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ABSTRACT: The ana lys is of the magneti c resonance spectra 

at 220 MHz of the carcinogenic benzo[a]pyrene (1) 'and 6-

methyl benzo[aJpyrene (g) is presented .. The proton exchange 

study in sulfuric acid-d2 is used to determine the spccf'ic 

~ositions of eTectrophi1ic substitution. Electrophili_ 

a ttack on (1) takes place predomi nantly on the 6-pos i ti on, 

fo 11 owed by the 1- .and 3-pos iti ons, whereas in (?J, in 

which the 6-carbon atom is substituted, the most active 

positions are the numbers 1, 3 and 5, with 5 the slowest. 

" . 
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INTRODUCTION 

The proton nuclear magnetic resonance (NMR) study at 60 r~tlz of 
. 1 

twenty unsubstituted polycyclic hydrocarbons reveals the presence of 

separated band:..sys tems. The 1 arge ri ng-current di amagnetic effect of 

these molecules generates on the protons a downfield chemical shift 

r~lative to those of the b~nzene and naphthalene series. Th~ parti­

cular relevance of this effect to the meso-anthracenic protons leads 

to their separation from the others and thus to their identification. 

Moreover, the angular protons exhibit an ad~itional deshielding fffect 

due to the non-bonded spin-spin interactions (steric compression effect)2 

and their band systems can also be easily assigned. However, the re., 

maining protons are normallj not well separated. 

In the case of the polycondensed hydrocarbons, a completeNMR 

analysis has been achieved only fo~ the benzo[e]pyrene. 2 This.was 

accomplished by comparison of the theoretical calculated shielding 

parameters, a relatively less complicated calculation for this symme­

trical molecule, wfth the experimental data. 

The better resolution achievable with the 220 MHz spectrometer, 

ai ded by the double resonance technique andspeci fi c deuterodepr.otona­

tion v.Jith sulfuric acid-d2 allows us to report here the interpretation 

. of the benzo[aJpyrene (1) and 6-methyl benzo[a]pyrene tV proton mag"' 

netic resonance spectra. At the same time, the sDectr~ Drovid2 cu~~ita-

tive information on the positions of selecti~e substitution obtained by 

such a d~uterium'ion exchange. Finally, the kinetics of exchange are 

used for defining the relative reactivities of the various positions of 

the two hydrocarbons. 



. ~ .. 

9 

8 

RESULTS 

Assignments of Lines 

-4-

BENZO[a]PYRENE OJ. The 220 MHz proton magneti c resonance of OJ 
is shown in Fi gure 1 .. ' The peaks are assi gned to the correspond; n9 pro-

tons in the follo\'Iing manner. The integration line provides the proton 

ratio in t~e band groups from left to right, of 2:1:3:1:3:2. A first 

approximate interpretation derives from Martin's empirical rules l ,3 that 

suggest which spectral regions are to be associated \'Iitheach type of 

aromati c proton. 

':';',,0/1 The two angular protons H10 and Hllwere already characterized by 

Martin et~.l in the spectrum at 60 MHz. The overall superposition of 

the two chemical sh-ifts in this spectrum is a pure coincidence. At 
~ 

higher co~centrations, or when the coupled protons are irradiated in the 

. regions close to their resonance signal, using the double resonance 

technique (vide infra), the sharp doublet of Hll becomes slightly sepa­

rated from the more complex coupling of H10 ' If thetvJo protons .:lt2 

irradiated with a strong radiofreque~cy signal at their reSOnance fre­

quency, the H'2' postulated on the basis of the same counling constant, 

.. 
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collapses to a singlet (Figure 2A) and the complex multiplet. tenta­

tively assig~ed to the protons* HS and Hg, is simplified (Figure 28) . 

O~ the other hand, when the. H12 peak is saturated, the signal of H10 and 

Hll becomes a broad singlet (Figure 2C). The irradiation of the complex 

multipletHs' Hg in the region of their resonance frequency creates a 

separation of the doublet HII from the H10 which appears now as a complex 

signal. This complexity is reduced when the signal corresponding to the 

resonance frequency of Hg is saturated. 

, The multiplet peak H7, partially superimposed on H12 and H3, ;s 

designated by the resultant decoupling when the signal corresponding to 

HS is irradiated (Figure 20). Thus, the decoupling experiments make it 

possible to assign unequivocally the protons HIO ' Hl1 , Hl2 , H7, HS andHg. 

The characteristic peak at S.41 ppm corresponds to the mesoanthra­

cenic hydrogen in the 6-position. Although the two protons H4 a~d H5 

possess .about the same chemical shift as the H2, the pattern of their AB 

spectrum can be recognized. It was easy to see the qu~rtet of H4 and HS 

when theH l and H3 were selectively deuterated (videin.JraJ and Figure 4C). 

In the resultant spectrum the large left inner band of the quartet rcsu1 ted 

from the superimposed singlet of the collapsed H2, arising from the dis­

appearance of the two ortho-coup 1 i n9 constants (Fi gurel) vii th the protons 

1- and 3-positions. 

The preCise distinction between protons Hl and H3 cannot be directly 

reso 1 ved because we are not aware of a valid criteri on for the; r di fferen­

tiation. Dewar's theoretical calculations predict that the positions for 

* . . 
. The four interacting nuclei H7, HS~ Hg, and HIO can be considered a 

ABI'IX system. 
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e 1 ectrophil i c subs tituti on reacti ons are in decreas i.ng order of react;-

vity, 6,1 and 3. Although the 6-position is by far the most active, 

a bulky Friedel-Crafts reagent would manifest the steric hindran£e of 

the meso-anthracenictypeof this carbon-atom. In that case, electro­

philic substitutions would be expected to take place on the 1- and 3-

·positions. ~Jhen the hydrocarbon UJ is allowed to react vJith the succinate 

anhydride and aluminum chloride, the l-acylated derivative is the main 

product. 4 

The deuterodeprotonation of (1) shown in Table 1 indicates that the 

6-position is the most basic orie and the 1- and 3-positions reveal only 

a little difference in reactivity. Of the latter t\'!O the signal exchanged 

slightly faster is preferentially suggested to be the proton on the 1-

position. The proposed designation stems from the above reported 

theoretical and chemical results. 

6-METHYLBENZO[a]PYRENE C?). At fi rst glance, the NMR of thi s mol e­

cule (Figure 3) ,compared to the spectrum of (1) shows the t\oJO expected 

deshielded protons HS and H7 in the peri-position with respect to the 

methyl group (peri effectS), and an anomalous shielding effect of one of 

the two angu1 a I:' protons as sho\'m by the integrated spectrum. ' The ratio 

of the protons from left to right is 1:1:1:1:2:1:2:2. The .complex 

Iilultiplet of the two downfie1d shifted protons H5 and H7 cannot, to our 

knowledge, be easily explained.' As a matter of fact, the "peri" coupling 

have been reported to be small and to produce a broadening of peaks. 6 

,However, strong irradiation of the methyl group (singlet at 3.2 ppm, 

with the linew;dth at the half'height of 1:6 HZ} does not affect either' 

the broad HS or the broad Hr ' 

• 
I I 

ii' 

'. 
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The results of irradiation of the HS andHg multiplet by tnE double 

resonance technique suggest that the proton centered at 8:96 ppm belongs 

to the 7-position (Figure 2E). On the other hand, the saturation of the 

latter proton affects the HS and Hg signal (Figure 2F) ,indicating spin­

spi n coup]i ng to HS and hence, their respecti ve assi gnment. Furthermore, 

this finding suggests that the multiplet centered at 8.45 ppm to be, b~ 

exclusion, the proton in the 5-posiiion. The two peri-protons, HS and 

H7 exhibit about the same downfield shift relative to their signals in 

benzo[aJpyrene and this adds further evidence for their assignment. A 

negative, result of the decoupling of the proton at S.90 ppm by irradiation 

of the proton Hg rules out the possibility that the doublet might be the 

proton in thelO-position and suggests this to be the proton in the 11-

pos iti on. 

The protons Hlland H12 , though coupled, do not show exactly the 

same coupling constant. However, a positive reciprocal decoupling experi­

ment (Figures 2G, 2H) leaves no doubt about their assignments. The down­

field shift of the proton HS with respect to its chemical shift in the 

NMR of (1) (Figure 1) leaves the proton H4 as a doublet possessing about 

.. the same chem;c~l shift and· coupling constant as in (1). The characteristic 

triplet with two equal coupling constants defines the proton in the 2-

position. While one of the protons coupled to the H2 is directly disclosed 

by its having the same value for the coupling constant, the second one, 

partially superimposed, is disclosed after deuterium-e~change (Figure 5). 

They present the same patterns. the samechemicalshfft, and the same 

ease of deuteration a~ the protons Hl and H3 in (1). On this basis, 

their assignment is suggested. Incidentally, the three interacting 
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protons Hl , H2 , H3, forman ABC system 'as in the case of (l) ( Figure 1). 

The spectrum of the three protons is relatively simple becaus2 the 

couplingconstahts J l ,2 and J2,3 are practically the same. F-inally, the 

remaining proton, namely, the doublet at 8.20 ppm, is the proton in the 

lO-pos i ticn. 

Spectrumof Benzc[a]pyrene 0) in Aci d Medium 

The NMR spectru~ 6f compound (1) (39.6 mg) in a mixture of carbon, 

tetrach 1 ori de (0. ~ ml), tri fl uoroacetic aci d (0.5 ml) and concen tra ted 

sulfuric acid (0.032 ml) reveals a singlet in the aliphatic region at 

8 3.78 ppm cor~esponding to the two protons of the cationic intermediate. 

Since the 6-carbon atom is by far the most reactive one (vide infra), it 

is logical to designate that position as the predominantly protonated 

one. In a similar way, the NMR spectrum of (1), under the same condi-

ti ons ,except for tri fl uoroaceti c aci d and s.ulfuric acid \A/hi ch have been 

substituted with their .deuterated isotopes, does not exhibit any signal 

in the ali phati c regi on. 

DEUTERODEPROTONATION OF BENZO[a]PYRENE (1) AND 6-METHYLBENZO[a] 

PYRENE' (gJ. The carcinogenic aromatic hydrocarbon (1) is easily dis­

solved in concentrated sulfuric acid-d2. The sol.utioh is then ~uenched 

with a chilled mixture of deuterated water and chloroform at different 

reacti on t imes ~ 

After the separation of the compound, its NMR spectra (Figure 4), 

compared to the NMR spectrum of (1) (F~gure 1), point out specific 

deuterated positi~ns by the partial or total disappearance of some of 

the signals. The results are summarized in Table 1. l~hen the hydrocarbon 

(1) is treated for 120 sec with deuterated sulfuric acid atS-10° (Figure 4A) 

• 

.. 
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Table 

Percent~ of deuterodeprotonation in concentrated su lfuri c 

acid~d2 (isotopic purity, 99.5%) 

Hyd roca rbon Reaction time Positions of substitution 

(sec) 6 3 5 

Benzo[a]pyrene l2~ 42 0 0 0 

60 9G 55 44 0 

120 99.5 61 48 0 

180 99.5 73 68 0 

240 99.5 85 80 0 

480 99.5 99.5 99.5 0 

6-f'1ethyl benzo[a]pyrene£ 120 99.5 99.5 21 

~The percent of the deuteration is calculated in the NMR spectra at 
.. . 

2 Hz per cm by the percent ratio of the integration of the peaks corres-

ponding to the partially substituted'protons with respect to the inte­

gration of the peaks corresponding to the non-substituted protons. The 

signal of the proton in the3-position (Figure 1) is half-superimposed. 

The integration of the visible part is considered half a proton. The 

substitution reactions have been carried out at ambient temperature un-

less otherwise specified. ~t 5-10°. In these conditions the hydro-

carbon was not completely soluble in the acid. .s:-£xperirnents with 

longer reaction times have produced negative results because of the 

almost total ~ecomposition of the compound under these severe condi-

tions. 
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only the 6-position undergoes exchange. The same reaction at rOom tem­

perature for 60 sec (Figure 4B) gives rise to practically total ·exchange 

on the 6-position and to partial and approximately equal exchange on the 

1- and 3-positions. Further, whery this deuterated hydrocarbon is pro­

tonated with sulfuric acid, the NMR spectrum of (1) (Figure 1) reappears. 

Deuteration for longer times (d.g., 480 sec, Figure 4C) sho\-'JS the com­

pleteselective electrophilic substitution of the three active positions, 

leaving the other ones unaltered. 

Compound (~), also carcinogenit, shows after treatment wit~ deuterated 

sulfuric a~id for 120 sec a complete exchange of the protons in the 1- and 

3-positions (Figure 5 and Table 1). The 5-position seems to be active as we11~ 

DISCUSSION· 

The enhanced resolution of the NMRspectra at 220 MHz in relation to 

the 60 MHz has permitted the separation of the peaks of all of the dif­

ferentprotons in 0) and (~) and, hence, to a11o\,>, their assignment. In 

this way, it has been possible to follow the selective deuterium. exchange 

in both compounds.· The 6-position in compound (1) is the most active one 

followed by the much less active 1- and 3-positions; the latter t\-'JO 

possess about the same reactivity. The predominant reactivity of Dosi­

ti on i"~o. 6 is also substanti ated by the formati on of the correspondi n9 

cationic intermediate in the acid medium. The NMR of the hydrocarbon 

under these conditions-exhibits a unique singlet in the aliphatic regi~n. 

These data manif~st a noteworthy agreement with theoretical M.O. ca~cu­

lation/'S (vide supre), which iridicate that positions Nos. 6, l, and 3 

.: 

I 
\.,J 

."t . 
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have the lowest carbon localization energies and in the same order of 

reactivity. Similarly, the deuterium exchange reactions for (~) ShO\'i 

the active 1- and 3-carbon atoms and, in additi on, some reacti vity at 

the5-carbon atom as well. 

It is interesting to notice that,the chemical reactivity, and pre­

sumably the carcinogenic reactivity in aromatic hydrocarbon, is induced 
9-17 

by the electrophilic oxygen of the hydroxylating enzymes. Therefore, 

the kinetics of exchange in these compounds with deut~rium ion can pro­

vide information about their reactive positions. which might be relevant 

in the process of carcinogenesis. 18 

EXPERIMENTAL 

The NMR spectra were recorded on a Varian high resolution HR 220 MHz 

spectrometer at the ambi ent temperature (17°) i t1 deuteroch 1 oroform as 

solvent with tetramethylsilane (TMS) as an internal standard. The addi­

tional stationary radio-frequency field for the double resonance was 

provi ded by a 4204A osci 11 ator (Hewl ett-Packard). The sulfuri c ac; d-d2 

(99.5% isotopic purity) was obtained from Merck Sharp & Dohme. 

Benzo[aJpyrene (1). The benzo[aJpyrene (1) was purchased from 

Aldrich and further rurified by filtration through a ci1rolllatogrJphy column 
," / 

'con'taining neutral alumina '(Woe1m activity I); benzene was used as the 

,so I ven t. The compound was recrys ta 11 i zed from acetone-methano 1 and had 

m.p. 181-182°. 

The NMR had 8 7.75 (H8 and H9, multiplet), 7.89 (H4 and HS' AS system, 

J 4 ,5 = 9.1 Hz), 7.92 (H2 , triplet, J 1,2 = 7.6 Hz' J2 ,3 = 7.18 Hz)t 8.02 

(H l , quadruplet, J l 2 = 7.6 H, J l .., = 1.0 H ),8.16 (H", quadru91et, , z.~ z ~ 
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§-r'lethylbenzo[a]oyrene (~). The compound Itlas prepatC:c by reduction 

of 6-formyl benzo[a]pyrene 19 accordi ng to the methOd of Huang~~·!i n 1 on. 20 

'3 ' ' 
The formylbenzo[a]pyrene (0.500 g, 1.185 x 10- moles) Itlas dissolved in 

the minimum amount of dioxane (10 ml). To that solution were added 

0.397 g of potassium hydroxide in 0.2 ml of ItJater, 10 ml of triethylen­

glycol, and 1 ml of 100% hydrozine-hydrate. The solution I'las refluxed 

(100°) for 1.5 h. After that periodhydrazine, water and dioxane ~."e're 

removed by distillation and the temperatur~ was raised to 180-200° for 

5 h. The cooled solution was diluted It/ith Itlater (40 ml) and l'/as ne.utra­

lized with 1 N hydrochloric acid. The colored precipitate was separated 

and dried(Na~S04)' It was then filtered on neutral alumina (Woelm 

activity 1) using, chloroform as solvent. The first fraction contained 

the yelloltJ compound. After recrystallization from acetone-ethanol, its 

weight was 0~300 9 (63% yield) and it had m.p. 216.2 - 216.7° (lit. lO 
\ 

m.p~ 216.2 - 216.7). 

The NMR spectrum had 6 3.20 (CH3 group, singlet, linewidth at half 

height 1.6 Hz), 7.76 {HB and H9 , multiplet), 7.B4 (H4 , doubl~t, J
4

,5 = 

9~5 HZ}i 7.B9 (H2 , triplet, J l ,2,= 7.6 Hz' J 2 ,3 =7.6 Hz), 7.95 (H l , 

quadruplet, J1,2::: 7.6 Hz, J l ,3 = 1.4 Hz), B.ll (H3 , quadruplet, J 2 ,3 = 

7.6 Hi' J l ;3 = 1~4 Hz), 8.15 (H 12 , doublet, J l1 ,12 = 9.1 Hz}, 8.20 (H 10 ' 

doublet, J 9 ,10 = 9.7 Hz)' B.45 (H 5 , multipl~t), 8.90 (H ll , doublet, 

Jll~12 = 9.3 Hz)· (See Figure 3.) 

,.' ,~, "I . 

'," peuterodeprotonation of benzo[a]pyrene UJ. (a) Compound OJ (25 mg) 

was parti~lly dissolved under stirring in 1.5 mlof conc. sulfuric acid-d
2 

at 5-10° and left for 120 sec. A deep red solution appeared. The acidic 

.' 

,~, . 
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solution was then poured into 10 ml of deuterated water and 5 ~l OT 

chloroform, previously chilled. Room temperature \'Jas not exc::'..:du ... fol-

10\."in9 the dilution. The chloroform solution afterextractioi~ ':luS 

ser~rat~d and the acidic aqueous-deuterated solution was extracted again 

with 5 ml of chloroform. The total organic solution was washed with 5 ml 

of ch 1 oroform. The· tota 1 organ; c sol uti on was "'Jashed vii th 5 ml of deu­

terated ~ater and dried (Na2S04). After evaporation of the ch1orofcirm, 

the approximately 20 mg of r~sidue were dissolved in ml ofch1oroform-d 

and its .NMR was recorded. (b) Compound (1) (25 mg) was dissolved in 

1.5 ml of conc. sulfuric acid-d2 at room temperature and then stirred 

for 60 seC. After that, the same procedure as (a) was followed. 

(c) The same conditions as (b) were USed when (1) Itlas left for 120, 180, 

240 or.480 sec in sulfuric acid-d2, 

Deuteroprotonati6n of 6~methylbenzo[aJpyrene tV. Compound (.f) (30 mg) 

was dissolved in 1.5 ml of sulfuric acid-d2 and left for 120 sec at room 

temperature under stirrin9~ The solution became green. The same.proce­

dure as (a) was followed. Results in Figure 5 show the absence of HI at 

7.95 andH 3 at 8.11. 
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FIGURE LEGENDS 

fi qur::: 1_. The 220 (~Hz NJ''iRspectrum of benzo[aJpyrene (2% I'/t/V) in CDC1 3 at 

17°. The scale is referred to TMS as internal standard. The coupling' 

constants are in hertz (Hz) and have been determined by expansion at 

2 Hz per cm., The accuracy of the coupling constants measurements is 

+ 0.1 Hz. 

Figure 2. Double resonance experiments. Benzo[aJpyrene: A) Irradiation of 

H
ll

, decoupling of H12 ; B) Irradiation of H10,decrease of complexity 

of HS' Hg; C) Irradiation of H12 , decoup1ing of H11 ; D) Irradiation 

of HS' 'decoup1ing ofHr 
6-Methylbenzo[a]pyrene: E) Irradiation of HS' decoupling of H7; 

F) Irradiation of H7, decrease of complexity of HS' H9 ; G) Irradiation 

of H12 , decoupling of H11 ; H) Irradiation of H1l , decoupling of H12 . 

Scal e .25 ppm =1 ( '. j 1 . 

Fi gure 3. The 220 MHzNMR spectrum of 6.,.methyl benzo[a]pyrene (2% It/t/v)i n 

CDC1 3 at 17°. The scale is referred to TMS as-internal standard. The 

coupling constants are in Hz and have been determined by expansion at 

2 Hz per cm. The singlet signal of the methyl protons at 3.20 ppm is out 

of the field. 

+ 0.1 Hz. 

The accuracy of the coupling constants measurements is 

Fi gure 4.. A) The 220 MHz NMR spectrum of benzo[a]pyrene, previously treated 

with sulfuric acid.,.d2 for 120 sec at 5-10°. The compound is dissolved 

in COC1 3 and the spectrum is recorded at 17°, using TMS as internal 

standard. B) The NMR spectrum of the same compourid, previously treated 

J' 

~, 
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figUI'0 if (continued) 

~vith sulfuri c aci d-d2 for 60 sec at room temperature, r2cordEG i:"i the 

saille condi ti ons as A). C) The Nt·1R spectrum of the same cornoound, 

previously treated with sulfuric acid-d2 for 240 sec at room tempera­

ture, recorded in the same conditions as A). 

Figure 5_. The 220 MHz NMR spectrum of 6-methylbenzo[a]pyrene, previously 

treated with sulfuric.acid-d2 for 120 sec at room temperature. The 

compound is dissolved in CDC1 3 and the.spectrum is recorded at 17 c 

using TMS as internal standard. The absence of Hl at 795 and H3 at 

811 is apparent. 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa­
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in­
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro­
vides access to, any information pursuant to his employment· or contract 
with the Commission, or his employment with such contractor. 
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