. Phys., 68, 1565 (1968).

(37) J. D. Memory, G. W. Parker, and J. C. Halsey, J. Chem. Phys., 48,
3567 (1966).

(38) H.J. Bernstein, W. G. Sclineider, and J. A, Pople, Proc. Roy. Soe.,
A236, 515 (1956).

(39) G. G. Hall, A. Hardisson, and L. M. Jackman, Discuesions Faraduy
Soc.. 34, 15 (1962).

(40) (a) H. P. Figeys, Tetrahedron Letters, 4625 (1U66):
mun., 495 (1967).
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11960y,
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shifts that they lie on a subsidiary (broken) line
(Iigures 1-3) displaced —0.35 shielding unit (0.54
ppm) from the main line.

Several explanations of this phenanthrenic proton
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Figure 1.—Ciraph of observed aud caleulated valiies of shielding
parameter, oz, 0 mpencne; elative tu benzene, for hydrogens in
benz(a]anthracene. Full line is for eguality of observed and
calenlated parameters; bay protons lie on dashed line. Closed
circles?” and half circles® corvespond to vahiex of ox/orpenzeve
calenlated by the MeWeeny method: open cireles correspond to
valnes of o7 Ty calenlated with inchision of overlap.*
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Figure 3.—0Observed and calenlated (MeWeeny) shielding pa-
raelers, or Crpmens f01 dibenz{a,hlanthracenie chalf civeles),
dibenzo[c,g]phenanthrene (closed cirelesi, and benzol«[pheu-
anthrene (open civcles), all it CNy sohition.

effeet have been proposed.  First, attribution to local
anisotropies of susceptibility (Ax) appears plausibte:
thix calls for downfield shiftx of 0.26 ppni, with respect
to benzene, v phenanthrene® and between 0.27 and
0.45 ppm in triphenvlene,'? depending on the vahies
tuken for Axc..c and Axc-y and whether the modifica-
tion® of the MceConnell cquation®™ is used.  Sceondly,
recent  work by Cheney?™ suggests that  the sterie
compression® to which bay protous are subject induces

(44) K. DL Barile aml L A, 8, Smith, Speetrochine Aota, 23A, 168D
(1067).

1451 o LW Apsitmon, WG, Craige, oV Demnren, 0 WL Malliteson,
. Sunnders el W, B0 Woalley, Chene, Caanmac.. 350 (IhGur by Jetra-
hedent, 28, 2330 (IUBTH.

PGy 11 ML MeConnoll, J. Chen, Phge.. 27, 226 119571,

1Ty 1 VL Chieney, . dmer. Chene Sue., 90, AABG 2 1681,

vIRy L Rend, J0 Mol Spectry, 3, 18 1TU55 1
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charge polarization in the H-(" bond with conscequent
deshielding.  Thix i estimated at 0.76 ppm (hy an
approximate a piriord calenlation) or 0.51 réa cipirien!
correlation based o Pexperimental sterie” shifts
deduced by substracting calenbated ving-current shifts,
dre. from the vbzerved <hift; for certain ealibration
molecules: Tiowever, =uch ax benzoje [phenanthrene,
dpe 18 based onoan inappropriate’® planar model.
There may be o parallels#5 hotween  this steriently
induced charge polarization and the third mechanisim
proposced. an eleerrie-ficld effeer which s diffienlt ta
evaluate and arises from repulsion hetween hvdrogen
orbitals !

Over-all agreement for 1 (Ilteure 1) 1= hetter hetween
experiment and MeWeeny-method o, 0500.,.  calen-
lated by Caralp and Hoarau® than for cither the shield-
ing parameters caleulated ostensibly by the sane
method by Memory. of @l or those with overlap
inchusion™ which tu general are about 0.1 shielding unit
too low.  Agreement between experimental and LCAO
Cro T v, Vitlues s nlso good for V. but our mensure-
nent=" or o, 7,0 for VI oar low concentration in

H.t'—CH.
Y

('S, ave shifted to high field of both MeWeeny valuest?
and  ifintte-dilution  (CCL) o experimental  results.'”
Thisx diserepaney arises because dilntion shift<"* for VI
are much farger® than those found for phenantlirene
and  other alternavt polveveiies,t and for fluoran-
thenes:” 1 fact, differences hetween our 6 valnes' and
those of Haigh and Mallion'™ correlate rather well with
the downfield shifts obzerved? when VI s diluted.
LCAO-based  ring-current theory thus appears to
account well for proton chemical shifts m [ V. and VI,
and 1o endorse thr applieability of such simple MO
methods o these polvevelie  carcinogens®*  <mall
deviations frow theory may be sguificant. however, as
ix diseus=ed helow.

A Possible Geometric Effect in Carcinogenesis by
Benz|a]anthracenes. T'he reaxzon why H-14 in V
suffers (Figure 3) about 0.1 shiclding unit extra upficeld
<hift (mot experienced by the opposed H-1) tuny be that
it 15 shghtly displaced from the ptane of the rings: in

i I, DL LBarile aml UL W dones, Jo Chemn, Sae., L1, - B3T 11069 1,

1500 T. W, Marsliall amd L. V. Pople, Mol PPhys., 3, 339 {14603,

i51r R.J. Alrabale and 1 S0 100 Holker, . Clivm, Soc., 806 (1b1i3).

A2y 1AL Pople, W, (G Sebneiler, aml L1 Berustein, " High-Resalntinn
N vl AMlugnetie Besonanee” MeGro w110 Book Coo Tiel, New York
N.Y. ook, 12T

B2 WL DL Baerle, U0 WL lsies, wied WL UL Pegrsan, S0 Mol Speaddew., 24,
SO0 PLAT

oSbi 1L Dawdel, Videars, Chom, Plaes. 1, 168 (1938,
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the crystal, C-1 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® ix not available. Moreover, in crystals
of the potent 7.12-dimethyl derivative III. some C
atoms He appreciably out of the molecular plane”
(0.56 A for 12-CHj) in contrast with the earlier view?
of planarity as a prerequisite of earcinogenicity. Our
observation'>' that the bay proton H-1 is shielded
rather than deshielded!® when Me is introduced suggests
that thisx nonplanarity persists in solution. Since the
corresponding C-11 atom in the equally active carcino-
gen VI also projects slightly from the mean ring plane**
there is evident a gradual increase in potency of some
benz[a]anthracenes. from the almost planar I, through
V., to VI and III. 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
DNA  (mutagenesis™) and with proteins (genetic
regulation theories) 5! its role is less clear for the benz-
[aJanthracene series than for the acridine series.®
With the recent availability of full assignments for
the spectra of VII (also designated 3.4-benzophenan-
threnet®) and VIII (also designated 3.4.5,6-dibenzo-
phenanthrene®®), it has been possible to make improved
correlations with theoretical shielding parameters.®
Apart from the hindered 1 position. caleulated values
of 04/ Gapenmee 11 VII tend to be slightly downfield of
experimental values, but nonhindered positions in
VIII show a much bigger difference.*? 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 caleulated chemical shifts is good
for the I\ regions of T and V (Iigures 1 and 3); although
the experimental shielding parameters are greater than
those ealeulated for both the IN-region protons H-4 and
H-5 in VI (Iigure 2), this correlation is probably for-
tuitous, since similar diserepancies are observed for the

(h5) J. 1ball, private communications, 1968.

(56) P. I, Friedlander anil D). Sayre, Niuture, 178, 999 (1956).

(57) J. Iball, ihid., 201, Y16 (1U64).

(58) A. Haddow, Roy. Iust. Chem. (London) Lectures, Mouographs,
iRept., Series No. 4. 1 (1959).

(59) J. 1ball and . W. Yonng, private colmmunication rquoted in G.
Fergnson and J. M. Robertson, Avvun, Phys. Org. Chem., 1, 203 (1963).

(60) 15 Pullman, Biopolymers Symp., 1, 141 (1964).

(61) C. Heldelberger, J. Cellular Comp. Dhysiol., 64 {Suppl 1), 129 (1964),

162) L. 8. Lerman, .J. Mol. Biol., 8, 18 (1961).

(63) K. 1. Bartle, 1). W, Jones, anil R. 8. Matthews, J. Chem. Soc., A,
876 (1060).
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“pyrenic’’ protons H-1 and H-12. In both I and VI,
Haigh and Mallion have noted® that the X 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 Me (in II) or
CH, (in IV), are smaller than in compounds of lower
molecular weight. Thus vy, s at 0.06 ppm higher field
in II than in I, but the p-CH; shifts in toluene
1.8-dimethyluaphthalene ® and 4-methyiphenanthrene*!
are -+0.16. +0.23, and +0.15 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-CH, in acenaphthene.® The shielding of H-7 by
p-CH; in 12-methylbenz[a]anthracene is also small."
If p-CHy shifts occur because inductive or hyper-
conjugative interaction with the = ~xystem increases
electronic change at the para C.*% then our results!4
on the carcinogens II and IV suggest that the charge
density at C-12 in the benz[a]anthracene system
changes only slightly when o CH; or CH, is substituted
at C-7.

On the other hand. while the IX region proton H-6 in
both IT and IIT is subject to strong deshielding (0.33
and 0.16 ppm, respectively) by Me-7. via the spatial
pert effect,*® H-6 in IV is scarcely affected hy the
peri-methylene.  Association of the carcinogenie uetiv-
ity of these molecules with a1 geometric factor in the IX
region cannot therefore be ruled out.

Conclusions.—Experimental nmr chemical shifts in
polyeyelie earcinogens correlated quite well with values
caleulated from MO theorv and. for this purpose,
LCAO theory i1s 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 sdetivity in benzia]anthra-
cene derivatives with the stereochemistry of the C-12
substituent in the L region; geometric effects are also
possible in the IX region.
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