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The Activation and Covalent Binding 

of a Chemical Carcinogen to DNA 

By 

Kenneth Marshall Straub 

ABSTRACT 

Trace environmental chemical contaminants are now known to be 

significant factors in the induction of neoplasia in humans. Most 

chemical carcinogens are not active as the parent compound, but require 

conversion in vivo to proximate or ultimate carcinogenic forms by 

metabolism. The activated carcinogen can then undergo reactions in the 

cell, including covalent binding to informational macromolecules such 

as DNA, RNA, and protein. Based largely on correlative evidence, it has 

become axiomatic that this covalent binding to cellular macrcmolecules 

is a necessary, initial step in the process of carcinogenesis. Experi-

mentally, it is observed that carcinogens become covalently bound to a 

greater extent than do non-carcinogens. 

The work described in this dissertation involved a study of the 

activation and covalent binding to DNA of a widespread environmental 

carcinogen, benzo(a)pyrene (BaP, structure I). An in vitro DNA-binding 

assay based on purified rat liver microsomes was used to isolate pico-

mole quantities of the bound carcinogen-nucleic acid complex. The 

products of this reaction were studied by fluorescence spectroscopy 

and allowed identification of the activated hydrocarbon as a 7,8-

dlhydroxy_7,8,9,10_tetrahydrobeflZo(a)pYrene. These results, along with 

current literature studies on the metabolism of benzo(a)pyrene and on 
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the mutagenic activity of its metabolites suggested the identity of 

the active form as a 7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydrobenzo-

(a)pyrene (BaP-diol epoxide, structure II). This material was synthe-

sized and reacted with a variety of DNA's (calf thymus, SV40, .Q%l74) 

in vitro; the products were observed to be chromatographically identical 

to the hydrocarbon-nucleoside adducts obtained from microsomal enzyme-

mediated binding of benzo(a)pyrene to DNA. 

10 
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The structures of the DNA-dial epoxide adducts (available in micro-

gram quantities) were investigated by high resolution electron-impact 

mass spectrometry, field desorption mass spectrometry, and double 

labelling ( 3U/14C) studies. This allowed identification of the nucleo-

side moeities of the adducts as deoxyguanoine (92%),deoxyadenosine (5%), 

and deoxycytidine (< 3%). Binding to deoxyguanosine and deoxyadenosine 

residues involves the N 2  or N 6  exocyclic amino groups with linkage to 

the hydrocarbon at C-lO. 

Resolution of the (±) r-7, t-8-dihydroxy-t-9,10-oxy-7,8,9,10-tetra- 
 
	 111,147- 

hydrobenzo(a)pyrene into its optical antipodes and subsequent reaction 

of each enantiomer with DNA allowed the observation of stereoselective 

binding of a chemical carcinogen to native duplex DNA. That is, the (+) 

enantjcner (7R,8S,9R,1OR) binds much more efficiently (20:1 ratio) to 

native, double-stranded DNA than does the (-) enantiomer (7S,8R,9S,lOS). 
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This difference in binding between enantiomers is dependent upon the 

secondary structure of the nucleic acid; with single-stranded or de-

natured DNA, stereoselective binding of enantiomers is abolished. A 

model to account for these observations is proposed, involving stereo-

selective physical interactions (intercalation) prior to covalent 

binding. An analysis of literature data on the mutageriic and tumorogeniC 

activities of optically active benzo(a)pyrene metabolites indicates 

that the biological activity of the enantiomeric dial epoxides parallels 

their DNA-binding activity. 

The implications of these results are discussed, with reference to 

the effects of xénobiotic-modified residues on the structure and func-

tion of DNA. In addition, the analytical techniques developed as part 

of this research program should prove useful in the general areas of 

drug metabolism and the structural elucidation of chemically modified 

biopolymers. 

z€6 
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Chapter I: Introduction 

The recognition that trace environmental contaminants can have 

a significant effect on human health is one of the profound changes 

that has occurred in biomedical science over the past twenty-five 

years. One example of this is the induction of cancer by exposure 

to chemicals. Both synthetic and iiaturally occurring chemicals have 

been implicated in the etiology of a wide variety of cancers: for 

example, benzidine (I), a synthetic dye intermediate, has been shown 

to be a major causative factor in the induction of carcinomas involv-

ing the urinary bladder. 1  Aflatoxin B 1  (II), in contrast, is a 

naturally occurring fungal metabolite that is known to be a potent 

hepatocarcinogen. 2  The list of known or suspected carcinogens 

0 0 • 	 ñr 
NH2 	

cJ0QOCH 

I 	 •• 	II 

continues to grow, as evidenced by such recent additions as vinyl 

chloride, 3  methyl chioromethyl ether, 4  and hexamethyl phosphoramide. 5  

A further incrimination of chemicals as primary causative agents in 

cancer has been demonstrated by epidemiological studies involving 

migrant populations, where the incidence of cancer changes to that of 

the adopted country in the course of one or two generations. 6 ' 7  Thus 

1 
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Japan has a high incidence of stomach cancer and a low incidence of 

colon cancer, with the reverse situation being true for the United 

States. First generation offspring of Japanese immigrants to the 

United States show an increased incidence of colon cancer and a de-

creased incidence of stomach cancer, while second generation offspring 

show incidences of colon and stomach cancer essentially identical to 

that of the United States population as a whole. Clearly the environ-

ment (presumably diet) is playing a major role with respect to cancer 

type and incidence. Some epidemiological studies have suggested that 

as much as 80% of all human cancers have environmentally determined 

causes or contributing factors. 8  Of course, it must be realized that 

"cancer" describes a great many disease states, and that genetic, 

viral, and metabolic effects can all be involved through complex 

interactions in mediating the response of an organism to the environ-

ment. 

A vast number of different chemical structures have been shown to 

be capable of causing cancer in test animals or in humans (Table 

It is apparent that no single molecular fature is common to all of 

these chemicals. One of the more intriguing chemical types is the 

class of compounds known as polycyclic aromatic hydrocarbons (PAH's). 

Probably the first report attributing the induction of neoplasia to an 

environmental agent concerned PAH's: in 1775, Percival Pott, a London 

surgeon, attributed the occurrence of scrotal cancer in chimney sweeps 

to their occupational exposure to soot, a material now known to contain 

PAH's. °  The first defined chemical structure to be identified as a 

chemical carcinpgen was also a PAH: in 1933 Cook, Hewett, and Hieger 

were able to fractionate coal tar and isolate a pure chemical compound 



(benzo(a)pyrene, BaP, structure III) that exhibited carcinogenic 

activity in test animaisY 

3 

til 

It was only after this work proved that a single pure chemical com-

pound was capable of inducing cancer that detailed workon the bio-

chemistry of tumor induction could begin. 

Table I 

Known Chemical Carcinogens9  

Chemical 	 Target Tissue 

C; 

2-Naphthyl amine 

Benzidine 

4-Ami nobi phenyl 

Chioromethyl methyl ether 

Afi atoxi ns 

Diethyl Stilbestrol 

Vinyl chloride 

NiCtrosamines 

Hxamethyl phosphoramide 

Bis(2-chloroethyl )sulfide 

Soot, tar, oil 

Urinary bladder 

Urinary bladder 

Urinary bladder 

Lungs 

Liver 

Vagina 

Liver 

Liver, kidney, stomach, esophagus 

Mucosa 

Lungs 

Skin, lungs 

Research on chemical carcinogenesis over the next twenty years 

was largely concerned with determining what interactions these com-

pounds could participate in with the test organism. Preliminary 



investigations were able to determine that injected PAH's rapidly 

disappeared from the site of injection and underwent changes in their 

fluorescent properties. 12  Whole animal studies using rats showed 

that a variety of different fluorescent products appeared in the 

urine and bile after administration of the carcinogen) 3  The availa-

bilit,y of 3H and 14C-labelled carcinogens in the 1940's and 1950's 

made possible studies on the metabolism of a number of chemical car-

cinogens. PAH's such as benzo(a)pyrene were shown to undergo trans-

formation to more polar species such as phenols, dihydrodiols, and 

water-soluble conjugates with sugars and amino acids. 14  It was also 

observed that carcinogenic PAH's became covalently bound to mouse skin 

proteins, DNA, and RNA after repeated topical application of the com-

pound to a shaved area of the mouse) 521  Parallel work by the Millers 

at the University of Wisconsin demonstrated that another class of 

chemical carcinogens, aromatic anlines, could also undergo biotrans-

formation and covalent binding to cellular macromolecules. 2223  In 

most instances (the exception being highly reactive alkylating agents 

such as ethyl methane sulfonate or nitrosa'mines) chemical carcinogens 

do not undergo covalent binding to cellular constituents when incu-

bated with purified DNA, RNA, or protein, so that metabolism of the 

compound appears to be required to effect such binding. 24  These two 

conclusions, the need for metabolic activation of most carcinogens, 

and the correlation between macromolecule binding and, biological 

activity provided a framework within which further investigations 

could be carried out. 

Once the importance of metabolic activation had been established, 



researchers began to emphasize work that would lead to a detailed 

understanding of the metabolism of different classes of carcinogens. 

Studies on PAH metabolism up to 1965 had mostly served to establish 

the overall pattern of biotransformation--- i.e., parent compounds 

underwent conversion to more polar materials, including phenols, 

diols, and conjugates with sugars, amino acids, and other small 

molecules. With few exceptions, the detailed chemical structures 

proved to be based on marginal evidence, such as absorption spectra 

or chromatographic behavior. The main reason for this state of affairs 

was a lack of pure reference compounds. Nevertheless, the overall 

pattern of metabolism as illustrated in Figure 1 has proven to be 

quite general. 25  

PAH Metabolism 

The nature of the metabolites observed with a number of PAH's 

led Boyland in 1950 to postulate that epoxides were the initially 

formed intermediates which could then undergo rearrangement to phenols 

or reaction with nucleophiles (H 20, glutathione, etc.) to other 

products. 26  The arene oxides thus formed were an unknown class of 

compounds at the time of this proposal; the challenge to synthetic 

chemistry thus posed and a discussion of arene oxide chemistry is 

presented in chapter 3. A further impetus to research on arene oxides 

was the discovery of the "NIH shift" in 1966; this rearrangement con-

cerns the migration and retention of a substituent "X" that occurs 

during the monooxygenase-catalyzed formation of phenols from aromatic 

27  substrates:  

5 
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R 	 R 

mono-oxygenase 
, I 	 02 

X 	 OH 

The occurrence of this shift suggested that such aromatic hydroxyl-

ations are actually epoxidations, and that the intermediate arene 

oxides undergo isomerization to phenols with concomitant migration 

and retention bf the substituent 

In 1970 Jerina and coworkers were able to demonstrate conclusively 

that an arene oxide was an obligatory intermediate in the microscmal 

hydroxylation of naphthalene. 29  This work involved isolation of the 

intermediate formed by incubating naphthalene with a cell-free micro-

somal enzyme preparation and comparison of its properties with 

synthetic naphthalene-1,2-epoxide. Figure 2 outlines the results 

obtained for the metabolism of naphthalene by a crude liver homogenate. 

The generality of this oxidative pathway in aromatic substrate 

metabolism has been established for a variety of cases, and 

several indirect criteria are now accepted as evidence that arene 

oxides are involved: i) the occurrence of the NIH shift during the 

formation of a phenol; ii) the formation of glutathione conjugates 
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or mercapturic acids of general structure IV, and iii) the formation 

of trans-dihydrodiols and their conjugates. 3°  

- 	 O H 
SIR 

Iv 

The recognition of the general importance of arene oxides in the 

metabolism of aromatic substrates led to an intensive investigation 

of the enzymes involved in microsomal hydroxylations. These reactions 

are catalyzed by a class of non_specific mono-oxygenases localized in 

the endoplasmic reticulum of the cell, referred to as cytochronie P-450 

type oxidases. 31  Activity is found in a wide variety of tissue types, 

but is highest in the liver. The enzyme is highlyinducible; in rat 

liver the induced level can account for as much as 6% by weight of 

the total cellular protein. Prior to 1975, two distinct enzymes were 

recognized: P-450 (so-called because its absorption spectrum in the 

presence of CO has a maxima at 450 nm), induced by exposure to pheno-

barbital; and P-448 (absorption maxima at 448 nm in the presence of 

CO), inducible by exposure to 3-methylcholanthrene, benzo(a)pyrene, 

or 2,3, 7, 8-tetrachloro-p-dioxin (TCDD). The purified enzyme 

has a molecular weight of between 26,000 and 60,000 daltons and re-

quires lipid for activity. 32  Figure 3 shows a schematic representa-

tion of the oxidation mechanism. 33  Molecular oxygen and two electrons 

(provided by NADPH and its carrier protein, cytochrome P-450 

rductase) are made to react with the aromatic substrate, resulting 

in oxidized substrate and water. The arene oxide thus formed is a 

9 
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H20+ROH 

RH 

P 450 (F e3 ) 

	

P450(Fe)(RH) 	
3 

P450(Fe)(RH) f °2 	
, 

(NADPH)& 	

Fe(NADPH) 

P450(Fe )(RH) 

02 	 P450(Fi'(RH) 

co 

02 	 P450(Fe)(RH) 

Co 

	

+ 	 + 
0 	

RH+02 +NADPH +H 	' ROH+ H20 + NADP 

Figure 3: 	Cyfochrome P450- mediated 
33 

oxidation 

J. 



highly labile species, and may undergo further enzymatic transforma-

tion or reaction with available nucleophiles. The reactivity of 

different substrates with the mono-oxygenase enzyme varies, consider-

ably, as does enzyme activity in different tissues or species. The 

explanation for this is the large number of different isoenzymes 

present in a given tissue; a discussion of this complicating feature 

is delayed until chapter 6. The reaction of the initially formed 

arene oxide with certain nucleophiles such as water or glutathione is 

also enzyme-mediated. Epoxide hydrase catalyzes the reaction with 

water to generate a trans-dihydrodiol, and glutathione-S-epoxide 

transferase catalyzes the addition of reduced glutathione to the 

epoxide. 34  A suite of energy-requiring conjugating enzymes regulates 

the formation of glucuronides and sulfates. 35 ' 36  These various 

enzymatic pathways are outlined in Figure 2, using naphthalene as an 

example. With naphthalene, only the 1,2-oxide is formed; oxepin 

tautomers which would be generated by epoxidation of the 3,4 or 8a, 

4a bonds are not observed (structures V, VI). 29  In general, 

epoxidation of a large multi-ring PAH such as benzo(a)pyrene would 

be expected to yield a large number of products, since epoxidation 

can potentially occur at any site on the molecule. 

11 
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Covalent Binding to Macromolecules: A General Description of the 
Research Problem 

The advent of radioactive isotopes in the late 1940's enabled. 

researchers to begin mapping out the metabolic fate of carcinogens in 

the test organism. 9  Almost immediately, it was observed that a small 

but detectable level of radioactivity became permanently bound to 

various cellular components. This observation has been verified for 

a wide variety of chemical carcinogens. 37  Based largely on correlative 

evidence, it has become axiomatic that this covalent binding to 

cellular macromolecules is a necessary, initial step in the process 

of carcinogenesis. The experimental observation. is that biologically 

active (i.e., tumorogenic, either by topical application, injection, 

or oral feeding) compounds become bound to a greater degree than do 

biologically inactive compounds 
•24  These results apply to the three 

major classes of biomolecules involved in information storage, pro-

cessing, and control--DNA, RNA, and protein. The binding to DNA is 

significant for a variety of reasons. DNA is, of course, the genetic 

material, and non-regulated reactions irnPolving DNA would be expected 

to have an effect on growth properties and metabolic regulation within 

the cell. The importance of RNA and protein to the integrity of the 

cell is also paramount; nevertheless, the simplifying appeal of 

somatic mutational theories of tumorogenesis lend some support to DNA 

as a critical target molecule of chemical carcinogens. Investigations 

of the comparative binding efficiency of carcinogens with all three 

target molecules also tend to emphasize the significance of DNA 

• binding: carcinogens bind to DNA to a greater extent than do non-

carcinogens, and the amount of binding correlates in a linear fashion 
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with tumorogenicity (as defined by quantities such as the "Iball Index," 

equal to the number of animals with tumors divided by the latency 

period). 9 ' 19  The covalent binding that occurs to RNA and protein is 

also of potential significance, but correlations with tumorogenic 

activity are not as good as for DNA binding, and in some cases show no 

binding specificity or relation to tumorogenic activity. 38  

A final supporting argument for the involvement of DNA binding 

with tumorogenic behavior is the close correlation between mutagenic 

activity and carcinogenic activity. DNA is known to be the target 

molecule in many mutagenesis test systems, such as the his S. 

typhimurium system of Ames, 39  or the systems based on resistance to 

the toxic effects of 8-azaguanine in certain eukaryotic cell lines. 40  

Neoplasia is, of course, a complicated disease process, involving a 

constellation of diverse biological effects. There no doubt are 

instances where viral, epigenetic, or other causative factors are in-

volved. Nevertheless, the phenomenon of covalent binding to DNA is an 

observation deserving of further investigation. 

The research effort we undertook, then, had the following goals: 

To define the nature of the active alkylating speciesformed 

by metabolic activation of a PAH-derived carcinogen. 

To define the structure of the stable, covalent adducts formed 

t 	

between this activated carcinogen and DNA. 

To define and investigate the effects of the covalently bound 

carcinogen on DNA structureand function. 

The PM we chose to study was benzo(a)pyrene (BaP, structure III), the 

first isolated PAH shown to possess carcihogenic activity. This com-

pound is widely distributed in the environment, and undergoes complex 
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metabolic transformations in eukaryotic cells. Most importantly, it 

was known to undergo covalent binding to DNA in vivo (at the level 

of l:lO base pairs) and there existed an in vitro DNA-binding assay 

for the compound. In addition, a biologically inactive isomer 

(benzo(e)pyrene, structure lila) was available for comparison. 

III 	 lila 

As will be demonstrated, completéanswers to 1) and 2) above have 

been obtained, and a partial answer to 3). The results obtained by 

ourselves and other research groups over the past five years (1973- 

1978) have led to a further set of questions, centering on the effects 

of xenobiotic-modified residues on the structure of DNA, the role of 

DNA repair in maintaining the biological integrity of the cell, and 

the effects of chemical carcinogens on cell cycle parameters and growth 

control. In addition, the analytical techniques developed as part of 

this research program should prove useful in the general areas of 

drug metabolism and structural elucidation of chemically modified 

bi opolymers. 
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Chapter 2: Preliminary Structural Studies 

In 1969 Gelboin 41  and Grover and Sims 42  independently showed 

that an in vitro system containing rat liver microsomes, NADPH, and 

oxygen was capable of catalyzing the covalent (i.e., non-extractable) 

binding of H-benzo(a)pyrene to calf thymus DNA. Binding levels were 

extremely low (similar to those observed in vivo), at between one 

hydrocarbon per 50,000 to 500,000 base pairs. The reaction was shown 

to require NADPH and oxygen. Total binding per mg of protein in the 

incubation mixture was increased when microsomes from rats pretreated 

with 3-methyicholanthrene (a potent inducer of P-448 type cytochromes) 

were used. Further studies with this system showed that binding of 

benzo(a)pyrene to RNA synthetic homopolymers could also occur, and 

that binding was most efficient with guanosine-containing polymers. 43  

Using poly(G) as thenucleic acid substrate, Meehan and coworkers 

were able to increase the binding level to approximately 1:30,000 

base pairs. 44  In addition to this, the use of double-labelled 

benzo(a)pyrene [7,10- 14C; 1,3,6-3H] demonstrated that both labels 

were retained on binding. This result suggested that a radical cation 

mechanism for binding (involving formation of a 6-oxy radical) pro-

posed by Nagata et al. 	and Lesko et al. 46  was probably not a major 

contributing factor in enzyme-mediated binding. Inhibitors of P-450- 

• type cytochromes, such as 7,8-benzoflavone, decreased the amount of 

binding. It was also shown that the modified poly(G) could be either 
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enzymatically or chemically (base hydrolysis) hydrolyzed to mono-

nucleotides, and a 4C/3H-containing material with the chromatographic 

properties of a nucleotide was isolated. 

It was decided that an attempt would be made to define the over-

all hydrocarbon structure of this isolated material. If the structure 

of the reactive hydrocarbon metabolite responsible for poly(G) binding 

could be determined, synthesis of larger quantities might become feasi-

ble. This would then allow a detailed investigation of the nucleic 

acid-hydrocarbon structures, as well as studies on the .effects of 

such material on cellular functions. The extremely low level of 

binding meant that only picomolar quantities of material would be 

available for analysis. This necessitated the use of indirect methods 

of analysis, principally fluorescence spectroscopy and spectral cOrn-

parisons with model compounds. 

One of the unique properties of PAH's is their intense fluores-

cence; indeed, it was this property alone that allowed Cook and co-

workers to isolate benzo(a)pyrene from coal tar) 1  Furthermore, the 

fluorescence spectrum of the hydrocarbon 4s primarily a function of 

itsir-system; an alkyl -substituted aromatic hydrocarbon will have 

essentially the same fluorescence excitation and emission spectra as 

the parent compound, with only a minor shift (ca. 6nm) to longer 

wavelengths. With a modern spectrofluorometer, it is possible to 

obtain a corrected fluorescence spectrum on as little as 1 ng of 

material. This selectivity and sensitivity immediately suggested 

fluorescence spectroscopy as an analytical tool for investigating the 

structure of the BaP-poly(G) complex. 
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The corrected fluorescence excitation and emission spectra of 

benzo(a)pyrene are shown in Figure la; spectra of the isolated BaP-

poly(G) adduct are shown in Figure lb and ic (see "Experimental' for 

a discussion of the various hydrolysis procedures). Since metabolism 

by microsomal enzymes is required for formation of this adduct, the 

metabolic scheme outlined in Figures 1 and 2 of Chapter 1 should have 

some relevance to the presumed metabolic activation of benzo(a)pyrene 

that takes place prior to binding. Metabolism at a particular bond of 

the hydrocarbon should result in a spectral change characteristic of 

the modified aromatic system. For example, metabolism at the 4,5-bond 

of BaP and subsequent binding of a nucleophile at that position should 

result in a chrysene-liké spectrum, easily distinguishable from that 

of BaR: 

2 

9 I0 II 
	

t :met. Q:j$m 

8 

7.  

An example of this is seen in Figure 2, where the fluorescence spectra 

of chrysene and j_4,5_dihydroxydihydrobenzo(a)pyrene are represented. 

A comparison with Figure la demonstrates that the 4,5-substituted 

benzo.(a)pyrene is easily distinguished from that of the parent compound 

and has a red-shifted chrysene-like spectrum. Thus identification of 

the binding sites on the hydrocarbon should be possible by comparing 

the fluorescence excitation and emission spectra of the BaP-poly(G) 

complex with those of a number of reduced benzo(a)pyrene derivatives. 

This, of course, assumes that metabolism of a given it-bond results in 
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the removal of that bond from interaction with the remaining aromatic 

system; subsequent rearomatization could occur; in which case the 

spectrum would resemble that of benzo(a)pyrene. Conjugation with a 

chromophore present on the nucleophile could also occur, resulting in 

a perturbed spectrum of some sort. Another possibility is that 

oxidation of the aromatic system could occur to generate a quinone-

type structure (the benzo(a)pyrene-qUinofleS that have been studied 

have very low quantum yields for fluorescence relative to the parent 

hydrocarbon). 

As Figure 1 demonstrates, the fluorescence excitation and emis-

sion spectra of the BaP-poly(G) complex are easily distinguishable 

from that of benzo(a)pyrene; they do, however, resemble that of a red-

shifted pyrene. The spectra of a number of partially reduced benzo(a)- 

pyrene chromophores are represented in Figure 3a-3e; comparison of these 

spectra with those of Figure 1 shows that the BaP-poly(G) adduct and 

7,8,9,10_tetrahydrobenzO(a)pyrefle have nearly identical excitation and 

emission spectra. The spectra of the other derivatives are easily 

distinguishable from each other and from'that of the BaP-poly(G) 

adduct. Absorbance spectra of 7,8,9,10_tetrahydrobenzO(a)pYrene, cis-

7,8_dihydroxy_7,8,9,10_tetrahYdrobenZo(a)PYrene, and the BaP-poly(G) 

adduct are shown in Figure 4a-c, and correspond very closely to each 

other. Results similar to these were obtained on in vivo bound 

benzo(a)pyrene by Daudel etal.t (using a photon-counting technique) 

and by Weinstein etal. 48  (using low-temperature fluorescence) at 

about the same time. These results indicate that metabolism at the 

7,8,9 and 10-positions of the hydrocarbon has occurred during the 

enzyme-mediated binding. 
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Figure 3: Fluorescence spectra of (d) 10-hydroxy-7,8,9,10-tetra-

hydrobenzo(a)pyrene, 3.24 x lO M in ethanol (em lOx 

ex scale). 

(e) NaOH-hydrolyzed BaP-poly(G) 

products, treated with HC1 (O.1N/ 370/ 1 hr.), in 50% 

ethanol-water (em 3.33x ex scale). 

Figure 4: Absorbance spectra of 	(a) 7,8,9,10-tetrahydrobeflzO(a)- 

pyrene, 1.75 x 10 	M in ethanol. 

cis-7,8-dihydroxy-7,8,9,10- 

tetrahydrobenzo(a)pyrene, 2.95 x lO M in ethanol. 

enzyme-hydrolyzed BaP-poly(G) 

products, in 50% ethanol-water. 
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The enzyme-hydrolyzed BaP-poly(G) adduct was shown by Meehan et 

al. to be sensitive to treatment by alkaline phosphatase (see 

Experimental") )  suggesting that the hydrocarbon was covalently attached 

to the ribonucleotide. 44  However, there is no evident contribution 

from the nucleotide to the fluorescence or absorbance spectra of the 

adduct. This is presumably because of the low fluorescence intensity 

generally found for purine or pyrimidine nucleotides; any contribution 

to the total fluorescence spectrum is small relative to the contribu-

tion from the hydrocarbon. Similarly, one would expect a negligible 

contribution from the ribonucleotide to the absorbance spectrum, since 

its emax  is less than 10% of thatof a chromophore such as 7,8,9,10-

tetrahydrobenzo(a)pyrene (see Chapter 3). Also, the relatively 

featureless absorption spectrum of guanosine would be expected to 

change only the relative intensities of the absorption bands in a 

spectrum like that of 7,8,9,10-tetrahydrobenzo(a)pyrene, but not to 

alter the overall pattern. Comparison of a number of substituted 

7,8,9,10-tetrahydrobenzo(a)pyrene derivatives showed that all exhibited 

the same basic spectra. The structure of the adduct can therefore be 

represented as 

[polyiG)] eztiir 

As discussed in Chapter 1, metabolism of benzo(a)pyrene by micro-

somal enzymes is known to involve ring expoxidation and hydroxylation. 

Since only picomolar quantities of the BaP-poly(G) adduct were availa- 
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ble for study, we attempted to use a chemical probe along with 

fluorescence spectroscopy to investigate the nature of the substituents 

on the hydrocarbon moiety of the adduct. The probe we chose to 

utilize was acid-catalyzed dehydration; any resulting changes in the 

nature of the aromatic chromophore could be monitored by fluorescence 

spectroscopy. If hydroxyls occur at the 7,8,9, or 10- positions of 

the tetrahydro-BaP moiety, acid-catalyzed dehydration could result in 

a number of possibilities: (1) a single hydroxyl at positions 7 or 10 

would be expected to undergo dehydration and yield either 7,8-dihydro-

benzó(a)pyrene or 9,10-dihydrobenzo(a)pyrene, respectively; (2) a 

ThThr 
_ 1) 

OH 

OH 

• 	CXLI 	XJJZXX 
dihydroxyl at positions 7,8.or 9,10 woulI be expected to yield 8- or 

9_oxo-7,8,9,10-tetrahydrobenzo(a)PYrefle (see below); (3) a tn- or 

tetrahydroxy derivative might be expected to result in a fully aroma-

tized benzo(a)pyrene chromophore. Dehydration reactions were carried 

out in either ethanol or benzene using p-toluenesulfonic acid 

(p-TsOH) as the reagent. With model systems, this reagent was found 

to give clean reaction products. A series of model compounds was 

investigated first to test the above predictions and confirm whether 

or not such an approach was feasible. 
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Dehydration of 7_hydroxy-7,8,9,10-tetrahydrObenZO(a)PYrefle under 

these conditions resulted in exclusive formation of 9,10-dihydrobenzo-

(a)pyrene, confirmed by its.unique fluorescence spectrum as well as by 

analysis of the reaction products with HPLC and mass spectrometry. 

Similarly, 10-hydroxy-7,8,9,10-tetrahydrObeflZO(a)PYrefle gave only 7,8-

dihydrobenzo(a)pyrene as the reaction product. These results confirm 

prediction (1), above. Dehydration of cis-9,10-dihydroxy-7,8,9,10-

tetrahydrobenzo(a)pyrene gave mainly 9-oxo-7,8,9,10-tetrahydrobenzO(a)-

pyrene, with no evidence of any lO-oxo isomer (the unique fluorescence 

spectrum of 10_oxo_7,8,9,10-tetrahydrobenZo(a)pyrefle is shown in 

Figure 7b). Dehydration of cis-7,8,-dihydroxy-7,8,9,10-tetrahYdrO-

benzo(a)pyrene gave predominantly 8-oxo-7,8,9,10-tetrahydrobenzO(a)-

pyrene, along with a small amount (<5%) of 7-oxo-7,8,9,10-tetrahydrO-

benzo(a)pyrene (identified by HPLC retention time and mass spectrometry 

of the isolated material). Formation of the 7-oxo-isomer but not the 

lO-oxo compound is presumably due to the difference in benzylic carbon-

ium ion stability between the 7- and 10-positions of the tetrahydro-

benzo(a)pyrene. Molecular orbital calculations predict greater 

stabilization by the aromatic system of .a carbonium ion at C-10 than 

at C-7. 49  This situation leads to exclusive formation of 9-oxo-7,8, 

9,10-tetrahydrobenzo(a)pyrene by a 1,2 hydride shift. The decreased 

stabilization of a benzylic carbonium ion at C-7 in the case of the 

7,8-dihydroxy compound results in the formation of a small amount of 

7-oxo isomer: 



28 

OH 	 + 
HO ) 	

0--( 

(100%) 

HOW( 

10 	 + 
	cx) 

OH 

(95%) 
	

(5 %) 

Figure 5 shows the fluorescence spectra obtained by dehydration 

of the cis-7,8-diol. The presence of the 7-oxo dehydration product 

is indtcated by the small relative maxima at 478 nm and at 498 nm. 

HPLC of this reaction mixutre and mass spectrometry of the products 

confirmed the presence of 7-oxo-7,8,9,10-tetrahydrobenzo(a)pyrene. 

Dehydration of the BaP-poly(G) adduct under identical conditions 

resulted in the fluorescence spectra shown in Figure 6b. The 

similarity to the results obtained with dehydration of cis-7,8-dihy-

droxy-7,8,9,10-tetrahydrobenzo(a)pyrene is striking, and suggests 

that hydroxyls are present at positions 7- and 8- of the hydrocarbon. 

Since epoxides were known to be intermediates in the metabolism of 

PAH's, this dihydroxyl functionality could have arisen by hydrolysis 

ofan epoxide at the 7,8-positions of the hydrocarbon. The nucleotide 

residue is then presumably linked to C-9 or C-lO; a single hydroxyl 

at C-10 is not indicated since such a species wou'd be expected to 

dehydrate to a fully aromatized benzo(a)pyrene chromophore. However, 

the lack of a suitable model compound (tn- or tetrahydroxy-7,8,9,10- 



Figure 5: Fluorescence spectra of (a) cis-7,8-dihydroxy-7,8,9,10-

tetrahydrobenzo(a)pyrene, 1.67 x 10 7M in ethanol; em 

3.33 x ex scale. 

7-oxo-7,8,9,10-tetrahydro-

benzo(a)pyrene, 1.85 x 10 6M in ethanol; em lOx exscale. 

emission spectrum of tosic-

acid (pTsOH)-dehydrated cis-7,8-dihydroxy-7,8,9,10-tetra-

hydrobenzo(a)pyrene after LH20 chromatography. 

Figure 6: Fluorescence spectra of (a) 7-oxo-7,8,9,10-tetrahydro-

benzo(a)pyrene isolated by HPLC from dehydration of cis-

7,8-dihydroxy-7,8,9,10-tetrahydrobenzo(a)pyrene (em 3.33x 

ex scale). 

(b) NaOH-hydrolyzed BaP-poly(G) 

complex after dehydration with pTsOH, as described in 

"Experimental" (em lOx ex scale). 

Figure 7: Fluorescence spectra of (a) 8-oxo-7,8,9,10-tetrahydro-

benzo(a)pyrene, 1.40 x 10 6  M in ethanol (em 3.33x ex 

scale). 

(b) 10-oxo-7,8,9,10-tetrahydro-

benzo(a)pyrene, 3.61 x. io6  M in ethanol (em 3.33x ex 

scale). 
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tetrahydrobenzo(a)pyrene) to test this hypothesis meant that we 

really had no information about the substituents at C-9 or C-lO. Our 

hypothetical structure, then, can be represented as 

33 

poly(G) 
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[,*W\ 	

110z~ 

OH 

It must be emphasized that this type of study was designed to 

provide preliminary evidence about the nature of the hydrocarbon 

metabolite involved in covalent binding to poly(G). The extremely low 

quantities of adduct available for analysis ruled out other, more 

direct techniques. The presence of a 7,8,9,10-tetrahydrobenzo(a)-

pyrene chromophore is indicated, although the evidence for hydroxyls 

at positions 7 and 8 is not as definitive (the substituents could in 

fact be other acid-labile leaving groups). Also, the adduct as 

isolated could well consist of a number of components; the only 

criterion of purity we had was that the emission spectrum of the com-

plex was the same irrespective of the excitation wavelength, and that 

the excitation spectrum did not vary with emission setting. Thus the 

possibility that more than one compound was present with identical 

fluorescence spectra could not be ruled out. 

Parallel investigations into the metabolism of PAH 's with both 

microsomal systems 5054  and with cultured cell lines 55  had at this 

point identified a large number of primary and secondary metabolites. 

these included dihydrodiols, phenols, quinones, and arene oxides. 

Table 1 lists a number of known benzo(a)pyrene metabolites: 
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Table 1 

tdentified Benzo(a)pyrene Metaboli tes 

Metabol i te Reference 

trans-7,8-dihydrodiol 50, 51, 53 

trans-9,10-dihydrodiol 50, 51, 53, 55 

trans-4,5-dihydrodiol 50, 51, 53 

4,5-oxide 50 

1,6-quinone 50, 51, 53, 55 

3,6-quinone 	 - - 	50,51,53,55 

6,12-quinone 	 50, 51, 53, 55 

phenols (exact number unknown) 	 50, 51, 53, 55 

glutathione conjugates (uncharacterized) 	56 

glucuronic acid conjugates (uncharacterized) 	57 

An important line of research undertaken at this time was cyto-

toxicity and mutagenesis testing of known or potential metabolites of 

benzo(a)pyrene. Only the K-region 4,5-oxide was found to be mutagenic 

in bacterial tester systems. 58  Similar studies with metabolites of 

7,12-dimethylbenz(a)anthracene and 7-methylbenz(a)anthracene yielded 

identical results: only the K-region oxides had appreciable mutagenic 

activity. 59  It was found, however, that the RNA-nucleoside adducts 

obtained from cells exposed to the parent hydrocarbon did not co-

chromatograph with the nucleoside adducts obtained by reacting RNA 

with k-region oxides in vitro. 60  At this point two key experiments 

involving benzo(a)pyrene primary metabolites were performed. Borgen 

etal. monitored the in vitro binding of these metabolites to DNA, with 
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negative results for all compounds (except the 4,5-oxide). 61  But when 

binding of these metabolites in the presence of the NADPH-microsomal 

incubation system was monitored, it was found that the 7,8-dihydrodiol 

possessed high binding activity. That is, it appeared that further 

metabolism of the primary metabolites was necessary in order for bind-

ing to DNA in vitro to occur. A second set of critical experiments was 

carried out by Conney etal., who monitored mutagenic activity of the 

primary benzo(a)pyrene metabolites in the presence of the microsomal 

incubation system. 62  It was fouhd that the 7,8 7dihydrodiol had high 

mutagenic activity when tested in this fashion; a number of other 

metabolites (including 9- hydroxy be nzo (a) pyre ne) also showed greatly 

enhanced activity. This data correlated with the results obtained in 

the fluorescence study of the BaP-poly(G) complex--our preliminary 

evidence suggested the presence of hydroxyls at C-7 and C-8, which is 

compatible with a 7,8-dihydrodiol as a precursor to a DNA-binding 

species. The fluorescence data also indicated the presence of a fully 

reduced benzo-"A" ring. This suggested that the active DNA-binding 

species generated from the 7,8-dihydrodiol involved metabolism of the 

9,10-bond: 

Since the P-448-containing microsomal enzyme mixture was required for 

activation of the 7,8-dihydrodiol, the most likely active species that 

could be generated in this system is a .7,8-dihydroxy-9,10-epoxide: 
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Sims and coworkers arrived at a similar conclusion: 63  they trapped 

out metabolically formed [G -3H] -7,8-dihydrodiol, oxidized this material 

with m-chloroperbenzoic acid to an uncharacterized product (presumably 

containing a diol epoxide of undefined stereochemistry) and incubated 

it with DNA in vitro. This modified DNA was then enzymatically 

digested, and the products compared chromatographically with DNA ob-

tained from primary hamster embryo cells which were exposed to 14 

benzo(a)pyrene. The 3H-diol/DNA products were observed to co-

chromatograph with the 4C-BaP/DNA products on Sephadex LH20 (a 

lipophilic, dextran-based gel). These results, together with the 

fluorescence studies described above, strongly implicated a diol 

epoxide-type compound as an active DNA-binding species. As described 

in Chapters 3-5, the high mutagenic activity found for the synthetic 

diol epoxides fully supported this idea. We therefore undertook a 

research effort to synthesize the dial epoxides of benzo(a)pyrene and 

compare the products obtained by modifying DNA with synthetic diol 

epoxide and microsome-activated benzo(a)pyrene. A report of the 

results of this effort is contained in Chapters 3-6. 
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Experimental 

Chemicals. Sephadex LH20 was obtained from Pharmacia (Piscataway, 

New Jersey). Ribonuclease T 1 (EC 3.1.4.8), bovine.spleen phospho-. 

diesterase type I, alkaline phosphatase (EC 3.1.3.1), poly (G), and 

NADPH were supplied by Sigma (St. Louis, Missouri). 3-Methylcholan-

threne was purchased from Calbiochem (La Jolla, California) and used 

without further purification. Benzo(a)pyrene was obtained from Aldrich 

(Milwaukee, Wisconsin) and further purified by chromatography on Woelm 

Grade lneutral alumina, using benzene as elüant, and followed by re-

crystallization from benzene- isopropanol. HPLC solvents were obtained 

from Burdick and Jackson Laboratories (Muskegan, Michigan). [G-3H] 

benzo(a)pyrene (1-5 cc/mmol) was obtained from Amersham-Searle 

(Arlington Heights, Illinois). 

Mtcrosomes. Male Sprague-Dawley rats (Simonsen Laboratories, 

Gilroy, California) weighing approximately 200 g were given 3-methyl-

cholanthrene in corn oil by intraperitoneal injection at a dose of 25 

mg/kg body weight, forty-eight hours before sacrifice. Animals were 

sacrificed by decapitation and the livers were immediately removed and 

chilled in ice-cold 0.9% NaCl. Subsequent operations were carried out 

at 40 
 The tissue was minced, suspended in two volumes Tris-sucrose 

buffer (Q.05 m Tris-base, 0.25 M sucrose, 0.1 mM dithiothreitol at 

pH 7.5), and a cell extract was prepared with a glass-Teflon tissue 

homogenizer. The extract was then centrifuged at 1500 x g for ten 

minutes, 10,000 x gfor thirty minutes, and finally at 100,000 x g 

for ninety minutes. This 100,000 x g pellet was dispersed in Tris-

sucrose buffer at a protein concentration of 16 mg/mi, and stored at 

° -70. 
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Analytical Procedures. Protein concentration was determined by 

the method of Lowry with bovine serum albumin as reference standard. 

Counting of 3H was carried out on a Packard liquid scintil1ation 

spectrometer (model 3380). Efficiency quench curves were constructed 

with the use of sealed standards. Samples were counted in solution or 

as a gel, using Aquasol-2 as a cocktail (New England Nuclear, Boston, 

Massachusetts). High pressure liquid chromatograph (HPLC) was carried 

out with a Varian model 8500 liquid chromatograph (Walnut Creek, Cali-

fornia) using reverse phase (octadecyl silane) columns (MicropakCH-l0, 

25 cm x 2.1 mm), eluted at room temperature with water-methanol. A 

standard flow rate of 1 mi/mm. was used, and the effluent monitored for 

absorbance at 254 nm. 

[G- 3H] BaP-poly(G) Complex. Formation, hydrolysis, and isolation 

of the covalently linked [G- 3 
 HI BaP-poiy(G) complex was essentially as 

described previously by Meehan eta1. 	The standard reaction contained 

6 riiiol of benzo(a)pyrer,e (ca. 1 pCi total after dilution), 500 pg 

poly(G), 0.45 pmol NADPH, 400 pg microsomal protein, and 20 p1 ethanol 

in a total volume of 1.5 ml of 0.01 M phosphate buffer (pH 7.5). 

Assays were incubated at 370  for thirty minutes, and the reaction 

stopped by addition of 3 ml of phenol reagent (500 ml phenol, 70 ml 

m-cresol, 50 ml water, 0.5 g 8-hydroxyquinoline); NaCl was added to 

bring the assay concentration to 0.1 M and the sample volume to 2 ml. 

The samples were extracted by the method of Leaver and Key. The 

phenol phase was extracted with 2 ml of 0.01 M phosphate buffer (pH 

7.5); the aqueous phases were then combined and extracted twice with 

ove volume of ethyl acetate. Two volumes of ethanol were then added 

to the aqueous phase and the sample immersed in a boiling water bath 
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for ten minutes. The poly(G) precipitate was then collected by 

centrifugation (Ca. 10,000 x g), redissolved in 0.1 M NaCl, and the 

ethanol procedure repeated. The final precipitate was then taken up 

in 0.01 M phosphate buffer (pH 7.51) and analyzed for radioactivity. 

Assays were scaled up twenty-fold for hydrolysis and chromatographic 

analyses. Typical binding levels using this procedure were 125+ 10 

pmol BaP bound per 500 pg poly(G). Assuming a molecular weight of 

.500 for the monomeric adduct, this would correspond to Ca. 60 ng 

of BaP-poly(G) adduct per standard assay. 

Hydrolysis. The phosphodiester linkages of poly(G) were hydro-

lyzed either enzymatically or chemically. Enzymatic hydrolyses were 

carried out at 37 0  in 0.1M tris buffer (pH 7.5) 2 mm in EDTA. The 

BaP-poly(G) complex was first treated  for three to six hours with 

ribonuclease Ii  (10,000 units per mg of poly(G)), followed by addition-

al ribonuclease 11  and spleen phosphodiesterase (0.3 units per mg 

nucleic acid) for twenty to twenty-four hours. The pH of the solution 

was then adjusted to 8.5 with NaOH and alkaline phosphase (10 units/ 

mg poly(G)) added to remove the 3'-monophosphate. Chemical hydrolysis 

of the poly(G) complex was carried out with 0.1 M NaOH at 37 0  for 

twenty to twenty-four hours. 

The chemical or enzymatic digest was then applied to a micro 

(1 x 5 cm) Sephadex LH20 column, eluted with one column volume of 

water followed by one column volume of methanol. The radioactive 

material which elUted with methanol was then analyzed by thin layer 

chromatography (silica gel G eluted with butanol-acetone-water 

(60:38:2 v/v/v). The 3H-containing band (fractions of the TLC plate 

were scraped-and counted as a gel) was then analyzed by fluorescence 
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spectroscopy, as well as by HPLC. 

Spectroscopy.. Corrected fluorescence spectra were recorded on a 

xenon source spectrophotofluorometer (Perkin Elmer, Model MPF-3, 

Norwalk, Connecticut). The instrument automatically records corrected 

excitation and emission spectra (intensity versus wavelength variations 

due to source, monochromators, and detectors are eliminated) by signal 

ratioing between sample and reference (rhodamine B) channels. Anthra-

cene was used to test the correction. Spectra were recorded under the 

following conditions: (i) band pass 10 nm (slit width.1.29 m) for 

both excitation and emission scans; (ii) path lengths: excitation 

10nniiand emission 3mm; (iii) absorbance < 0.05 at all excitation 

wavelengths; (iv) self-absorption effects not observed; (v) tempera-

ture, 250 ; NO samples equilibrated with air; and (vii) solvents, 

redistilled ethanol and/or distilled deionized water. 

Absorption spectra were recorded on a Cary model 118 (Cary/ 

Varian, Palo Alto, California) spectrophotometer. 

Dehydration Reactions. Samples were treated with a large (Ca. 

100 molar equivalents) excess of p-toluenesulfonic acid in dry 

ethanol at 70
0  for sixteen-twenty hours; the acid was removed by LH20 

column chromatography. Alternatively, the reaction was carried out in 

benzene and the acid removed by extraction with buffer. Solvents 

were evaporated in vacuo and the residue taken up in ethanol or 50% 

ethanol-water for fluorescence assay. 

The large excess of p-TsOH was used because only picomolar quan-

tities of the BaP-poly(G) adduct was available for analysis. Model 

compounds described in the discussion were analyzed where necessary by 

HPLC, before and after treatment with p-TsOH. For example, in the 



dehydration of cis-7,8-dihydroxy-7,8,9,10-.tetrahydrobenzo(a)pyrene, 

both 8-oxo.-7,8,9,10-tetrahydrobenzo(a)pyrene (95%) and 7-oxo-7,8,9, 

10-tetrahydrobenzo(a)pyrene were detected by collecting the eluted 

material and comparing it with synthetic standard by absorption, 

fluorescence, and mass spectra, as well as by HPLC (coinjection) with 

standard. See Chapter 3 for a discussion of the synthetic standards. 
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Chapter 3: Synthesis of Benzo(a)pyrene Derivatives 

The fluorescence spectral and dehydration studies on the isolated 

poly(G)-BaP complex indicated to us the importance of developing syn-

thetic approaches to 7,8,9,10-substituted derivatives of benzo(a)-

pyrene. The discussion in Chapter 2 describes a number of synthetic 

derivatives of benzo(a)pyrene; an explanation of the synthetic methodol-

ogy behind them has been delayed until now. Synthetic approaches to 

the polycyclic aromatics can be broadly divided into two categories--

those directed towards synthesis of the parent hydrocarbon, and those 

directed towards synthesis of potential metabolites (oxides, diols, 

phenols, etc.) of the hydrocarbon. Interest in the latter category 

has been relatively recent, with the majority of experimental work 

taking place from 1973 to the present. 

During the period 1930-1950 a major effort was made in developing 

synthetic approaches to the complex multi-ring systems of polycyclic 

aromatic hydrocarbons. This work has been summarized by E. Clar 

in his two-volume work, "Polycyclic Hydrocarbons." 64  A number of the 

synthetic intermediates developed during this period are of use in pre-

paring the more complex PAH metabolites. For example, the original 

synthesis of benzo(a)pyrene by Cook, Hewett and Hieger involved con-

struction of the benzo-"A"-ring onto a preformed aromatic system, 

pyrene:1 
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Ketone III is an obvious intermediate that could be used to introduce 

additional functionalities into the benzo-a ring.- This approach was 

used by Sims in 1968 to prepare a number of 7,8,9,10-substituted 

benzo(a)pyrene derivatives. 65  Key intermediates first reported by Sims 

include 9,10-dihydrobenzo(a)pyrene (V) and 7,8-dihydrobenzo(a)pyrene 

(IX): 

V 
	

Ix 

Both of these intermediates proved to be of subsequent value in pre-

paring benzo-ring derivatives such as phenols, diols, and epoxides. A 

brief description of the various synthetic approaches to these deriva-

tives follows; the diol epoxide synthesis involves work done in this 

laboratory. 



Synthetic Dehydration Standards. As outlined in Chapter 2, our 

initial fluorescence studies on the covalent BaP-poly(G) complex re-

quired a number of benzo(à)pyrene derivatives for spectral comparison. 

The majority of these derivatives were known compounds, having been 

prepared in the 1940ts  as part of a large research effort directed 

towards the synthesis of complex, multi-ring systems (see reference 64 

for a review of this work). However, none of these compounds were 

available commercially, and no physical data (aside from melting point 

and elemental analysis) were reported in the literature. Consequently, 

we undertook to repeat many of these syntheses, using modern synthetic 

methods where appropriate. Two key papers were of particular use in 

this work--one by Fieser and Novello, 66  and one by Cook, Hewett, and 

Hieger. 11  In addition, Sims reported in 1968 the preparation of a 

number of benzo-A"-ring derivatives of benzo(a)pyrene. 65  

I. Benzo-"A"-ring derivatives: 7,8,9,10-substituted benzo(a)

pyreries. Figure 1 outlines the route used by Fieser and Novello to 

prepare 7-oxo-7,8,9,10-tetrahydrobenzo(a)pyrene (III). This material 

is a key intermediate for all 7,8,9,10-tetrahydrobenzo(a)pyrene deriva-

tives; its method of preparation is essentially identical to that 

reported by Fieser. The Huang-Minlon modification of the Woiff-Kishner 

reduction67  is used instead of the original Clemmensen reduction for 

preparing acid II; this results in higher yields (75% versus 60%) as 

well as being muchmore adaptable to large-scale (molar) preparative 

reactions. Several hundred grams of ketone III were eventually 

prepared for use in the syntheses and experiments reported here 
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(Note 1). Ketone III was then transfonied into a number of products, 

conveniently divided into hydrobenzo(a)pyrenes, monohydroxy-7,8,9,lO-

tetrahydrobenzo(a)pyrenes, and dihydroxy-7,8,9,10-tetrahydrobenzo(a)-

pyrenes. Figures 1 - 4 outline these various interconversions. 

A second key intermediate was 9,10-dihydrobenzo(a)pyrene (V), 

formed by reduction of 1'II with sodium borohydride and subsequent de-

hydration (p-toluenesUlfonic acid/qH). Relatively mild dehydration 

conditions (temperature < 800) were found to be essential; the proce-

dure of Sims 65  (AcOH/1180/15 mm.) was found to yield fully aromatized 

material (benzo(a)pyrene) as a side product (Ca. 5%, analysis by HPLC). 

7,8,9,10-Tetrahydrobenzo(a)pyrene (VI) was prepared by Woiff-Kishner 

reduction of ketone III, followed by chromatography on alumina. 

Derivati zati on of the 9,10-positions of 7,8,9,1 0-tetrahydrobenzo-

(a)pyrene was accomplished via free radical acetoxylation as first 

reported by Kon and Roe. 68  The acetoxy derivative VII was isolated 

by repeated recrystallization of the crude product; conversion to 

10-hydroxy-7,8,9,10-tetrahydrobenzo(a)pyrene was then accomplished via 

basic hydrolysis (KOH/MeOH) and subsequent recrystallization of the 

product. 7,8-dihydrobenzo(a)pyrene (IX) was obtained by acid-

catalyzed dehydration (p-toluenesulfonic acid/qH) of compound VII, 

followed by column chromatography on activated alumina. 65 ' 69  

Note 1: Ketone III has recently become commercially available from 

Aldrich Chemical Company, Milwaukee, Wisconsin at $30/5 gm 

(1978 listing). 
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Conversion of 9,10-dihydrobenzo(a)pyrene (V) and 7,8-dihydro-

benzo(a)pyrene (IX) to their corresponding cis-diols (X and XII) was 

accomplished by oxidation with osmium tetroxide (0s0 4 ). 65  Cleavage 

of the intermediate osmate ester complex by reduction with sodium 

bisulfite was found to be superior to literature procedures employing 

: H
2S or trans-esterification (KOH-mannitol). 40  The bisulfite procedure 

results in a water-soluble osmium-pyridine complex, allowing straight-

forward isolation and purification of the chloroform-soluble cis-diol. 

The three tetrahydrobenzo(a)pyrene ketones XI, xIir, and XIV 

were required for use as chromatographic standards in the dehydration 

studies outlined in Chapter 2. 10-Oxo-7,8,9,10-tetrahydrobenzo(a)-

pyrene (XIV) was readily obtained by oxidation of the lO-hydroxy com-

pound VIII with DMSO-Ac20 reagent. 71  9-Oxo-7,8,9,10-tetrahydrobenzo-

(a)pyrene (XIII) was obtained by dehydration of cis-diol XII under 

acidic conditions. The exclusive formation of the 9-ketone in this 

reaction is presumably due to stabilization of the carbonium ion formed 

at the benzylic 10-position: 

HOH  
HO.5H+ 	

() 

-H+  O.0) 

The 9 and lO-ketones (XIII and XIV) are separable by HPLC (see 

"Experimental"), and no detectable lO-keto material was found in the 

reaction product from acid dehydration of cis-diol XII. This was not 

the case for hydrolysis of the cis-7,8-diol X; a small amount (5%) of 

7-ketone III was formed along with 8-ketone XI. Since purification 
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of the 8-ketone (XI) by HPLC was impractical, an alternate route was 

used, involving.acid hydrolysis of 7,8-epoxy-7,8,9,10-tetrahYdro-

benzo(a)pyrene: 

r 
) 	

p-TsOH 

I 	 I 	OH 
-.- 

0 
xv 

Epoxide XV was prepared by oxidation of V with m-chloroperbenzoic acid, 

using a two-phase solvent system (CH 20 2/10% NaHCO 3 ) to neutralize any 

m-chlorobenzoic acid formed in the reaction. 72  Treatment of epoxide 

XV with p-toluenesulfonic acid and subsequent column chromatography 

(alumina) yielded the 8-ketone XI free of any contaminating 7-ketone 

Iii (as analyzed by HPLC). 

8-Hydroxy and 9-hydroxy-7,8,9,1 0-tetrahydrobenzo(a)pyrenes XVI 

and xvii were prepared by sodium borohydride reduction of the cor-

responding ketories; the reaction products were isolated by HPLC and 

characterized by absorption, infra-red, and mass spectra. Insufficient 

material was isolated for elemental analysis or NMR spectroscopy. 

() 

HO&)J 
xv' 

HOQ( 

xv" 

II. Other Benzo(a)pyrene Derivatives. Other benzo(a)pyrene 

derivatives used as fluorescence standards include the K-region cis- 

diol, 4,5-dihydroxy-4,5-dihydrobenzo(a)pyrene (XVIII), and the quinones 
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formed by oxidation of benzo(a)pyrene with chromic acid. This cis- 

diol was originally prepared by. Crigee eta1. ' 	using osmium tetroxide. 

The diol thus obtained is extremely sensitive to oxidative degradation, 

requiring the use of an inert atmosphere for all operations. Harvey 

and Goh reported in 1974 a detailed procedure for isolating the diol, 

involving cleavage of the intermediate osmate ester with KOH-mannitol, 

acetylation to a diacetate, column chromatography, and removal of the 

acetate-protecting groups with methanolic ammonia. 74  We have found 

that cleavage of the osmate ester using aqueous bisulfite (as outlined 

above) is a superior method, although purification and handling of the 

diol is facilitated by conversion to the more stable diacetate. The 

reason for the extreme lability of the 4,5-diol is not fully under-

stood; on exposure to air some material with UV-absorption properties 

of a quinone are formed, along with a red oil. Other workers have 

reported similar observations. 73 ' 74  

,- - 
0 s 04 

py r. 
IN 

cH 

OH 
xvii 

Oxidation of benzo(a)pyrene to a mixture of quinones (1,6 3,6 

and 6,12; figure 4) by the action of chromic acid was first reported 

by Vollmann. 75  The individual quinones can be partially resolved by 

HPLC (Micropak C 18 , H 20-MeOH solvent)'. Sufficient material for use 

as absorption spectrum standards could be obtained by this procedure. 

Direct synthesis of each quinone has been reported, 76 ' 77  and anal- 

ytical standards of each were obtained from the National Cancer Institute, 
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Bethesda, Maryland. 

Arene Oxide Synthesis. rt is convenient to divide arene oxides 

into two categories, described as K-region and non-K-region types. The 

K-region, or phenanthrene-5,6-type double bond, was thought at one time 

to be the primary structural feature of a polycyclic aromatic hydro-

carbon responsible for biological activity. 78  Early (pre-1970) 

synthetic work was concentrated on the preparation of K-region deriva-

tives for two reasons--the presumed biological relevance of such 

derivatives, and the relative ease with which the K-region double bond 

could be functionalized. Two principal reactions are of use in func-

tionalizing this bond: ozonolysis, 79  producing a dialdehyde, and 

oxidation by 0s0
41 73  yielding an intermediate osmate ester which can be 

hydrolyzed to give a cis-dihydrodiol. Phenanthrene, for example, will 

yield either the dialdehyde I or the cis-diol II on treatment with 0 3  

or 0s04 , respectively: 

Nal 

	

0 	 ••" 'CqH 	 0 CHO 

CH 

r(r' 
 

4CH 

0s04  

	

pyr. 	

r e d. 

Both reactions depend on the fact that the mobile bond order is 

highest for the K-region-type double bond: in addition, the K-region 



does not possess full aromatic character, and its excision from the 

molecule does not greatly alter the overall resonance energy for the 

molecule. 80  The K-region thus is similar in reactivity to an isolated 

double bond, and is susceptible to attack by electrophilic reagents. 

The first arene oxide to be prepared was that of phenanthrene, 

via conversion of the dialdehyde I to the oxirane by treatment with 

hexamethyl phosphorous triamide:81' 82 

(Me2 N)3 P 
5011  

CHO 
CHO 

7-methylbenz(a)anthracene-5,6-oxide was prepared in a similar fashion. 

With more complex ring systems, however, ozonolysis has been found to 

generate a complex mixture of products, including quinones. 83  Oxida-

tion with OsO 4  in contrast, usually results in only a single major 

product, and has consequently become the method of choice for func-

tionalizing the K-region double bond of complex PAH's (Note 1). 

Two methods are now available for converting a cis-diol into an 

oxirane. The first, reported in 1973 by Harvey and co-workers, involves 

conversion of the cis-diol to a trans-diol. and subsequent oxirane 

Note 1: Benzo(a)pyrene formally has two K-regions, the (4,5) and 

(11,12) bonds. Both HM0 84  and SCF49  calculations indicate 

that the bond order of the 4,5-bond is higher than that of 

the 11,12-bond. Oxidation of BaP by 0s0 4  yields both cis- 

diols in approximately a 20:1 ratio.85 

53 
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formation by treatment with the dimethylacetal of dimethylformamide 

(figure 5)•7486  The second method involves conversion of the cis-diol 

to a 2-alkoxy-1,3-dioxolane, subsequent conversion to a halohydrin 

ester, and then base-catalyzed nucleophilic displacement of the halogen 

by the hydroxyl oxygen (figure 6).87  This second method has some ad-

vantages over the first, as the conversion from cis-diol to arene oxide 

can be carried out sequentially in the same reaction vessel without the 

need for isolation or purification of intermediates. 88  Both procedures 

have been used to prepare a number of K-region oxides of polycyclic 

aromatic hydrocarbons, including phenanthrene, pyrene, chrysene, 7,12-

dimethylbenz(a)anthracene, and benzo(a)pyrene. 

A direct oxidation of the aromatic hydrocarbon to a K-region 

oxide using hypochiorite plus a phase-transfer catalyst has recently 

appeared. 89  The application of this synthetic scheme seems to be 

restricted to molecules of high symmetry, due to the complex product 

mixtures generated from non-symmetrical, large PAH's. This technique 

appears to be the method of choice, however, for generating large 

(multigram) quantities of the K-region oxides of phenanthrene, pyrene, 

and chrysene. 

Non-K-region Arene Oxides. Approaches to non-K-region arene 

oxides are of necessity less direct than those outlined above for the 

K-region oxides, and can involve complex ring-constructing schemes 

rather than the straightforward modification of one area of a pre-

existing aromatic system. The complexity of a given scheme for an 

arene oxide synthesis can vary widely, depending on the types of inter-

mediate ring systems that are required, as well as the stability and 

reactivity of the final product. For benzo(a)pyrene, for example, 
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relatively facile routes to the 7,8 and9,10 oxides have been eluci-

dated, whereas the 1,2 and 2,3 oxides have so far defied synthesis. 

(W  5L 0 

The bulk of. the synthetic work on non-K-region arene oxides has until 

now involved elaboration of a tetrahydro-benzo ring to generate a 

1,2-epoxide. with a 3,4 double bond in conjugation with the aromatic 

nucleus of the remainder of the molecule: 

0 

I 	II 	I -••---••-• 	I 	II 	I 	•-•-• 	I 	ii 	I 

cI 
:IeX64T 

This allows one to proceed via construction of the tetrahydrobenzo-ring 

onto a preformed aromatic nucleus, or in favorable cases by selective 

reduction of one ring of the parent hydrocarbon:9° 
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The first reported synthesis of a non-K-region arene oxide was 

that of naphthalene-1,2-oxide, published in 1968 by Vogel and KThrner. 91  

The overall logic of this synthesis formed the basis for later work by 

other groups. The synthesis is outlined in Figure 7a; the key step in-

volves introduction of the 3,4-double bond into the tetrahydro ring 

system of epoxide C. This was accomplished by free radical bromination 

at the benzylic 4-position, followed by dehydrohalogenation with 1,5-

diazabicyclo [3.2.0] non-5-ene at 00.  The utility of this synthetic 

sequence is hindered by the extreme lability of bromo-epoxide D, and 

subsequent attempts  to generalize the sequence to other aromatic sys-

tems met with little success. In 1972 Waterfall and Sims attempted to 

use this scheme for the preparation of non-K-region oxides of benzo(a)

pyrene (Figure 7b). 69  Analysis of their data indicates that the 

attempted bromination of epoxide E gave a mixture of uncharacterized 

products, possibly polymeric in nature. Acid hydrolysis of the crude 

reaction mixture yielded material with chromatographic properties 

similar to that of a phenol, suggesting that the oxirane may have 
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been present. Such a synthetic scheme was not capable of yielding. 

analytically pure material, however. Jerina and coworkers subsequently 

modified this scheme by introducing both the epoxide and the double 

bond simultaneously. 92 ' 93  The epoxide is present asa brornohydrin 

precursor: 

Be 

NBA  o'JJZ) NBS 	 bMe ,
hv 

Be,( r, ) 	f C  OR 	 OR 

The Jerina synthesis (1973-1974) resulted in milligram quantities of 

pure arene oxides for several hydrocarbons, including the benzo(a)-

pyrene-7,8 and 9,10-oxides. 

Otol Epoxide Synthesis. As outlined in Chapter 2 fluorescence 

studies indicated that an active alkylating agent involving a 7,8,9,10-

tetrahydro-substituted benzo(a)pyrene was responsible for covalent 

binding to nucleic acids in both microsomal and cell culture in vitro 

systems. Model compound studies suggested the presence of hydroxyls 

at position 7 and 8 of the tetrahydro-ring. The DNA/metabolite binding 

assay of Borgen et al 61 
 suggested that trans-7,8-dihydroxy-7,8-

dihydrobenzo(a)pyrene possessed exceptional binding capabilities, and 

mutagenesis studies indicated high activity for this compound. 62  All 

of this evidence suggested that the trans-7,8-dihydrodiol of bénzo(a)- 

pyrene could undergo further metabolism to an active alkylating species, 

which when bound to nucleic acid exhibited a fluorescent chromophore 

similar to that of 7,8,9,10-tetrahyclrobenzo(a)pyrene. The most likely 

structure for this alkylating species is that of a diol-epoxide, where 



the 9,10-double bond of the 7,8-dihydrodiol has undergone oxidation 

to an epoxide: 

_ 
cytochromeP448 	

NZ 

H 	
rT 	

HO 

OH 	 OH 

Work by Sims etal. indicated that metabolically formed [G- 3H] 7,8-

dihydrodiol could be oxidized with m-chloroperbenzoic acid to a 

material that was capable of binding to DNA in vitro; the resulting 

material had chromatographic properties similar to that of DNA-bound 

microsomal-activated benzo(a)pyrene. 63  The stereochemistry of the 

epoxide ring can be either cis or trans with respect to the 7-hydroxyl; 

presumably either isomer could be formed in vivo. The synthesis of,  

this material, then, became our goal. The most obvious approach to 

this structure is to mimic the biosynthetic route (as Sims did on a 

micro-scale): synthesize the dihydrodiol and convert it to the diol-

epoxide. It was anticipated that large quantities (multigram) of 

material would be required, so the development of an efficient synthe-

sis for the 7, 8-dihydrodiol was our immediate goal. 

An obvious approach to this structure is by introduction of the 

diol functionality into a tetrahydrobenzo(a)pyrene, followed by genera-

tion of the 9,10-double bond. This approach is similar to the logic 

used by Vogel and Klärner in their 1968 synthesis of naphthalene-1,2- 

oxide: 91  the epoxide ring was introduced first, and the 3,4-double 

bond introduced by benzylic bromination followed by dehydrohalogéna-

tion (see Figure 7a). The overall synthetic scheme, then, would 
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involve conversion of 9,10-dihydrobenzo(a)pyrene (V) to trans-7,8-

dihydroxy-7,8,9,10-tetrahydrobenzo(a)pyrene, followed by introduction 

of the 9,10-double bond via a benzylic halogenation/dehydrOhalOgeflatiOn 

sequence. 

09 HO 
	 H 

OH 
	 OH 

Since we had ready access to 7,8-epoxy-7,8,9,10-tetrahydrobenzo(a)pyrene 

(XV), an attempt was made to stereospecifically open the epoxide ring 

to a trans-diol. Literature references indicated that the only condi-

tions capable of highly stereospecific ring opening involved the use 

of a strongly basic enviroment, such as KOH in 85% DMSO-water. 94  When 

the epoxide was treated in this fashion, a quantitative yield of benzo-

(a)pyrene was obtained (confirmed by HPLC retention time, UV and mass 

spectra). Presumably a diol is formed initially, and then undergoes 

multiple dehydration to the completely aromatized hydrocarbon: 

p) 0" jCC-- ) HO 

0H, 	
X):B O) 

BoP (m/z 252) 
xv 

Identical results were obtained at 00,  25
0 , and 1000.  Hydrolysis of 

the epoxide under acidic conditions (1:1 THF-water, trace of HCl) gave 

three peaks when analyzed by HPLC. The minor component (Ca. 10% of 

total was identified as 8-oxo-7,8,9,10-tetrahydrobenzo(a)pyrene (HPLC 
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retention time, mass spectra identical with synthetic standard). The 

remaining two peaks (A and B, present in a ratio of 45:55) had identi-

cal UV, IR, and mass spectra (m/z 288): peak A co-chromatographed with 

authentic jj -78-dihydroxy - 7,8,9,10_tetrahydrobenzo(a)pyrene (synthe-

sized by 0s0 4  oxidation of 7,8-dihydrobenzo(a)pyrene). Peak B was 

therefore assigned as the trans-diol, confirmed by its 1 H-NMR snectrum 

(J 7,8  = 10 Hz; ..t - diol has J 798=5.5 Hz). These results indicated 

that hydrolysis of the tetrahydro epoxide XV was not suitable for pre-

paring the trans-diol. 

A review of literature methods for converting olefins to trans-diols 

suggested the use of an aryl or acyl hypoiodite--i.e., the Prevost 

reaction. 95  Our initial concerns that the hypoiodite complex might 

iodinate the highly active pyrene nucleus were alleviated by aconversa-

tion with Dr. D. J. McCaustland of Midwest Research rnstitute (Kansas 

City, Missouri), in which he informed us that they had successfully used 

the Prevost reaction to prepare trans-diols from a number of aromatic-

substituted ethenes. When the reaction was tried, conversion of 9,10-

dihydrobenzo(a)pyrene to a 7,8-dibenzoate was• readily accomplished in 

65% yield. Trans stereochemistry is generated by the mechanism of 

the reaction: 

0-0 

V 2AgOBz 	 A, H 	c!:L; 

	

o-c 	 OR 
'0 

The trans-stereochemistry was confirmed by removal of the benzoates 
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(ThMe) and 1'H-NMR of the free diol--- the large J 78  (10 Hz) is 

indicative of trans-stereochemistry. The free diol also cochromato-

graphed with peak B (above) obtained from acid hydrolysis of the tetra-

hydro epoxide (XV). 

The bromi nation-dehydrobromi nation sequence to introduce the 9,10-

double bond into the system appeared at first to be relatively straight-

forward. Such a sequence had in fact been used by Jerina etal. to 

synthesize the cis-dihydroxy isomer: 

Br 

) 	

N s, 

H O 	 Ac O 	 A cO 	 A c ' H0q 

OH 	 OAc 	 OAc 	 OAc 	OH 

Our first attempt at brominating the dibenzoate (NBS, Cd 4 , hv) 

resulted in polymeric material, along with a small amount of material 

containing two bromines (mass spectra) and what appeared to be a fully 

aromatized system (UV absorption similar to that of benzo(a)pyrene). 

The problem was eventually traced to a small (=4%) amount of iodo-

benzoate in the dibenzoate starting material. When analytically pure 

dibenzoate was used in the reaction, the lO-bromo derivative (stereo-

chemistry unknown) was obtained in high yield (=75%). The reaction is 

nevertheless technically difficult, requiring the use of pure diben- 

zoate and rigorously defined experimental conditions (see "Experimental"). 

Thermal elimination of HBr (refluxing in xylene for approximately ten 

minutes) and removal of the benzoyl groups was accomplished without 

difficulty. This resulted in analytically pure (+)trans-7,8-dihydroxy-

7,8-dihydrobenzo(a)pyrene (XXII, figure 8). 
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Epoxidation of this material would be expeted to generate the 

two possible isomers (A and B), with the epoxide cis or trans with 

respect to the 7-hydroxyl. A preference for the cis isomer was 

predicted to occur with peracid oxidation, by analOgy with known 

literature reactions. For example, epoxidation of 2-hydroxy-cyclo- 

1T2'l1 	1Tli 
HO' 

r 
HO 

hexene by perbenzoic acid generates a preponderance of the isomer 

with the epoxide on the same face of the ring as the hydroxyl: 96  

OH a 	+ 

	 9H 

91% 	 9% 

This stereospecificity is apparently the result of hydrogen-bonding 

between the peracid and hydroxyl group in the transition state for 

the reaction: 97  

0 

H 11 1, 

/ 
O 	

o  
,'N,fi 
H/ 
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Epoxidation of the trans-7,8-diol with ni-chloroperbenzoic acid (mCPBA, 

a more efficient epoxidation reagent than perbenzoic acid) in CH 2C1 2  

resulted in a number of undefined products. In benzene, the reaction 

proceded slowly (reaction was monitored by the change in absorption 

spectrum from the 9,10-dihydro benzo(a)pyrene chromophore to that of 

a 7,8,9,10-tetrahydrobenzo(a)pyrene), and mass spectrometry indicated 

the presence of a species with the molecular weight of a diol epoxide. 

The optimum solvent for this reaction was found to be tetrahydrofuran, 

where reaction is essentially complete in six hours. The reason for 

this solvent dependence is unknown, although it has been noted by two 

other groups. 98 ' 99  Jerina identified one of the products generated in 

CH 2C1 2  as a chlorobenzoate ester of trihydroxy-7,8,9,10-tetrahydro-

benzo(a)pyrene, presumably formed by reaction of the initially formed 

diol epoxide with m-chlorobenzoic acid. 98  It is possible that trace 

amounts of acid present in some solvents lead to immediate decomposition 

of the highly reactive diol-epoxide. 

The stereochemistry of the material formed in this reaction was 

unkown, but the product appeared to be a single stereoisomer (see 

Table 1). In an aqueous cosolvent (THF-water, 20:80) two products 

were rapidly formed (reaction complete in under twenty minutes), and 

identified as tetrahydroxy-7,8,9,10-tetrahydrobenzo(a)pyrenes. A 

single stereoisomer of the diol epoxide would be expected to generate 

two tetraols upon hydrolysis, whereas four tetraols would be generated 

if both stereoisomers were present: 



OH 

HOst, 	 + 

HO'' 1  

OH 

OH 

HO 

HO.L) 

OH OH 

HOXJ 

OH 

Ho + 
HO'- 	/ 

OH 

OH 

HO 

HO 

OH 

The orienting effect of the 8-hydroxyl on the peracid would be expected 

to generate the epoxide on the same face of the ring, and opposite to 

the 7-hydroxyl: 

I " rm11-1 

OH- 

At the time this work was being completed, a virtually identical syn-

thesis of this diol epoxide appeared, but without any conclusions as 

to the stereochemistry of the product. 99 1 H-NMR evidence was suggestive 

that the 8-hydroxyl and epoxide were cis to each other, but the ab-

sence of any reference compounds made such an assignment rather tenuous. 

(J 7,8  = 8.6 Hz is consistent with pseudo-equatorial hydroxyls)°°  and 

the small value of J 9,10  [<1 Hz] suggests that the 9,10 epoxide and 

8-hydroxyl are cis to each other). 



The solution to this problem was first advanced by Jerina and 

coworkers, who succeeded in synthesizing the two corresponding did 

epoxide isomers of naphthalene (C and D): 98 ' 101  

H 

I
D 

Direct epoxidation, of 1 ,2-dihydroxy-1 ,2-dihydronaphthalene generates 

compound D, as expected. The other isomer, C, was synthesized by the 

same reaction sequence Jerina had used in the synthesis of the non-K-

region arene oxides--via a bromohydrin. 93  Reaction of the diol with 

N-bromoacetamide (NBA) in aqueous-THF gave a halohydrin ester with an 

NMR spectrum consistent with a cis-2-hydroxyl and 3-bromine (J 23  

2.49 Hz): 

QH 	 QH 

H 	 OH 	
cis 

43Br 

OH 

Conversion of this bromohydrin to diol epoxide C was achieved with base. 

Once both isomers were available for direct comparison, the assignments 

of relative stereochemistry based on 'H-NMR data was relatively straight-

forward (see Table 1). When the 7,8-dihydrodiol of benzo(a)pyrene was 

treated with NBA, a similar result was obtained--a bromohydrin with 

protons at positions 7 and 8 (J 89  = 3 Hz) was isolated. Treatment 

with base gave material with UV, IR, and mass spectra similar to that 



70 

of the diol epoxide formed via peracid oxidation, but with a different 

H-NMR spectrum (Table 1). The 7-hydroxyl resonance is shifted up-

field by approximately 160 Hz (at 220 MHz), indicative of intramolecular 

hydrogen-binding between the 7-hydroxyl and 9,10-epoxide oxygen.' 02  

Final confirmation of the assignments was provided by analyzing the 

products formed on hydrolysis of diol epoxide B: two tetrahydroxy-7,8, 

9,10-tetrahydrobenzo(a)pyrenes were formed, with completely different 

retention times from the tetraols formed by hydrolysis of diol-epoxide 

A. 1 H-NMR analysis of these two sets of tetraols provided good evidence 

for the assigned conformations; 103  in addition, a later analysis of the 

relative stereochemistry of the ring hydroxyls (detected by acetonide 

formation of cis-dihydroxy stereoisomers) of all four tetraols was 

fully consistent with these assignments. 104  

Although there was ample literature precedence for the high degree 

of stereoselectivity observed in the peracid oxidation of the diol to 

diol epoxide "A," the specificity observed in bromohydrin formation was 

somewhat unexpected. Although steric arguments can be invoked to ac-

count for the approach of NBA cis to the pseudo-equatorial 8-hydroxyl, 

()H-NMR indicates the hydroxyls in the diol are pseudo-equatorial), the 

fact that no detectable trans isomer is observed is surprising: 

H 	

<O H 

OH H 
NBA 

ma 
H 

Conversion to the 9,10-epoxide is facilitated by the trans-i ,2-diaxial 

conformation of the 10-hydroxyi and 9-bromine; formation of the 8,9 



epoxide is not possible due to the cis conformation of the 9-bromine 

and 8-hydroxyl (Figure 8). 

Table 1 
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HO I:c1)  HO H 	1I1
?Z 

Benzo(a)pyrene 
A 	B 
4.86 	4.96 

4.04 	3.99 

3.95 	3.88 

(H-lU) 	5.18 	4.98 

(C7-OH) 6.01 	5.24 

(C8-OH) 5.88 	5.86 

(J 7,8 ) 	8.6 	5.8 

1.0 	1.5 

(J 9,10) 4.5 	4.1 

) HO"y 

OH 
	

OH 

Naphthal ene 
D 	C 

H-i 
	

4.31 	4.38 

	

H-2 
	

3.66 	4.15 

	

ppm H-3 
	

3.60 	3.69 

H -4. 	 3.99 	3.98 

	

C 1  -OH 
	

5.55 	4.14 

	

C2-OH 
	

, •5.47 	5.47 

	

l,2 
	3.0 	9.0 

Hz 	J2,3 	2.5 	1.0 

	

J 3,4 
	4.0 	4.5 

[ 1 H-NMR spectra recorded at 220 MHz in FT mode]. 

The two isomeric diol epoxides A and B are abbreviated as "anti" and 

" syn, "  referring to the orientation of the 9,10 epoxide with respect 

to the 7-hydroxyl. . 
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(±)anti-diol epoxide 
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(±)yiL- diol epoxide 

 

il-Diol Epoxide Synthesis (Note 1). The extremely low level of 

binding of benzo(a)pyrene to DNA in vivo (ca. 1 in 	base pairs) 

meant that the isolated adducts we would be working with would be pre-

sent in microgram or nanogram quantities. These.would presumably have 

to be detected against a large background of unmodified nucleic acid 

residues, making isolation a difficult analytical problem. The ability 

to quantify the levels of covalent binding to various target nucleo-

philes was also anticipated to be a problem. Consequently, we decided 

to prepare the diol epoxide "A" (r-7,t-8-dihydroxy-t-9,10-epoxy-7,8,9, 

lO-tetrahydrobenzo(a)pyrene) in a radioactively labelled form (as 

described in Chapters 4-6, diol epoxide A is the predominant stereoiso-

mer formed in vivo). Two principal requirements--expense and the need 

for high specific activity--dictated the use of 3H rather than 14C. 

can be introduced into a structure by two basic procedures--

catalytic exchange with 3H gas, or by exchange in 3H 20 (usually at 

extremes of pH)) 05  The high reactivity of the diol epoxide itself 

ruled out any direct exchange procedure; a synthetic precursor would 

have to be labelled and then converted to the diol epoxide. Since 

Note 1: A similar synthesis of 3H - (±) anti-diol epoxide is described 

in reference 106. 
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the material would be used in biological, aqueous systems, it was 

decided that incorporation of the label into readily exchangeable posi-

tions of the molecule could lead to problems involving loss or randomi-

zätion of the label. Additionally, the facilities available to us 

(Safety Services, Lawrence Berkeley Laboratory) allowed the use of 

carrier-free tritium gas at pressures up to 730 mm, permitting high 

specific activities to be realized. 

The aromatic system of the tetrahydrobenzo(a)pyrene moiety is a 

logical choice for introduction of label into non-exchangeable (over 

the normal range of pH encountered in biological systems) sites. High 

specific activities (> 1 Ci/mmol) can only be achVeved with 3H 20 under 

vigorous conditions (eg. 100-2000/24 hr.); since we envisioned intro-

duction of the label within a reasonable number of steps from the 

final product, such extreme conditions were ruled out. Suitable reac-

tion sequences using tritium gas include hydrogenation/dehydrogenation 

(resulting in approximately 50% of the hydrogens at a given position 

being labeled) or halogenation/hydrogenolysis. The former method is 

difficult to carry out at low (< 1 atm) pressure, so the halogenation/ 

hydrogenolysis reaction sequence was employed. 

The overall plan was to brominate the aromatic nucleus, then 

dehalogenate with tritium gas over a metal catalyst. The sensitivity 	 - 

of the'9,10-double bond to these conditions forced us to work with the 

tetrahydrobenzo(a)pyrene system, with the trans-dibenzoate already in 

place: 
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3 H 

'ax 
z 

BZO Vc 	: 
0 Bz 

Bromination of the aromatic system was straightforward; virtually any 

source of Br will efficiently label the system. Thus, treatment of 

dibenzoate XIX with phenyl trimethylammonium tribromide in acetic acid-

THF resulted in a quantitative yield of monobromo-trans-7,8-dibenzoyl-

7,8,9,l0-tetrahydrobenzo(a)pyrene (M at m/z 574,576; the ion at m/z 330, 

332 and subsequent loss of Br to generate m/z 251 showed that the 

bromine was on the tetra hydro be nz o (a) pyrene moiety rather than on the 

benzoate groups). The exact position of the halogen on the ring could 

not be determined, but the 1 H-NMR spectrum showed one less hydrogen in 

the aromatic region (7.32-8.50 S). Analogous literature reactions in-

dicate that the 6-position may be the site of substitution in such 

cases. 93  Model reaction studies with unlabelled H 2  showed that this 

monobromide could be efficiently (90% yield) reduced to the dibenzoate 

at low pressure (< 1.5 atm) over a palladium metal catalyst. 

Accordingly, 30 mg of the brdmo-dibenzoate in the presence of 10 

mg palladium was treated with 52 Ci of carrier-free 3H 2  at 730 mm 

pressure for 3.75 hours. After work-up (initial activity 30 Ci/rnmol) 

this material was diluted with unlabelled carrier dibenzoate to a final 

activity of ca. 2.38 Ci/mmol (the material still contained adsorbed 

I12 gas). This material was then carried through the synthesis of 

trans-7,8-dihydroxy-7,8-dihydrodiol (XXII) on a mtcro-scale. The final 
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yield of diol was 100 mg, at a specific activity of 1.30 + .05 Ci/mniol. 

The bulk of this material was converted to diol epoxide "A(XXIV), 

and stored in TI-IF at -70°. All intermediates cochromatographed with 

authentic synthetic standards; when the 3H- diol epoxide was hydrolyzed, 

Ca. 97% of the 3H-counts eluted with the two expected tetrahydroxy -

tetrahydrobenzo(a)pyrene products. The 3H-diol epoxide stock solution 

was routinely monitored for decomposition (high specific activity 

materials are extremely sensitive to oxygen, water, and light; decom-

position occurs primarily via free-radical reactions induced by intense 

8radiation) by hydrolysis and HPLC of the products. Aliquots from 

the run were analyzed for radioactivity by scintillation counting, 

and the total recovery was calculated. Decomposition was indicated by 

the amount. of radioactivity that did not co-elute with the expected 

tetrahydroxy-tetrahydrobenzo(a)pyrene hydrolysis products. Over a 

period of eight months, decomposition was less than 0.5% per month. 
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Experimental 

Analytical Methods. 	All reactions were performed under a dry 

nitrogen atmosphere unless otherwise noted. Most of the reaction pro-

ducts reported here are sensitive to ligh,t and air, so appropriate 

precautions weretaken. Melting points (uncorrected) were determined 

on aBuchi capillary melting point apparatus (Rinco Instrument Co., 

Greenville, rllinois). 1 H NMR spectra were recorded at 220 MHz with a 

Varian HR-220, equipped for Fourier Transform (FT) operation. Data 

was collected on a NIC-80 computer (Nicolet Instruments, Madison, 

Wisconsin). Alternatively, some spectra were recorded at 270 MHz on a 

non-commercial instrument, interfaced with a NIC-1180 computer. Absorp-

tion spectra were recorded on either a Varian/Cary Model 118 or Model 

14 spectrophotometer (Cary/Varian, Palo Alto, California). Infrared 

spectra were recorded (as KBr pellets) on a Perkin-Elmer model 257 

spectrophotometer (Perkin-Elnier, Norwalk, Connecticut). Low resolution 

mass spectra were determined at 70 eV on a duPont model 21-492-1 mass 

spectrometer, equipped with a 21-094B data system. Electron-impact high 

resolution mass spectra were determined by direct probe with a modified 

Kratos/AEI MS-902 mass spectrometer operated on-line at m/ni 10,000 with 

a Xerox Sigma 7/LOGOS II. computer system (see Chapter 4 for a discussion 

of the LOGOS-Il HRMS system). Elemental analyses were performed by the 

Analytical Laboratory, Department of Chemistry, University of California, 

Berkeley. 

Safety Procedures. 	As is evident from discussions in Chapter 2 

and 4-6, many of the compounds described here represent extreme safety 

hazards. The trans-7,8-diol (XXII), in particular, is a potent mutagen 

and carcinogen, with a relatively stable (i.e., not easily hydrolyzed) 



or oxidized at neutral pH) structure. The anti-diol epoxide (XXIV) is 

one of the most potent niutagen/carcinogens known, as well as being 

highly cytotoxic. Other synthetic intermediates are not active as such, 

but can undergo enzymatic activation if inhaled or absorbed through the 

skin. Accordingly, all synthetic operations were carried outin a func-

tioning hood, with appropriate protection (gloves, lab coat, and respi-

rator filter if appropriate) for the operator. Particularly hazardous 

operations were conducted in a negative pressure glove gox (Safety 

Services, Lawrence Berkeley Laboratory) equipped with micron air filters. 

Weighing out of dry powders of hazardous materials was done in such a 

glove box. Open laboratory hoods can be conveniently screened for con-

tamination with an ultra-violet (350 rim) hand lamp, since virtually 

all benzo(a)pyrene derivatives have an intense blue or green fluores-

cence. Glassware was decontaminated with either chronic acid or nitric 

acid. Contaminated waste was disposed of by Environmental Health and 

Safety, Lawrence Berkeley Laboratory. 

Chromatography. Thin layer chromatography (TLC) was carried out 

on Silica Gel G plates (either Eastman no. 6061 or prepared in the 

laboratory), using benzene or benzene-ethanol (19: 1 v/v) as the 

developing solvent. Most of the products described here fluoresce 

(em. > 390 rim) when excited at 350 nm, allowing visualization without 

the need for indicator dyes. Column chromatography was carried out 

on the appropriate activity grade of Woelm Neutral Alumina (Waters 

Associates, Milford, Massachusetts) or silica gel ("Biosil," BioRad, 

Richmond, California). All solvents were either "Nanograde" (Mallinc-

krodt, St. Louis, Missouri) or redistilled before use. 



EUgh pressure liquid chromatography (HPLC) was an important ana-

lytical tool in the work described here, allowing chromatographic 

separation and quantitative analyses to be carried out that are not 

possible by other techniques. Instruments used included a Varian model 

8500 liquid chromatograph (Varian, Palo Alto, California) and a Waters 

model 6000 system (Waters Associates, Milford, Massachusetts). Reverse 

phase (octadecylsilane) columns were used extensively (0.2 x 25 cm, or 

4.1 m x 30 cm), with water-methanol as eluant. Alternatively, 51, silica 

gel (4.1 mm x 30 cm) was used for some analyses, with hexane-dichloro-

methane as eluant. A standard flow rate of 1 mL/min. was used, and the 

column effluent monitored for absorbance at selected wavelengths. 

Synthetic Procedures. (Spectra are reported as: NMR, chemical 

shift (s) relative to TMS; MS, m/z (relative intensity); UV, absorption 

wavelength (log 10  extinction coefficient, where c = A/cl) ). 

I. Synthetic Dehydration Standards. 

1. y-(3-pyrenoyl)-propr,onic acid (I) 
66 

Nitrobenzene was distilled under vacuum from P 20 5 . A 2 L flask 

equipped with stirring motor and thermometer was charged with 24.74 g 

(.247 mole) of succinic anhydride dissolved in 300 mL of nitrobenzerie. 

66g (.495 mole) of Aid 3  was added slowly, and the reaction mixture 

cooled to between 0° and 5°. 50 g (.247 mole) of pyrene was added in 

small portions over a period of 40 minutes, with the temperature main-

tamed at between 0°  and 5°. The mixture was then allowed to stir for 

18 hours at room temperature. The reaction mixture was hydrolyzed by 

the addition of 500 g of ice plus 50 mL of concentrated HC1. Nitro-

benzene was removed by steam distillation, and the crude product 

79 
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isolated by filtration. This material was dissolved in hot ethanol-

KOH (70% ethanol-8% KOH) and filtered. The keto-acid was precipitated 

by addition of acetic acid, isolated by filtration, and recrystallized 

from acetic acid. Yield 67.3 g (90%), mp 18° (lit. 1821830).66 

NMR; (0 6-DMSO) 2.76(2H) 3.48(2H), 8.1-8.78(9 aromatic), 12.1 

	

(-COON); J 	=6.1 Hz. MS: m/z 302(165), 284(203), 256(94), 229(1000), 

20l(692),ll5(53),101(140). UV: (nm) 385(3.82), 352(4.37), 280(4.41) 5  

242(4.64), 233(4.59). 

	

Anal. 	Calcd. for C 20H 1403 : C, 79.45; H, 4.67; Found: C, 78.14 

H, 4.78. 

2. 4-(pyrenoyl)-butanoic acid (U) 

74.9 g (.247 mole) of keto-acid I was placed in a 1 L flask 

equipped with a condenser and magnetic spin-bar. 360 mL 
r

of 2,2'-dioxy-

ethanol, 47.3 g (3.4 molar equivalents) of KOH, and 34 mL of hydrazine 

hydrate (35 g, 2.8 molar equivalents) were added, and the mixture 

heated at 1200  for 1.5 hours. The temperature was then raised slowly 

to 2300  as excess water distilled off. After reaching 230 0 , the reaction 

mixture was allowed to reflux for 5 hours, and then cooled to room 

temperature. The reaction mixture was adjusted to pH =1 by addition of 

20% Nd, and the product filtered off. The crude product was dried in 

vacuo and then recrystallized from xylene. Yield 53.5 g (75%), mp 

187-1880  (lit. 184_1860) 66 . NMR: (d6-DMSO) 2.02(2H 3 ), 2.42(2H 4 ), 3.35 

(2H 2), 7.9-8.40 (9 aromatic), 12.0 (-COOH); J 23  =7.32, J 3,4= 6.7 Hz. 

MS: m/z 288(372), 228(117), 226(106), 215(1000), 213(170), 189(202), 

187(106), 60(470). UV: absorption spectrum is that of pyrene, shifted 

to longer wavelengths by =6 nm: 378(2.79), 344(4.79), 328(4.59), 314 

(4.19), 302(3.79), 280(4.80), 266.5(4.54), 245(5.05), 236(4.79). 
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3. 7-oxo-7,8,9,1 ,0-tetrahydrobenzo(a)pytene(IIIj 

A 2 L flask equipped with a stirring motor was charged with 25 g 

(87 mmol) of II in 650 mL of benzene. 22.6 g (1.25 molar equivalents) 

of Pd 5  was then added in small portions over a period of 1 hour. 

This mixture was refluxed for 1 hour and then cooled to 15°. 28.24 g 

(1.25 molar equivalents) of SnC1 4  in 25 mL of benzene was added drop- 

wise, and stirring continued overnight. After 18 hours, dilute HC1 and 

ice were added to hydrolyze the reaction mixture. After 2 hours, 1.2 L 

of benzene was added and the benzene solution washed with 10% sodium 

carbonate and water. The benzene solution was dried over K 2CO 3  and the 

solvent removed on a rotary evaporator. The residue was recrystallized 

from benzene (yellow jiates) .Yield 16.4 g (70%), mp 169-170.5 °  (lit. 

173_1750). 66  f: (CDC1 3 ) 2.40(2H 9), 2.86(2118), 3.56(2H 10), 7.35-8.80 

(8 aromatic; H 6= 8.80 ); J 9,10  =6.1, J 89  =6.7 Hz. MS:m/z 270(1000), 

241(124), 239(179), 226(172), 214(813); UV:345(4.52), 329(4.29), 316 

(3.88) 9  297(4.29), 277.5(4.79); IR: C=0 stretch at 1675 cm. 

Anal. Calcd. for C 20H 140: C, 88.86; H, 5.22; Found: C, 88.64; 

H, 5.37. 

4. 7_hydroxy_7,8,9,10_tetrahYdr0beflZ0(a)PYr1e() 

9.85 g (36.4 mmol) of ketone III was placed in a 3 L flask together 

with 660 mL of methanol. 1.72 g (45 no1) of sodium borohydride in 100 

mL of methanol was added dropwise with vigorous stirring, followed by 

400 mL of ether. After 4 hours an additional 280 mg (=7 mmol) of 

sodium borohydride in 30 mL of methanol was added, and stirring con-

tinued for 12 hours. 500 mL saturatedsodium chloride was then added, 

followed by 400 mL of ether. The ether phase was washed with water, 

dried over K2C0 39 
 and concentrated to a small volume on a rotary 



ey4porator. The product crystallized on cooling. Yield 8.75 g (88%), 

nip 135-137 0  (lit. 135_1360) . 66  NMR: (d 6 -DMSO) 1.89(2H 9 ), 2.12(2H 8 ), 

3.38(2H 10 ), 5.0(H 7 )

1 

 5.4(C 7-OH), 7.99-8.38(8 aromatic); J 78  =5 Hz. 

MS: m/z 272(52), 254(1000), 252(651), 239(211), 126(197); UV: 345 

(4.52), 329(4.29), 316(3.88), 297(4.29) 5 277.5 (4.79), 267(5.00), 

245(4.75); IR: OH stretch at =3220 cm; no C=O stretch. 

Anal. Calcd. for C 20H 160: C, 88.2; H, 5.92; Found: C, 86.25, 

H, 6.17. 

5. 9,10-dihydrobenzo(a)pyrene (V) 

1.06 g (3.89 mmol) of alcohol IV was dissolved in 200 niL of 

benzene, and then 204 mg (.275 molar equivalents) of p-Toluenesulfonic 

acid (p-TsOH) was added. This mixture was refluxed for 25 minutes, 

cooled, and extracted with 10% sodium bicarbonate solution. The benzene 

solution was washed with water, dried over K 2CO 3 , and the benzene re-

moved on a rotary evaporator. The residue was dissolved in the minimum 

volume of benzene and applied to a 4 x 30 cm column of neutral Alumina 

(Woelm grade 1). The column was eluted with benzene and the green 

fluorescent band (exc. 350 nm) was collected. Evaporation of solvent 

gave off-white crystals. Yield 885 mg (89.5%), mp 146-148° (lit. 146-

1470) . 65  HPLC (reverse phase) showed a single peak, with no evidence 

of any contamnating benzo(a)pyrene. NMR: (CDC1 3 ) 2.59(2H 9 ), 3.50 

(2Fl10), 6.29(H 8 )

1 

 6.86(H 7 ), 8.28-7.86(8 aromatic); J 9,10  =8.3 Hz. 

MS: m/z 254(1000), 252(672), 239(224), 126(202). UV: 384(3.40), 346 

(4.40), 330(4.15), 316(3.88), 299(4.33), 279(4.71). 

Anal. Calcd. for C 20H 14 : C, 94.45; H, 5.55; Found: C, 94.20, 

H, 5.52. 



6. 7,8,9,10_tetrahydrobenZO(a)PYrefle (VI) 68  

A 100 mL flask was charged with 5.08 g (19 mmol)' of ketone III, 

3.43 g (61 mmol) of KOH, 3.3 mL (68 mmol) of hydrazine hydrate, and 

60 mL of 2,2'-oydiethanO1. This mixture was heated at 
1000  for 1.5 

hours, and then heated slowly to 240° and maintained at this tempera-

ture for 5 hours. After cooling, 50 mL of 2.5 M HC1 was added and the 

resulting precipitate filtered and washed. This crude product was 

recrystallized from ethanol, dissolved in the minimum volume of 

benzene, and applied to a 4.5 x 20 cm column of neutral Alumina 

(Woelm grade 1). Elution with benzene gave a fast-moving green 

fluorescent band; evaporation of solvent in vacuo resulted in color-

less crystals. Yield 3.86 g (80%), mp 112-113 ° . NMR: (CDC1 3 , 270 MHz) 

3.22 (2H 10 ), 3.06(2H7 ), 1.88-1.90(2H 8 ,2H 9 ), 7.68-8.02(8 aromatic). 

MS: m/z 256(1000), 252(105), 239(207), 228(423), 120(137). UV: 378 

(3.25), 345(4.86), 328(4.63), 315(4.48), 302(3.73) 2  279(4.82), 268 

(4.60), 246(5.10), 238(4.87). 

7. 10_acetoxy_7,8,9,10-tetrahYdrObeflZo(a)PYrefle (VI I .  

A 500 mL flask was charged with 3.86 g (15mol) VI, 735 g 

(17 no1) of lead tetra-acetate ( Pb(0Ac), freshly prepared), 165 mL 

of benzene, and 110 mL of acetic acid. This mixture was heated at 60 °  

with stirring for 7 hours. After cooling, 12 mL of ethylene glycol 

was added,'followed by 100 mL of water. The benzene solution was 

washed with 10% ammonia followed by water, dried over K 2C039 
 and the 

solvent removed in vacuo. The resulting red oil crystallized on 

standing. The crude product was recrystallized from ethanol. Yield 

3.1 g (67%), mp 174-175 0  (lit. 174_1750) . 68  NMR: (CDC1 3 ) 1.85- 2.60 

83 
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(41189), 2.60(acetate), 3.02-3.45(2H 7 ), 6.88(H 10 )., 7.66-8.23(8 aro-

matic); J 9,10  =3 Hz. MS: m/z 314(62), 270(91), 255(543), 254(1000), 

252(773), 239(650), 228(109), 226(174). UV: 377(2.85), 344(4.75), 327 

(4.55), 314(4.15), 302(3.76), 278.5(4.77), 267(4.51), 257(4.21), 246 

(5.01), 236(4.75). 

10_hydroxy-7,8,9,10-tetrahydrObefl2O(a)PYrefle (VIII) 65  

800 mg (2.5 nnol) of VII was dissolved in 250 mL of 5% KOH-

methanol and refluxed for 30 minutes. 100 mL of benzene plus 100 mL 

of water were added, and the separated benzene solution washed twice 

with water. The benzene solution was dried over K 2CO 3 and the solvent 

removed on a rotary evaporator. The crude product was recrystallized 

from benzene. YIeld 620 mg (90%), mp 182-184 °  (lit. 182_1840)65. 

NMR: (d6-DMSO) 1.89(21-18), 2.20(2FI) 3.20(2H 7 ), 5.10(H 10 ), 5.30(C 10-OH), 

7.99-8.38(8 aromatic). MS: m/z 272(100), 254(1000), 239(485), 126(243). 

IJV: 377(2.19), 343(4.52), 326(4.31), 313(3.86), 301(3.19), 279(4.46), 

267(4.21), 257(3.84), 246(4.76), 237(4.47). 

7,8-dihydrobenzo(a)pyrene (IX) 65  

3 g (11 mmol) of alcohol VIII was refluxed in 500 mL of benzene 

together with 580 mg p-TsOH for 30 minutes. The benzene solution was 

washed once with 10% sodium bicarbonate and twice with water, dried 

over K2CO 3 , and concentrated to the minimum volume on a rotary evapo-

rator. This solution was then applied to a 5 x 40 cm column of neutral 

Alumina (Woelm grade 1) and eluted with benzene. The fast-moving 

green fluorescent band (exc. 350 nm) was collected. Evaporation of 

solvent and cooling gave yellow plates. Yield 2.5 g(90%), mp 129-130 °  

(lit. 129-1300 ). HPLC (reverse phase) showed a single peak, with no 
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evidence of contamination by either benzo(a)pyrene or 7,8,9,10-tetra-

hydrobenzo(a)pyrene. NMR: (CDC1 3 ) 2.47(2H8), 3.18(2H 7 ), 6.38(H 9 ), 7.50 

(H 10 ), 7.88-8.32(8 aromatic); 9,10 =9.76 Hz, J 78  8.3 Hz. 

MS: m/z 254(1000), 252(797), 239(458), 226(123). UV; 393(3.47), 366 

(4.61), 347(4.57), 331(4.45), 317(3.95), 293(4.46), 281(4.47), 268(4.29), 

255(4.64), 247(4.67), 225(4.61). 

10. (+)cis-7,8-.dihydroxy-7,8,9,10-tetrahydrobenzo(a)pyrene (X) 65  

A 100 mL flask was •charged with 502 mg (1.97 mmol) of 9,10-di-

hydrobenzo(a)pyrene (V) in 8 mL of pyridine. 0.5 g (1.97 mmol) of 

osmium tetroxide in 2 mL of pyridine was added, and the solution 

stirred for 24 hours. The osmate ester was hydrolyzed by adding a 

solution consisting of 1 g sodium bisulfite, 7.5 mL pyridine, and 

15 mL water. After 2 hours, 50 mL of chloroform was added and the 

resulting chloroform solution washed three times with water, dried 

over K2CO3 , and the solvent removed under vacuum. The crude diol was 

recrystallized from THF-methanol. Yield 467 mg (82%), mp 210-211° 

(lit. 212_2130)65.  NMR: (d6-DMSO) 3.36(2H9 ), 3.45(2H 10 ), 4.09(H8 ) 9  

4.75(H7 )

1 

 4.90(C8-OH), 5.27(C 7 -OH), 7.86-8.52( 8 aromatic); J 78  3 Hz. 

MS: m/z 288(43), 270(1000), 242(136), 228(734), 226(319). UV: 344 

- 	 (4.64), 327(4.46), 314(4.05), 302(3.70), 277(4.68), 266(4.42), 256 

(4.14), 246(4.93), 236(4.70). 

ha. (±) 7,8-epoxy-7,8,9,10-tetrahydrobenzo(a)pyrene (XV) 69  

A 250 mL flask was charged with 1 g (3.93 mmol) of V in 75 mL of 

dichioromethane plus 30 mL of .05 M sodium bicarbonate solution. 680 mg 

0 molar equivalent) of m-chloroperbenzoic acid in 25 mL of methylene 

chloride was added dropwise over a period of 15 minutes. After 24 

hours, the methylene chloride solution was washed with water, dried 
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over K2CO 3 , and the solvent removed on a rotary evaporator. The crude 

product was recrystallized from THF-petroleum ether. Yield 795 mg 

(75%), mp 175-176° (lit. 172_1750)69.  NMR: (CDC1 3 ) 3.36(2H 9 ), 3.45 

(2H 10 ), 3.50(H8), 4.80(H 7 ), 7.86-8.52(8 aromatic). MS: m/z 270(1000), 

239(256), 228(687), 226(352). UV: 382(2.21), 342(4.64), 327(4.46), 312 

(4.06), 300(3.70), 280(4.68), 268(4.42), 251(4.12), 242(4.93). 

lib. 8-oxo-7,8,9,10-tetrahydrobenzo(a)pyrene (XI )65 

103 mg (0.38 mmol) of XV was ref luxed with 15 mg of p-TsOH in 

15 mL of benzene for 90 minutes. The reaction mixture was washed with 

10% sodium bicarbonate and water, dried over K 2C0 391 

and the solvent 

removed on a rotary evaporator. The residue was redissolved in benzene 

and applied to a 2.3 x 18 cm neutral Alumina column (Woelm grade 2). 

Elution with benzene gave two fractions; the second band on evaporation 

gave Ca. 60 mg of colorless crystals. Yield 60 mg (60%), mp 179-182 0  

(lit. 180181 0 ). 65  1fv1I: (CDC1 3 ) 2.70(2H 9 ), 3.60(2H 7 ), 3.70(2H 10), 7.70-

8.29(8 aromatic); J 9,10  =7 Hz. MS: m/z 270(1000), 228(865), 215(15); 

the fragment at m/z 228 corresponds to loss of CH 2=C=0, and m/z 215 

corresponds to loss of 	O (55 mass units). The low relative 

abundance of mass 215 (1.5%) is characteristic of an unconjugated 

ketone. The intensity of these two fragments (m/z 228 and 215) is 

reversed for 7-oxo-7,8,9,10-tetrahydrobenzo(a)pyrene (III) and for 

10-oxo-7,8,9,10-tetrahydrobenzo(a)pyrene (XIV). UV: identical to 7,8, 

9,10-.tetrahydrobenzo(a)pyrene (VI), with no evidence of conjugation 

between the ketone and the aromatic system; 378(2.83), 342(4.34), 327 

(4.15), 312(3.78), 300(3.30), 279(4.30), 268(4.08), 257(3.83), 248(4.60), 

238(4.37). IR: C=0 stretch at 1710 cm; III has the C=O stretch at 

1675 cm1. 
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(+)cis-9,10-dihydroxy-7,8,9,10-tetrahydrobe6zo(a)pyrene (XrI) 65  

0.5 g 0.96 mol) of 7,8-dihydrobenzo(a)pyrene (IX) in 10 mL of 

pyridine was treated with 0.5 g of osmium tetroxide (0s0 4 ) and the 

resulting solution stirred for 40 hours. A solution of 1 g sodium bi-

sulfite, 7.5 .mL pyridine, and 15 mL water was added; after 2 hours 

50 mL of chloroform was added. The chloroform solution was washed with 

water, dried over K 2CO 3 , and the solvent removed on a rotary evapo-

rator. The crude product was recrystallized from THF-nethanol. Yield 

390 mg (69%), mp 208-210° (lit. 208_2100)65.  NMR: (d6-DMSO) 3.21 

(2U7 ), 3.38(2H8 ), 4.13(H 9 ), 5.01(H 10 ), 4.91(C 9-OH), 5.40(C 10-OH), 7.86-

8.52(8aromatic); J 910  =3 Hz. MS: m/z 288(792), 270(1000), 254(379), 

252(372), 228(425), 226(542), 215(961), 202(258). UV: 376(2.30) 9  342.5 

(4.64), 328(4.46), 313(4.05), 300(3.70),278(4.68), 267(4.42), 256 

(4.14), 246(4.93), 236(4.70). 

9-oxo-7,8,9,10-tetrahydrobenzo(a)pyrene (XIII) 65  

300 mg (1.04 mmol) of cis-diol XII was dissolved in 10 mL of 

acetic acid plus 1 drop of HCl and heated at 90 0  for 30 minutes. The 

product was precipitated by addition of water, filtered, and redissolved 

in benzene. TLC at this point indicated the presence of one major com-

ponent (R f  0.19), and five minor components. 100 mg of the crude pro-

duct was separated by preparative HPLC (Whatman 10i.i silica, 9.2 mm x 

50 cm), using hexane-methylene chloride as eluant. The major component 

(70% of total) was collected to give Ca. 60 mg of colorless crystals. 

65 mp 175-177° (lit. 175-177 0 ). NMR: (COd 3 ) 2.41(2H 8 ), 2.93(2H 7 )

1 

 3.68 

(2H 1 ), 7.31-8.210 aromatic); J 78  =7 Hz. MS:m/z 270(1000), 242(594), 

241(795), 228(344), 215(13), 213(144), 120(129); relative intensities 



of m/z 228 and 215 are similar to that found for 8-oxo-7,8,9,10-

tetrahydrobenzo(a)pyrene (XI). IR: similar to XI, with. C=0 stretch at 

1710 cm. UV: identical to 7,8,9,10-tetrahydrobenzo(a).,pyrene (VI); 

379(2.84), 345(4.41), 328(4.23), 301(3.54), 278(4.42), 267(4.23), 257 

(4.07), 247.5(4.66), 238(4.49). 

14. 1 0-oxo-7 ,8, 9 ,l0-tetrahydrobenzo(a)pyrene (XIV) 

142 rng (0.52 mol) of alcohol VIII was dissolved in 18 mL of 

anhydrous dimethyl sulfoxide (DMSO), and then 1 mL of acetic anhydride 

was added. After 12 hours, 11 mL of water was added, followed by 20 mL 

of aninonium hydroxide. 30 mL of benzene was then added, and the 

resulting benzene solution was washed with water, dried over K2C039  

and the solvent removed on a rotary evaporator. TLC revealed two 

products (Rf  0.29 and 0.401. Chromatography on neutral Alumina (Woelm 

grade 1) gave two fractions (Fl and F2, present in approximately equal 

amounts). Fl was shown by its absorption spectrum, mass spectrum, and 

HPLC retention time to be 7,8-dihydrobenzo(a)pyrene (IX). This material 

is apparently formed via abstraction of the 9-hydrogen rather than the 

10-hydrogen by the intermediate alkoxysulfonium ylid: 

CH3S- 2 

	

A) 	 + 	(CH3)25 

+ 

H2c; 5H3 

	

H.,~a 
B) 	 ) 	 + CH 3LCH 3  

Reaction B is probably enhanced by the severe steric hindrance present 



89 

in the "bay" JO-position. 

F2 (. 30% of total product) had an infra-red spectrum similar to 

III, indicating a carbonyl in conjugation with an aromatic system 

(C=0 stretch at 1655 cm) ; mp 173-1740  (lit. 174_1750))07 

(CDC1 3 ) 2.25(2H8 ), 2.91(211 7 ), 3.31(2H), 7.80-8.40(8 aromatic); J 78  = 

7 Hz, J8,9 =7 Hz. UV: (similar to keto-acid I) 400C4.32), 358(4.51), 

293(4.57), 282(4.35)., 250(4.63), 236(4.82). 

15. (±) 8 - hydroxy-7,8,9,10-tetrahydrobenzo(a)pyrene (Xyfl 69  

10 mg (0.37 mmcl) of ketone XI was reduced with 15 mg of NaBH 4  

in 40 mL of methanol. After four hours, 50 mL of ether plus 50 mLof 

saturated sodium chloride were added. The ether layer was washed with 

water, dried over K2C031  and the, solvent removed on a rotary evapo-

rator. The crude product was purified by H.PLC (Micropak C-JO reverse 

phase), using water-methanol as eluant. The purified product had 

acceptable UV, IR, and mass spectra. MS: n,/z 272(8391, 254(818), 252 

(516), 239(690), 226(522). 1R: similar to IV; 3250, 3030, 2900, 1.050 

cm; no absorption bands present over the region 1650- 1800 cm. 

IJ/: identical to IV: 378(2.19), 344(4.52), 328(4.31), 314(3.86), 302 

(3.19), 278(4.46), 266.5(4.21), 245(4.76), 236(4.47). 

16. (,) 9- hydroxy-7,8,9,10-tetrat,ycirobenzo(a)pyrene (XVIfl69  

10 mg (0.37 mol) of ketone XIII was reduced with 15 mg of NaBH 4  

in 40 mL of methanol. After 2 hours, 50 mL of ether plus 50 mL of 

saturated sodium chloride were added. The ether layer was washed with 

water, dried over K2CO3 , and the solvent removed on a rotary evapo-

rator. The crude product was purified by HPLC (Micropak C-b reverse 

phase, eluted with water-methanol). The purified product had acceptabla 

UV, IR, and mass spectra. MS: similar to XVI; m/z 272(310), 254(1000), 



252(601), 239(555). tR: similar to IV and to XVI; 3250, 3030, 2900, 

1050 cni 1 ; no absorption bands present over the region 1650-1800 cm. 

LIV: identical to IV and to XVr; 378(2.20), 344(4.52), 328(4.31), 314 

(3.86), 302(3.19), 278(4.46), 266(4.21), 245(4.76), 236(4.47). 

()cis-4,5-diacetoxy-4, 5-dihydrobenzo(a)pyrene (XVI It )73 

A 100 mL flask was charged with 1 g (3.96 mmol) of benzo(a)pyrene 

(Aldrich) in 10 mL- of pyridine. 1 g (3.94 mmol) of osmium tetroxide 

(0s04 ) in 10 mL of pyridine was added, and the solution stirred for 

96 hours. The osmate ester was hydrolyzed by addition of 2 g sodium 

bisulfite, 15 mL pyridine, and 30 mL water. After 2 hours, 100 mL of 

chloroform was added and the resulting chloroform solution washed with 

water. Removal of solvents under -vacuum yielded the cis-diol (m/z 

286); this was treated with 40 mL of acetic anhydride plus 4 mL of 

pyridine for, 12 hours. Excess acetic anhydride was then hydrolyzed 

with ice water, and the precipitated product collected by filtration. 

The crude diacetate was purified by chromatography on Florisil. Elution 

with hexane yielded a small amount of unreacted benzo(a)pyrene, and 

elution with benzene gave the cis-diacetate. Yield 880 mg (60%), mp 

214-215 0  (lit. 214-2150 ). 74 NMR: (COd 3 ) 1.93(-CH 3 ), 2.00(-CH 3 )
1  6.44 

(H4  and H 5 )

9 

 7.10-8.65(10 aromatic). MS: m/z 370(213), 327(195), 310 

(545), 267(643), 239(1000). LIV: similar to chrysene; 324(3.35), 310 

(3.39), 296(3.49), 272(4.37), 263(4.18), 244(3.65), 222(3.85). 

Benzo(a)pyrene guinones: (1,6), (3,6), and (6,12) 

A 100 mL flask was charged with 1 g (3.96 mmol) of benzo(a)pyrene 

(Aldrich) in 20 mL of acetic acid.. This solution was cooled to 50,  and 

then 1.46 g (14.6 niol) of Cr03  in 4 mL of water was added. The mixture 

was stirred for 15 minutes, and then refluxed for 30 minutes. After 
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cooling, a precipitate of red-brown crystals was collected, washed 

with water, and chromatographed on neutral Alumina (Woelm grade 3). 

Elution with benzene and then benzene acetic acid (20% v/v) gave a 

mixture of (1,6), (3,6), and (.6,12) quinones (.three partially reolved 

peaks on HPLC, using reverse phase MIcropak C-b). Yield 895 mg 

(80%), mp 280-285 0 . MS: m/z 282(1000), 254(281), 236(278), 224(172) 5  

113(300). IR: intense band at 1645- 1650 cm. UV: 475-400(4.27), 294 

(3.61), 250(4.45), end absorption below 230 nm. 

U. 	Diol Epoxide Synthesis 

19. ft)trans -7,8-dibenzoyl -7 , 8 ,9, 1 0- tetrahydrobenzo(a)pyrene (XIX) 

Eanhydrous conditions are essential to the success of this reaction] 

Silver benzoate was prepared by dissolving 8 g of benzoic acid in 100 

mL of water plus 4 mL of concentated ammonium hydroxide at 70 0 ,. This 

solution was filtered, cooled to 50°, and then 11.12 g of silver nitrate 

in 65 mL of water was added to it. The mixture was diluted with 500 mL 

of water and filtered. The silver benzoate precipitate was collected 

and dried in a vacuum oven at 105° for 24 hours. Benzene was distilled 

from P 20 
5  under nitrogen.. 

2.939 g (11.5 mniol) of 9,10-dihydrobenzo(a)pyrene (V) was dissolved 

in 100 mL of benzene, and Ca. 30 mL distilled off to remove any residual 

water in the starting material. 

A 2 L flask equipped with stirring motor and reflux condenser was 

charged with 5.3 g of 'silver benzoate (2.31 innol) plus 2.93 g of 

iodine (11.5 mol) in 730 mL of benzene. After 15 minutes the 9,10-

dihydrobenzo(a)pyrene in 200 niL of benzene was added, and stirring 
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continued for 15 minutes. The reaction mixture was then refluxed for 

6.5 hours, and stirring continued overnight at room temperature. Pre-

cipitated siver iodide was removed by, filtration, and the benzene 

solution washed with water, sodium carbonate, sodium thiosulfate, and 

water. The benzene solution was dried over K2CO3  and the solvent re-

moved on a rotary evaporator. The residue wasrecrystallized from 

acetone. Yield 3.73 g (65%), mp 206-207° (lit. 215-216°). 	NMR: (CDC1 3 ) 

2.36-2.68(2)1), 3.74(2H 10 ), 5.78(H8), .99(H 7 ), 7 1 32-7.59(10 phenyl 

aromatic), 7.93-8.33(8 aromatic); J 7,8  =5.86 Hz, J910  =6.3 Hz (the 

small value for J 7 	indicates a trans-diaxial conformation for the 
I ,U 

benzoyl groups). MS: m/z 496(43), 374(109), 269(62), 252(1000), 105 

(297). UV: similar to VI; 380(3.01), 345(4.71),329(4.51),315(4.16) 5  

302(3.82), 279(4.72), 268(4.51), 257(4.21), 248(4.99). 

Anal.: Calcd. for C 34E12404 : C, 82.24; H, 4.87; Found: C, 81.36; 

H, 4.92. 

20. 10-bromo-trans-7,8-dibenzoyl-7,8,9,10-tetrahydrobenzo(.a)pyrefle 

(XX) 

1.096 g (2.2 mol) of xrx was dissolved in 500 mL of CC1 4  and 

placed in a water-jacketed photochemical reactor equipped with a 

magnetic spin-bar and a sintered-glass argon inlet. The system was 

purged for 10 minutes, and then 425 mg of N-bromosuccinimide (NBS) 

[l .08 molar equivalents] plus 2 mg azo-bis-isobutyryl nitrile (AIBN) 

were added. 50° water was circulated through the jacket, and the 

reaction mixture was irradiated with a 150 W sun lamp for 30 minutes. 

After 50 minutes, the reaction mixture was cooled to 0° and the pre-

cipitated succinimide was filtered off. Solvent was removed on a 

rotary evaporator, and the residue recrystallized from benzene. 
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Yield 890 mg (70%), mp 114 1  dec. (lit. 118°dec.). 99  NMR: (CDC1 3 ) 2.63 9  

3.18 (2H 9 ), 6.34(H8), 7.05(Hio), 7.12(H 7 ), 7.27-7.61 (10 phenyl 

matic), 7.61-8.82(8 aromatic); J 78  =6 Hz. MS: m/z 372(1000), 122 (60); 

(material probably undergoes thermal dehydrohalogenation in the ion 

source of the mass spectrometer). UV: 366(3.00), 344(4.67), 327(4.49), 

314(4.13), 301(3.80), 278(4.70), 267(4.48), 256(4.19), 248(4.96), 238 

(4.70). 

Anal. Calcd. for C34H 2304Br: C, 70.96; H, 4.03; Br, 13.89 

Found: 	C, 69.85, H, 4.11, Br, 14.42 

21. (+)trans-7,8-dibenzoyl-7,8-dihydrobenzo(a)pyrene (XXt) 

2.612 g (4.54 mmol) of XX in 400 mL xylene was placed in a 1 L 

flask and refluxed for 10 minutes under argon. After cooling, xylene 

was removed on a rotary evaporator, and the residue recrystallized 

from acetone. Yield 1.8 g (80%), mp 190-192 °  (lit. 196-198°). 99 

NMR: (CDC1 3 ) 6.16(H 8), 6.41(H9), 7.00(H7 ), 7.68(H 10 ), 7.23-7.32(phenyl 

H), 7.73-8.50(aromatic H); J 78  7 Hz, J910  =10Hz. 	m/z 372(98), 

252(173), 122(95), 105(1000); m/z 372 presumably arises via - 

rearrangement: 

+ 

'OBz 

t 

+ [

] 

OBz 	 qla2H 

m/z 372 	 m/z 122 

IJV: similar to 7,8-dihydrobenzo(a)pyrene (IX); 400(3.51), 366.5(4.70) 9  

348.5(4.56), 330(4.20), 318(3.82), 292.5(4.44), 281(4.39), 257(4.70) 9  

237(4.69). Anal. Calcd. for C 34H 2204 : C, 82.6; H, 4.65 

Found: 	C, 81.12; H, 4.94 



(±)trans_7,8_dihydroxy_7,8_dihYdrObeflZO(a)PYrefle (XXII) 

1.86 g (3.76 mmol) of xxr in 200 mL of THF plus 546 mg of sodium 

methoxide in 65 mL of methanol was refluxed for 10 minutes and then 

cooled. The reaction mixture was diluted with 600 mL of ether and 

washed with water. The water wash was extracted with 650 mL of ether; 

then the ether phases were combined andwashed with three volumes of 

water. The ether solution was dried over K 2CO3  and concentrated to a 

small volume; on cooling to -40 0  the product crystallized as white 

plates. Yield 807 mg (75%), mp 208 °  dec. NMR: (d6-DMSO) 4.48(H 8 ), 

4.95(H 7 )

1 

 5.45(C8-OH), 5.87(C7-OH), 6.26(H 9 ), 7.47(H 10 ), 7.93-8.48 

(8 aromatic); [d8-THF]: J 7,8  =10 Hz, J 9,10  =6 Hz. MS: m/z 286(330), 

268(1000), 239(799). UV: similar to 7,8-dihydrobenzo(a)pyrene (IX); 

393(3.47), 365(4.63), 347(4.61), 330(4.47), 316(4.04), 292(5.01), 280 

(4.50), 279(4.31), 254(4.65), 247(4.64). 

HRMS: Mt at m/z 286.098234; calcd. for C 20H 140 2 , 286.099383 

(-4 ppm error). 

(±) r-7, t-8-dihydroxy-t-9,10-oxy-7,8,9,10-tetrahYdrObeflZo(a)-

pyrene (XXIV) 

160 mg (0.56 mmol) of diol XXII was dissolved in 50 mL of THF 

(redistilled over LiA1H 4  and stored under nitrogen) and 172 mg of 

100% m-chloroperbenzoic acid added. The reaction mixture was allowed 

to stir at room temperature, and 2 pL aliquots were periodically with-

drawn to monitor the progress of the reaction by absorption spectros-

copy. After 8 hours, the UV-absorption spectrum changed from that of 

a 7,8-dihydrobenzo(a)pyrene to that of 7,8,9,10-tetrahydrobenzo(a)-

pyrene. 250 mL of ether was added, and the reaction mixture washed with 



10% sodium sulfite, 10% sodium bicarbonate, and water. The ether 

solution was dried over K 2CO 3 , concentrated toa small volume, and 

cooled to -40°. The product crystallized as white needles. Yield 118 mg 

(70%), mp 214° (lit. 214°). NMR: (d 6 -DMSO) 3.95(H 9 ), 4.04(H 8 ), 4.86 

(H 7 ), 5.18(H 10 ), 5.88(C8-OH), 6.01(C 7 -0I-I), 7.95-8.30(6 aromatic), 8.60 

(H 6 ), 8.68(H 11 ); J910  =4.5 Hz J 78  = 8.6 Hz; [d8-THF]: 2.47 (C 8-OH), 

2.51 (C 7 -OH); J 910  =5.1 Hz, J 78  =8.82 Hz. The large value for 

in both solvents indicates that the hydroxyl groups are pseudo-

equatorial. MS: derivatization was necessary to increase volatility: 

1 mg of XXIV was dissolved in 50 pL of N,N-dimethylforrnamide and then 

treated with 80 PL of BSTFA (N,0-bis-trimethylsilyltrifluoroacetaniide) 

[Pierce Chemical Co., Rockford, Illinois]. After 3 hours the reagent 

and solvent were evaporated in a stream of dry nitrogen, and the 

residue redissolved in 1 mL of methylene chloride. The mass spectrum 

of this material had a molecular ion at m/z 446(233), and fragment 

peaks at m/z 356(839), 341(1000), 328(985), 255(227), 239(563), 191 

(519), and 147(458). Li'!: similar to 7,8,9,10-tetrahydrobenzo(a)pyrene 

(vr); 344(4.64), 328(4.46), 313(4.05), 301(3.70), 279(4.68), 268(4.42), 

258(4.14), 247(4.93), 238(4.70) [solvent, THF]. 

HRMS: M at m/z 446.172021; calcd. for C 20H 120 3TMS 2 , 446.173359 

(-3 ppm error). 

Hydrolysis of XIV in aqueous THF gave two products separable by 

HPLC, identified as 7,8,9,10-tetrahydroxy-7,8,9,10-tetrahydrobenzo(a)-

pyrenes by the mass spectra of their perrnethyl ethers (m/z 376) [see 

chapters 4and 5 for a discussion of the stereochemistry of these 
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isomers]. 



(+) r-7,t-8,r-10-trThydroxy-t-9-bromo-7 ,8,9,10-tetrahydrobenzo-

(a)pyrene (XX111J 98"°1  

N-Bromoacetamide was recrystallized from chioroform-hexane. 306 mg 

(l.CV mmol) of diol XXII was dissolved in 50 mL of THF-water (80:20 

v/v), and 162mg (1.17 mmol) of N-bromoacetamide added. This mixture 

was allowed to stir for 8 hours, at which time the UV-absorbtion spec-

trum of an aliquot had changed from a7,8-dihydrobenzo(a)pyrene chromo-

phore to that of a 7,8,9,10-tetrahydrobenzo(a)pyrene. Ether was added 

and the resulting solution washed with water, dried over K 2CO 3 , and 

concentrated. The product was recrystallized from THF-ethanol. Yield 

348 mg (85%), mp 126-128°' dec. (lit. 128-130° dec.).' °  NMR: (d6 -DMSO) 

4.31(H8), 4.82(H9 ), 4.95(H7 )

1 

 5.59(H 10), 5.88(C 8-OH), 6.11(C 7 -OH), 6.50 

(C10-OU), 7.95-8.64(8 aromatic); J 78  =10.0 Hz; J 9,10  =3.0 Hz; J 8,9  = 

3.0 Hz. MS:m/z 364, 366 (M t' - H 29 1  1:1 Br isotope pattern); UV: 378 

(3.02), 345(4.67), 328(4.49), 314(4.13), 302(3.80), 278(4.71), 267 

(4.47), 257(4.19), 247(4.96), 237(4.70). 

(j) r-7,t-8-dihydroxy-r-9,10-oxy-7,8,9,10-tetrahydrobenzo(a)-

pyrene (XXV) 103  

210 mg (0.54 mmol) of bromohydrin XXIII was dissolved in 25 mL 

of THF (redistilled over LiA1H 4  and stored under nitrogen) and cooled 

to 150 . 68 mg (1.1 molar equivalents) of potassium t-butoxide (K0/t-Bu) 

wasadded, and the resulting orange solution stirred for 1 hour at 15 0 . 

200 mL of ether was added, followed by 200 mL of water. The ether solu-

tion was washed two additional times with water, dried, and the solvent 
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removed on a rotary evaporator. The product crystallized at -40 0  as 

off-white needles. Yield 100 mg (60%), mp 220 0  dec. (itt. 226-228° dec.) 



jj: Cd 6-DMSO) 3.88(H9 ), 4.01(H8), 4.96(H 7 ), 4.98C1{10), 5.86(C8-OH) 9  

5.24(C 7-OH), 8.1-8.50(7 aromatic), 8.62(H 11 ) J 9,10  =4.1 Hz; J 7,8  = 

5.8 Hz. The upfield shift for C 7 -OH is indicative of intramolecular 

hydrogen bonding to the epoxide) 02  MS: derivatization with DMF-

BSTFA as described for XXIV resulted in a mass spectrum essentially 

identical to that observed for diol epoxide XXIV (Mt  at m/z 446). 

UV: identical to XXIV; 344(4.64), 328(4.46), 313(4.05), 301(3.70), 279 

(4.68), 268(4.42), 258(4.14),247(4.93), 238(4.70). 

HRMS: M at m/z 446.175679; calcd. for C 20H 1203TMS 21  446.173359 

(+5.2 ppm error). 

III. 	
[3H]-.anti-Diol Epoxide Synthesis 

Phenyltrimethylammonium tribromide (PTT) 108  

20 g of N,N-dimethylaniline plus 16 mL of dimethylsulfate was. 

allowed to stand for 3 hours at 50 0 ; the precipitated white crystals 

were filtered off, rinsed with benzene, and air-dried. This material 

was dissolved in 150 mL of 1:1 water-concentrated HBr, and then excess 

bromine (=20 mL) was added with cooling. This mixture was stirred for 

two hours, triturated with methanol, and filtered. The product was 

recrystallized once from acetic acid and once from methanol. Yield 

was =6 g, mp 114.5-115.6 0  (lit. 115.5_116.50).108 

Monobromo-trans-7,8-dibenzoy'l-7,8,9,10-tetrahydrobenzo(a)pyrene 

(XXVI) 106  

1.015 g (2.04 mmol) of dibenzoate xix was dissolved in warm (500 ) 

acetic acid-THF (60:40 v/v) [THF was prefiltered through Woelm grade 1 

Alumina]. 2.0 g (5.32 mmol, 2.6 molar equivalents) of PTT in 3 mL of 

THF was added, and the mixture allowed to stir under nitrogen, 
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protected from light. After 4 hours an additional 2 g of PTT in 3 mL 

of THF was added. After 44 hours, saturated aqueous sodium bisulfite 

was added until the yellow color (bromine), disappeared. The solution 

was diluted with 500 mL of water, and the product filtered off, washed, 

and then dried in a vacuum oven at 500  for 4 hours. Yield was quanti-

tative; light yellow crystals, mp 174-175 0 . NMR: (COd 3 ) 2.56(2H 9 ) 9  

3.72(2H 10), 5.77(H 8), 7.0(H7 ), 7.32-8.5(17.aromatic). MS: m/z 574, 

5760:1 ratio); also m/z 452,454; 330,332; 251(413), 122(97), 105 

(1000), 77(113). UV: 382(3.02), 354.5(4.69), 282.5(4.73), 250(4.63). 

28. t 3H] - trans -7 , 8-dibenzoyl -7,8,9,10- tetrahydrobenzo(a)pyrene 

([ 3H] -XIX) 

30 mg (52 tmol) of the monobromide xxvr was dissolved in 2 mL of 

dioxane plus 7.5 1IL of triethylamine, and this solution placed in a 

10 mL flask equipped with a magnetic spin-bar and catalyst tray 

(containing ca. 10 mg of palladium metal powder). This flask was 

connected to a vacuum line, completely enclosed within a negative-

pressure glove box (Safety Services, Lawrence Berkeley Laboratory, 

Bldg. 75). The flask was evacuated, cooled to liquid nitrogen tem-

perature, and the palladium dumped in. A uranium tritide (U 3H3 ) 

capsule was connected to the vacuum line and heated to 250 0  with an 

oven (this releases any 3He formed by 	decay of the tritium). After 

15 minutes the block was heated to 3000 ', and 52.5 Ci of 3  H 
2  (deter-

mined by the volume of the flask and pressure of the system) was 

admitted to the reaction vessel. The reaction mixture was warmed to 

room temperature and allowed to stir for 3.75 hours. System pressure 

was 730 m . The crude reaction mixture was then transferred to a 

centrifuge tube and the palladium metal precipitated by centifugation. 



The solution (plus 1 mL of dioxane rinse from the palladium metal) 

was placed on the vacuum line and subjected to four freeze-thaw 

(liquid nitrogen) cycles to remove dissolved tritium gas. The solution 

at this point had a total activity of 3 Ci. All subsequent procedures 

were carried out in either a glove box or in a functioning hood, lined 

with adsorbent paper. Radioactivity was monitored by wipedowns and 

scintillation counting of the wiper. 

216.8 mg of carrier trans-7,8-dibenzoyl-7,8,9,10-tetrahydro-

benzo(a)pyrene (XIX) in 22 mL of dioxane was added to the above reaction 

mixture, and the product precipitated by adding 40 mL of water. The 

precipitated white crystals were filtered, washed with water, and re-

dissolved in 50 ml.. of acetone. The volume of this solution was reduced 

at the boiling point by blowing a stream of nitrogen over the flask 

until crystallization began to occur. The solution was then cooled, 

the product filtered off, and the crystals washed with cold (_700) 

acetone. Yield: 185.37 mg, 76% recovery. 480iig of this material was 

carefully weighed out on a Cahn Electrobalance, and dissolved in 

toluene to a final volume of 5.00 mL. Successive dilutions were then 

counted in Aquasol-2; the specific activity was determined to be 2.38 

+ 0.1 Ci! mmoi. A sample of this material was spotted onto a thin 

layer chromatography plate (silica gel G) and developed in benzene-

ethanol (19:1 v/v). The plate was scanned for fluorescence (exc. 248 

nm, em.> 390 ran) on a Schoeffel Scanning Fluorometer (Schoeffel 

tnstrument Co., Westwood,, New Jersey); the plate was then cut into 

1 cm sections and the sections counted in Aquasol-2as gels. 99 + 1 % 

of the radioactivity was observed to co-chromatograph with the fluores-i 

cent band of the authentic dibenzoate (XIX) carrier (R f= 0.7). 



L 3H]-10-bromo-trans-7,8-dibenzoyl-7,8,9,10-tetrahydrobenzo(a)-

pyrene (E 3H]-XX) 

The [ 3Ff]-dibenzoate was further diluted with carrier to a total 

of 355 mg (0.71 mmcl). This material was suspended in 155 mL of CC1 4  

and 133 my (1.04 molar equivalents) of NBS added. The solution was 

placed in a jacketed photochemical reactor, purged with dry argon, and 

warmed to 500 . 2 mg of AIBN was added and the system illuminated with 

a 150 W sun lamp for 30 minutes. After 50 minutes the solution was 

cooled to 00,  filtered to remove succinimide, and the solvent removed 

on a rotary evaporator. 

[ 3H] - trans - 7,8-dibenzoyl-7,8-clihydrobenzo(a)pyrene  

The crude lO-bromo derivative ( [H] -XX) was dissolved in 50 mL 

of xylene and heated to reflux. under argon. After 12 minutes the 

solution was cooled and the xylene removed under vacuum.. The product 

was recrystallized from acetone and air-dried. 

f!j]-trans-7,8-dihydroxy-7,8-dihydrobenzo(a)pyrene ([3H]-XXII) 

The dibenzoate ( [ 3H] -XXI) was dissolved in 30 mL of THF, and 85 

mg of sodium methoxide (Ca. 2.5 molar equivalents) in 10 mL of methanol 

was added. The solUtion was stirred for 12 minutes at 65°, and then 

poured into 100 mL of ether plus 100 mL of water. The water wash was 

extracted with 50 mL of ether, and the combined ether phases washed 

three times with water, dried over potassium carbonate, and concen-

trated to =10 mL. The diol crystallized on standing as light yellow 

needles. These were filtered, washed with cold ether, and dried in 

vacuo. Yield: Ca. 100 mg. 

Specific activity was determined by weighing a sample (1800 jig) 

and counting various dilutions of a THF solution in Aquasol-2. 
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The.specific activity was determined to be 1.30+ .05 Ci! mmol 

Radiochemical purity was determined by co-injecting a small 

aliquot together with carrier trans.-7,8-dihydroxy-7,8-dihydrobenzo-

(a)pyrerie onto a reverse phase HPLC system ( .2 Waters p-Bondapak C 18  

columns connected in series, eluted with a gradient water-methanol 

solvent; column resolution was approximately 6000 theoretical plates). 

1 mL fractions were collected and analyzed for radioactivity by scm-

tillation counting in Aquasol-2. As shown in figure 9, 99 + 1 % of 

the injected radioactivity co-eluted with the synthetic carrier diol; 

recovery of injected radioactivity was 100 +2 %. 

1 mg of the labelled diol was stored at -70° in THF; when stored 

as a dry powder substantial decomposition was noted (ca. 2% per week 

at -70°. 

32. [3H]-r-7,t-8-dihydroxy-t-9 ,l 0-oxy-7,8,9,10-tetrahydrobenzo(a) -

pyrene ([ 3H]-XXIV) 

99 mg of the E3H]-trans-7,8-diol  in 30 mL of THF was mixed with 

170 mg of 100% m-chloroperbenzoic acid and allowed to stir under 

nitrogen for 10 hours. The reaction mixture was diluted with ether 

(150 mL) and washed successively with 10% aqueous sodium sulfite, 8% 

aqueous sodium bicarbonate, and finally with water. The ether phase 

was dried over K 2CO 3  and reduced in volume. The diol epoxide crystal- 

lized on standing; the crystals were collected, washed with cold ether, 

and then dissolved in argon-purged THF containingl% triethylamine. 

This stock solution was stored at -70°. Yield: 65.6 mg (63%). 

Radiochemical purity was determined by hydrolyzing an aliquot in 

water, and co-injecting this material with authentic carrier hydrolyzed 



diol epoxide onto a reverse phase HPLC system (2 Waters p-Bondapak C 18  

columns connected in series, eluted with water-methanol). 1 mL frac-

tions were collected and monitored for radioactivity by scintillation 

counting in Aquasol-2. The two tetrahydroxy-7,8,9,l0-tetrahydro-

benzo(a)pyrene hydrolysis products were monitored by fluorescence 

(exc. 248 nm, em. >370 nm). 97 4- 1 % of the radioactivity was observed 

to co-elute with the two tetraols. Radiochemical purity of the stock 

solution was routinely monitored with this procedure. Decomposition 

over a period of 8 months was observed to be less than 0.5% per month. 
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Chapter 4: DNA Binding Studies - 

Theavailability of the synthetic dial epoxides made it feasible 

to begin structural studies on the covalently bound benzo(a)pyrene- 

nucleic acid complexes formed in vivo or by in vitro (microsomal) assays. 

Since only picomole quantities of the enzyme-activated complex were 

available for study, the basic approach we undertook was to react syn-

thetic diol epoxide with the nucleic acid and then compare the products 

of this reaction with the microsome-derived adducts. It was anticipated 

that a large number of products would be formed in such a reaction, in 

view of the inherent complexity of DNA as a target nucleophile. While 

increased amounts of adduct would be available for structural studies 

from this synthetic system, total quantities would still be minute by 

conventional standards (i.e., microgram range). The reasons for this 

are two-fold: 1) an effort was made to work within the same range of 

binding levels that are found in vivo (ca. 1 in 10 4  base pairs) in 

order to avoid structural artifacts encountered when working with highly 

modified DNA's; 2) we anticipated that the analytical techniques 

developed for this work could then be applied to analyzing material 

obtained directly from in viva experiments. The first point had its 

origins in published reports on DNA alkylation by small alkylating 

agents--numerous investigators have reported that the type and number 

of products obtained from the reaction of DNA with methylating or 

ethylating agents can change dramatically as a function of solvent and 

concentration.lO9fl0 When working with highly modified DNA's, one 
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runs the risk of studying products which bear little or , 
 no relation-

ship to material formed under physiological conditions. A second con-

sideration is that many DNA alkylation products are relatively labile 

structures; this can be a problem since the modified DNA must be 

degraded to small residues (oligonucleotides less than 5 residues in 

length) before a detailed structural anaysis can be performed. There 

is no satisfactory method of non-enzymatically degrading DNA to mono-

meric units--- most methods rely on extremes of pH or heat to hydro-

lyze the polymer. For example, at low pH (<3) apurinic sites can be 

generated, and the resulting 2'-deoxyribonic acid cleaved with alkali 

via 8-elimination (figure 1).1I  Acid or base-labile structures cannot 

survive such extreme reaction conditions. The implications of this are 

outlined in recent studies by Singer on the alkylation of RNA by 

ethylating agents 112 : as much as 80% of the products formed by the 

action of ethyl ni trosourea on RNA are 0-ethyl ethers, but their pre-

sence was not detected until a careful study was made using enzymatic, 

neutral pH methods of RNA hydrolysis. Previous to this study, use 

had been made of high pH to hydrolyze high molecular weight RNA, 

resulting in inadvertant destruction of the bulk of the alkylated 

RNA residues during the process of isolation) 13  This problem was 

frequently encountered by RNA researchers because of the facility with 

which RNA can be degraded by alkali: 

11  

vf~i - 

,O OH 
O",P-O 

h0 

Cf 

Id 

0. O 

0 

_o, o 

HO. 

104 



105 

0 	 0 

NH <N(NH  
2 	+ 	 fWX- N H 

(pH(3) 	

2 

OP-0 	 0=P- 0_ 
• 	 / 	 / 

0 

1~~ 	
0 

H 	

0 
0P-0_ 	 0=P-0_ 

H 	
0 	OH 

0=4_ 	 0:P-0 

0-_P-c 	 0P-0 
(4
1110 

 

0 	OH 

H20 	VHO:7 

0P-0 

op'o 	- 	 0 	,B2  

0=P-0 

FiQure I : Polynucleotide strand scission via 0 elimination 



106 

The use of alkaline hydrolysis avoids problems associated with the 

expensive and sometimes unpredictable enzymatic methods of hydrolysis. 

DNA, lacking a 2'-hydroxyl, cannot be efficiently hydrolyzed by alkali. 

We therefore determined that we would use neutral pH, enzymatic di-

gestion for the recovery of modified monomers from alkylated DNA. 

Problems of scale are one consequence of this approach--- preparations 

involving much more than 50 mg of DNA become prohibitively expensive, 

as well as being difficult to work with (due to limitation on centri-

fuge availability, size of chromatography columns, etc.). Finally, as 

will become evident, the complexity of the product mixture that one 

obtains in these reactions could only be accomodated by the use of HPLC. 

Although extremely efficient and capable of high resolving power, HPLC 

at the time of this work was limited to sub-milligram quantities of 

material (particularly where maximum resolution is the goal). As a 

result of these various considerations, the structural elucidation of 

the diol epoxide-DNA adducts was necessarily based on microanalytical 

techniques--- primarily HPLC and high resolution mass spectrometry 

(HRMS). NMR, an extremely valuable tool for the structural analysis 

of stereoisomers, does not have the requisite sensitivity for working 

with sub-microgram quantities of material derived from biological 

sources. This is especially true for the large number of minor 

products formed in small molecule-DNA reactions. 

Reaction of the syn and anti-diol epoxides with a variety of 

DNA's (calf thymus DNA was used for bulk preparations) was carried out 

in 0.01 M phosphate buffer at pH 7.5, using a ratio of diol epoxide 

to DNA of 12 nmol/ mg. Under these conditions the anti-diol epoxide 

has a half-life of approximately ? minutes, while the syn isomer has 
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a half-life of 	30 seconds ("half-life" refers to hydrolysis in 

aqueous solution to tetrahydroxy-tetrahydrobenzo(a)pyrenes, with 

pseudo-first order kinetics). 114 ' 5  As described in chapter 3, the 

in vitro microsomal enzyme! BaP binding assay results in a level of 

modtfication.of DNA equal to one hydrocarbon adduct per 40,000 base 

pairs. Anti-diol epoxide used at this ratio (12 nmol/ mg of DNA) 

results in a modification level approximatley five-fold higher (as 

determined by the amount of 3H-anti-diol epoxide that becomes covalently 

bound to the DNA). The sy nj isomer gives a similar level of binding, as 

determined by non-extractable fluorescence of the modified DNA, using 

the 3H-antt-diol epoxide-modified DNA as a standard. Thus the concen-

trations used in this study approximates those that could occur in 

vivo. Non-covalently bound hydrocarbon (primarily the hydrolysis pro-

duct of diol epoxide, 7,8,9,10-tetrahydroxy-7,8,9,10-tetrahydrobenzo-

(a)pyrene) was removed by extraction with ethyl acetate, and the 

modified DNA further purified by ethanol precipitation. The DNA was 

then hydrolyzed enzymatically, using a mixture of endo- and exonucleases 

(DNaseII and spleen phosphodiesterase, resulting in nucleoside-3'-

monophosphates), followed by treatment with alkaline phophatase to 

remove the 3'-phosphate. This mixture of nucleases, nucleosides, and 

modified nucleosides was then chromatographed on Sephadex LH20 (a 

lipophilic, macroporous gel based on dextran), utilizing a combination 

of molecular sieving and adsorbtion chromatography. The enzymes and 

unmodified nucleosides were eluted with buffer, and 3H-containing 

material was removed by eluting the column with a buffer-methanol 

gradient. The 3H-containing material could then be analyzed by HPLC. 

Recovery studies demonstrated that >97% of the 3H activity could be 



recovered from the modified DNA as a methanol-soluble fraction from 

the LH20 column. Enzymatic hydrolysis was thus capable of degrading 

the modified polymer to small units. 

Figures 2a and 2b show RPLC fluorescence elution profiles of 

the modified nucleosides obtained by reacting DNA with (+)anti- and (±.) 

• -diol epoxides, respectively. The fluorescence detection system 

(Schoeffel FS970; Schoeffel Instruments, Westwood, New Jersey) used 

here allowed detection of as little as 50 picograms of material con-

tathing a tetrahydro-benzo(a)pyrene chromophore. Fluorescence 

sensitivity was thus comparable to that of 3 H detection via scintilla-

tion countingat the specific activities used in this study (0.1- 5.0 

Ci/ninol). Figure 3a represents the fluorescence trace and 3H profile 

obtained from DNA modified by microsomal enzyme activated [G- 3H] 

benzo(a)pyrene. The similarity between this elution profile and that 

of the (+)anti-diol epoxide-DNA adducts 	apparent, and figure 3b 

shows the results of co-injecting the enzyme-activated [G -3H]BaP -DNA 

and synthetic (+)anti-diol epoxide-ONA adducts. The major fluorescent 

peak of the (+)anti-diol epoxide-DNA product co-chromatographs with 

the major enzyme-activated [G-3H]BaP-DNA  adduct. The elution profile 

of the adducts obtained from the 	-diol epoxide is markedly different 

from that of the enzyme-activated BaP-DNA and anti-diol epoxide-DNA 

products. Thus the major products obtained with the enzyme system 

appear to be derived from the anti-diol epoxide, although some of, the 

minor products do co-elute in the same region as the 	-diol epoxide- 

DNA adducts. Thus, chromatography of the microsome-catalyzed adducts 

alone results in fluorescence detection of peaks corresponding to 1, 

4,5, and 7 of the synthetic (+)anti-diol epoxide adducts; peaks 2,3, 
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and 6 are not observed (either by fluorescence or by radioactivity; 

the peak eluting at 42 minutes in figure 3a does not co-elute with 

peak 6 in figure 2a). Therefore the reaction between (+)anti-diol 

epoxide and DNA yields at least three more adducts (peaks 2,3, and 6) 

than does microsomally-activated BaP plus DNA. The peak at '-42 

minutes in figure 3a does co-elute with the main component from the 

reaction of (+)-diol epoxide and DNA, and could indicate that a 

small amount of the syn isomer is formed during enzyme-mediated oxida -

tion of benzo(a)pyrene) 29  The major products appear to involve the 

anti isomer, however. 

Our initial studies to determine the structures of these various 

adducts (each available in microgram amounts) were directed towards 

identifying the nucleic acid bases (guanine,adenine, cytosine, 

thymine) present in each peak of figure 2a. We approached this problem 

via a double-labelling scheme, where 
3H or 14C (available from the 

National Cancer rnstitute, Bethesda, Maryland) labelled (±)anti-diol 

epoxide would be reacted with DNA containing one of the four bases 

(A,G,C, or 1) labelled with- 3H or 4C. Each chromatographic peak 

could then be analyzed for the presence of 3H and 4C: for example, 

3H would confirm the presence of the diol epoxide moiety in each peak, 

14 and C would confirm the presence of guanine in a given peak for 

the adducts derived from the reaction of [3H]-(+)anti-diol epoxide 

eith 8) 4C]guanine_contaifling DNA This study, then, required four 

samples of DNA,each labelled unambiguously with a different radioactive 

purine or pyrimidine base. These four DNA samples were prepared by 

incorporating three unlabelled nucleoside triphosphates and one 



labelled nucleoside triphosphate into high molecular weight (>lO 

daltons) DNA by E. coli DNA Polymerase I (EC 2.7.77, "Kornberg 

polymerase), using calf thymus DNA as the template (>10 MW). 6  

The labelled DNA was ethanol-precipitated, dialysed to remove low 

molecular weight impurities, and then reacted with 14C-labelled (+) 

anti-diol epoxide. Covalent adducts were isolated after enzymatic 

hydrolysis and analyzed by HPLC. The results of three of the four 

double label experiments are presented in figures 4b,4c, and 4d. Figure 

4b represents the products of the reaction of 14C-(+)anti-diol epoxide 

with 3H-deoxyguariosine-labelled DNA. Peaks 3 and 5 contain both 3H and 

14, and therefore represent hydrocarbon-deoxyguanosine adducts. 

From the specific activities of the diol epoxide and base a 1:1 ratio 

of the two components was calculated (see Table 1, below). Similar 

inspection of figures 4c and 4d identifies peaks 6 and 7 as deoxy-

adenosine adducts, and peak 4 as possibly a deoxycytidine adduct. 

Assignment of the identity of peak 4 was only tentative, because of 

the lack of complete symmetry and coincidence of the H and 

Deoxythymidine adducts were not observed, despite our ability to 

detect approximately one adduct per 2.5 x 10 7  base pairs (determined 

by the maximum specific activity of the 3H-thyniidine-5'-triphosphate 

available to us, 15- 30 Ci! mmol). The relative percentage of each 

adduct formed is shown in Table 1. Binding occurred to the extent of 

92% deoxyguanosine, 5% deoxyadenosine, 3% deoxycytidine, and 0% 

ithymidine. Peak 1 derived from all four reactions contained only 

The presence of 14C or 3H in peak 2 could not be reliably ascertained 

at the specific activities used in these experiments. 
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Table 1 

Relative Distribution of (+) anti-BaP Diol Epoxide Adducts 

With the Bases of DNA 

Peak No.* 	 it 	2 3 4 5 	6 	7 

Base 	 - 	? dG 1  dC 1  dG 2 	dA1  

Percent 

Total Based on § 

3H 	 - 	- 10 2.4 86 	0.1 	1.4 

- 	- 10 3 82 	1 	4 

* 
Peak numbers refer to Figure 4a. 

Peak 1 is probably a hydrolysis product of the diol epoxide, 7,8,9,10-

tetrahydroxy-7,8,9,10-tetrahydrobenzo(a)pyrene 

Assignment of this adduct is tentative. 

Computed from Figure 4b. 

High Resolution Mass Spectrometry. A detailed structural analysis 

of the contents of peaks 1 - 7 was I

complicated by the quantities of 

material that were available for study. Preparative-scale (50-100 mg 

DNA) reactions allowed isolation of tens of micrograms of peak 5, but 

only a few micrograms of each of.the other components could be obtained. 

The only analytical technique with the requisite sensitivity available 

to us at this time was mass spectrometry. A conventional low resolu-

tion (m/m < 1000) mass spectrum of an unknown should give 1) the 

molecular weight of the compound; and 2) a fragmentation pattern of the 

compound, which (at least in theory) can be used to determine what the 
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overall molecular structure was like. With true unknowns, however, a 

considerable amount of guesswork must enter into any interpretation of 

a mass spectrum. When considering the problems and limitations of 

this technique, it is instructive to refer to the design of a conven- 

tional mass spectrometer. Figure 5 is a schematic diagram of a double-

focusing mass spectrometer using a modified Nier-Johnson geometry. 117  

The four components of the spectrometer include the ion source, I; the 

electric sector, E; the magnetic sector, B; and the ion multiplier 

(detector), M. The sample is first vaporized by heating under high 

vacuum (lo 	torr). The gas phase sample molecules are then bombar- 

ded with energetic electrons (typically 70 eV) to form gas phase ions. 

The primary products of this event are sample molecules that have lost 

an electron (radical cations): 

M + e- 	'M+2e 

The species Mt  (molecular ion) is generally formed with a high internal 

energy as a result of these inelastic collisions, and can fragment in 

characteristic ways to produce a series of daughter ions: 

mt + m 

+ __ 	
+ m4 	(etc.) 

These ions are then accelerated by a large potential difference 

(typically 2-10 kV) and focused into a defined ion beam. Neglecting 

the electric sector for the moment, an ion Of mass m 1  will be trans-

mitted through the magnetic sector B (and therefore detected by the ion 

multiplier M) according to the relationship 

r 	
=v1eB1 

where v 1  is the velocity of m, r is the radius of the magnetic sector, 
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e is the electric charge, and B is the magnetic field strength. An 

ion of mass m1  and charge e accelerated through a potential V will have 

a kinetic energy eV: 

112 m 1 v 1 2  = eV 

Rearranging and substituting for V 1  gives 

m/e = r 2B 2/V. 

Thus at a constant accelerating voltage V,. ions of different mass to 

charge ratio m/e will be transmitted through the magnetic sector B (and 

therefore detected) by sweeping the magnetic field strength. In 

practice, the initially formed ions m 1 , m2 , etc. will have an energy 

spread" due to initial kinetic or thermal energy prior to acceleration, 

with consequent effects on the measurement of m/e. This problem is 

eliminated by the electric sector E in Figure 5; an ion beam of narrow 

energy spread will be transmitted according to the relationship 

m1 v 1 2  

R 	
=eE0 

where R is the radius of the electric sector and E 0  is the electric field 

strnegth. This combination of both velocity and direction focusing 

allows measurement of mass to charge ratios at a resolution of as much 

as one part in 10. Since the monoisotopic atomic weights of the 

nuclides are not exact whole numbers on the basis of mass (using as 

reference 12 C = 12.000000 amu), measurement of the mass of an ion with 

sufficient accuracy allows unequivocal assignment of its elemental 

composition. In practice, a resolution of M/tJl > 10,000 is sufficient 

to assign elemental compositions to the ion, especially when isotope 

peaks are simultaneously monitored for verification of the assigned 

composition. 
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Problems often encountered in conventional electron-impact low 

resolution mass spectrometry include 1) identifying the molecular ion, 

and 2) determining whether or not some mass peaks are due to artifacts 

such as pyrolysis reactions (induced by excessive heating of the sample), 

impurities in the sample, etc. Many complex structures do not present a 

molecular ion, since sufficient energy is imparted to the molecule 

either by heating or by electron bombardment to cause extensive frag-

mentation to take place. Artifact signals in a low resolution mass 

spectrum are difficult (if not impossible) to distinguish from "real" 

signals. When dealing with an unknown of complex structure, one must 

first analyze a series of standard compounds that have structural 

features similar to thatof the unknown; this will greatly increase one's 

confidence in the validity of any data obtained on the unknown. In the 

case of the diol epoxide-DNA adducts, a standard series of compounds in-

cluded the four nucleosides deoxyguanosine, deoxyadenosine, thymidine, 

and deoxycytidine, as well as the large number of benzo(a)pyrene deriva-

tives described in chapter 3. In order to avoid potential ambiguities 

in analyzing fragmentation patterns (sample impurities, etc.), we 

decided to rely on high resolution data for all structural assignments. 

The unique mass spectrometry system available to us made a thorough 

structural study possible on quantities of sample ranging from 0.1 to 

3.0 micrograms. The "LOGOS II" data system is unique in that high 

resolution measurements are simultaneously carried out on all sample 

peaks present in the mass spectrum; total sample requirements are 

under 1 jig. 118  This system is based on a Kratos/AEI MS 902 mass spec-

trometer (operating at M/M > 10,000), interfaced to a Xerox/Sigma 

119  7 computer. 	An internal standard (perfluorinated kerosene, or PFK) 
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is present at all times, allowing a calibration curve at high resolu-

tion to be constructed. Sample peaks are then differentiated from 

either PFK or background signals, assigned an accurate mass (and 

intensity) value based on the internally generated calibration curve, 

and the data is then transferred to either disc or tape for storage. 

The instrument scans the desired mass range repetitively (typically 

1000-70 amu), so that the sample can be introduced by slow heating, and 

the total ion current monitored to determine at which point the sample 

has been introduced. This also provides some confidence that a single 

component is being analyzed, since one can effectively fractionally 

"distill" separate components of a mixture into the ion source by 

careful control of the sample heating rate. More than 2000 resolved 

sample peaks can be generated by a complex structure undergoing frag- 

mentation at 70 eV; the LOGOS-Il system allows accurate mass measurement 

to be carried out on all such peaks that are present above a pre-set 

threshhold. 

Derivatization Methods. Nucleosides have structures that are 

highly polar, as well as being thermally. labile. Attempts at obtaining 

conventional electron-impact mass spectra on free nucleosides have been 

largely unsuccessful. For the most part, one obtains pyrolysis frag-

ments, many of which bear only an indirect andcomplicated relationship 

to the original structure. Accordingly, researchers have developed 

a variety of chemical derivatizatior, techniques to overcome the problems 

associated with heating highly polar mQlecules in order to volatize 

them prior to ionization. 2°  These techniques are generally aimed 

towards increasing the vapor pressure of a compound by decreasing the 

polarity of ionic groups present in the original structure. For 
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example, converting carboyxlic acids to methyl esters or amines to N-

acyl derivatives decreases the extent of ionic interactions and hydro-

gen-bonding in the solid (crystal) state, thus increasing the vapor 

pressure of the compound. One can then obtain gas ohase sample mole-

cules at lower temperatures, eliminating problems caused by thermal 

decomposition that takes place at high temperatures. However, chemi-

cal derivatizatjon can introduce additional complexities into struc- 

tural analysis. Certain derivatives (for example, trimethylsilyl groups) 

have a relatively high molecular weight and, for a polyfunctional com-

pound such as a nucleoside, can easily double or triple the molecular 

weight. This decreases the absolute accuracy with which its accurate 

mass can be measured; the addition of many different heteroatoms can 

also complicate the unambiguous assignment of an elemental composition 

to the mass. For example, an ion of structure 11bH whose mass has been 

measured at WM 10,000 will have seven possible compositions where R = 
0 

methyl, 9 for R = SiMe 3 , and 15 for R = CF 
	(compositional tolerance 

6 of 10 ppm, where error in ppm= (measured mass - exact mass) x 10 / 

measured mass). 121  

R 
NR 

4e N  N-J 
H 

A second concern when using chemical derivatization is the problem en-

countered in trying to modify a complex structure that may be labile 

under the derivatization condition. For example, diazomethane/ether 

Is a suitable reagent for methylating simple sugars prior to mass 
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spectrometry, but purine nucleosides would be destroyed'under such 

conditions (via N-methylation and subsequent depurination). It must 

also be realized that derivatization is a chemical reaction; some pro-

cedures may not be practical to carry out on extremely small amounts of 

material, or may involve complicated purification procedures after den-

vatization. Finally, some types of derivatives candrastically alter 

the amount of information present in a fragmentation pattern. Introduc-

tion of a trimethylsilyl group, for example, often results in a spectrum 

with intense signals for peaks involving the TMS group (m/z 73, 75), but 

extremely weak signals for peaks involving the carbon skeleton of the 

molecule in question. In general, the choice of derivatives for mass 

spectrcmetry is complicated, and will depend on the structure in 

question, the quantity of material available for analysis, and the 

type of information one is trying to obtain. The best procedure in 

many cases is to prepare several types of derivatives and compare 

results. For example, procedures exist where a free amino group (-NH 2 ) 

can be dimethylated, monosilyiated, 123  or acylated. 124  Reaction condi-

tions and reagents can be used where derivatization of the amine can 

take place with or without simultaneous derivatization of a hydroxyl 

group.' 24  In addition, isotopically labelled derivatizing groups can 

be used (eg. -CD3  -Si(CD3 ) 3 , -CD3) and the mass shift from the un-

labelled derivative used to determine the number of derivatizing groups 

on the structure in question. 

Three different derivatives have gained acceptance for modifying 

nucleosides to allow direct probe mass spectrornetry: methylation, tn-

methylsilylation, and acetylation) 25  McCloskey and coworkers have 

published extensive studies on the fragmentation patterns of nucleosides 
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modified by all three types of derivatives) 21 ' 126 ' 127  The suitability 

of each procedure for modifying diol epoxide-nucleoside adducts was 

determined by first working with 7,8,9,10-tetrahydroxy-7,8,9,10-tetra- 

hydrobenzo(a)pyrene and the unmodified nucleoside separately. 

The meth,'1ation procedures used in this work were first developed 

by Hakamori) 22  The basic procedure is to first treat the compound with 

a solution of dimethylsulfoxide anion in DMSO (generated by reacting 

DMSO with sodium hydride), followed by methyl iodide. The strongly 

basic methyl sulfinyl carbonion (PKa  23-27) removes exchangeable hydro-

gens; methyl iodide then alkylates each anionic site. The methyl 

sulfinyl carboriion is also a poor ñucleophile, thus minimizing side 

reactions. McCloskey and coworkers applied this technique with success 

to a series of ribo- and deoxyribo-nucleosides) 21  We achieved identical 

results to those reported by McCloskey with this technique; in addition, 

the sole product recovered from the methylation of 7,8,9,10-tetrahydroxy-

7,8,9,10-tetrahydrobenzo(a)pyrene was the permethyl derivative (m/z 

- 	 376). Methylation with CD 3I gave products with molecular ions shifted 

the appropriate number of mass units higher (Figure 6). A detailed 

analysis of the fragmentation patterns of the methylated nucleosides 

was conducted by McCloskey, who showed that several fragmentation 

pathways are operative. These are (see Figure 7): 1) scission of 

the glycosidic C-N bond to generate either a "base + H ion" or a sugar 

ion ("S"); 2) simple loss of methyl, methylmethoxy, or methanol from 

At (ions "a", "g", or "e", respectively); 3) ions due to further frag-

mentation of the "base + H" species (i.e., loss of CH 2=NH); 4) ions due 

to further fragmentation of the sugar moiety (m/z 85, and ions "t" and 

"S-H"); and 5) ions composed of the intact base with a fragment of 
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the sugar attached (ions "j" and "k"). Figure 7 illustrates these 

various fragmentation pathways for deoxyadenosine; similar results 

(relative intensities vary considerably) were obtained for the other 

nucleosides. The success of this procedure with the tetraol of benzo-

(a)pyrene suggested that it would be generally useful for working with 

the diol-epoxide-DNA adducts. Despite the strongly basic conditions, 

no products exhibiting a chromophore different from that of 7,8,9,10-

tetrahydrobenzo(a)pyrene (indicating dehydration) were found by 

fluorescence or UV-absorbance. 

Since the nucleoside-diol epoxide adducts were labelled with 

yields from the methylation reactions could be estimated by determining 

the amount of chloroform-soluble 3H-containing material generated by the 

reaction. It was observed that when working with very small quantities 

of material (< 10 pg), yields fell dramatically (to less than 10%). 

This problem was eventually traced to two sources. One problem was 

the behavior of the diol-epoxide DNA adducts on glass surfaces--when 

deposited on a glass surface by evaporation of solvent, the material 

would redissolve in fresh solvent only very slowly. Sonication or 

vortexing was found to be essential in order to redissolve the material. 

A more serious problem was encountered in analyzing the products of 

nucleoside methylation by HPLC--more than one product was observed in 

some instances, and the complexity of the product mixture varied with 

the total reaction time. Other researchers have observed the same 

effects; what is apparently occurring is that with very long reaction 

times (5 - 90 mm.), heterocycles become "over-methylated," leading to 

quaterflary nitrogen-methyl derivatives. These derivatives are then 

water-soluble due to the charge on the nitrogen, and generate complex 
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mass spectrometric fragmentation patterns since they undergo pyrolysis 

at high temperatures. This problem has been noted by Morris for pep-

tide methylations; the key to avoiding it is to use short reaction times 

(' 90 sec). 128  With the methylation procedure described in the "experi-

mental" section, only single products (by HPLC) were obtained for the 

unknown P1 through P7. 

Although the majority of the mass spectrometric analyses of P1-P7 

were performed on either methylated or deutero-methylated material, other 

derivatives were prepared for confirmation of some structures. Acetyla-

ted material was found to be of little use, as extensive fragmentation 

occurred in all acetylated materials. In some cases over 90% of the 

total ion current in a spectrum was due to mass 43 (CH 3CO). Trimethyl-

silyl derivatives were found to be useful in confirming the identities 

of some structures, despite the high mass (72 mass units added per TMS 

group) of the resulting derivative. A large number of silylating rea-

gents and conditions were tried without success--either complex product 

mixtures or extremely low yields made use of each method impractical. 

A high-temperature (100°) method originally developed for steroids with 

sterically hindered hydroxyls was finally adapted for use with the 

diol-epoxide-ONA adducts. This procedure uses the highly reactive 

silylating reagent N-trimethylsilyljmjdazoje (TSIM). As was observed 

by other researchers, poly-TMS derivatives (espeically those containing 

-NH-TMS functionalities) are labilespecies, underoing facile hydrolysis 

on standing for more than a few hours. 126  

Diol Epoxide-DNA Structure Analysts.. The structures of the anti-

diol epoxide-ONA adducts Pl-P7 were determined by a high resolution 

mass spectrometry study of their methyl or trimethylsilyi derivatives. 
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Verification of elemental compositions, when in question, was obtained 

by perdeuteromethylation and comparison of the data with results ob-

tained for the methylated compound. 

P1 had a retention time on HPLC identical to that of the hydrolysis 

product of the diol epoxide, 7,8,9,10-tetrahydroxy-7,8,9,10-tetrahydro-

benzo(a)pyrene. High resolution mass spectrometry of the perniethyl and 

per-deuteromethyl derivatives of P1 gave molecular ions at m/z 376.169189 

(C 24H 240 4 , -4.59 ppn) and m/z 388.242305 (C 24H 1 01204 , -1.25 ppm), re-

spectively. The fragmentation patterns and elemental compositions of 

all peaks in each case was identical to that of authentic permethylated 

tetraol, obtained by hydrolyzing anti-diol epoxide in water. Both Yang 

etaL 104  and Jerina 10 ' have shown that hydrolysis of anti-diol epoxide 

in water gives two isomers, corresponding to cis and trans addition of 

water at C-10 of the diol epoxide. The presence of tetraols in the 

diol epoxlde..DNA adduct mixture was not entirely unexpected; presumably 

some material is carried through the isolation procedure used for the 

diol epoxide modified DNA. The tetraols may also be formed by hydroly-

sis of unstable DNA-diol epoxide adducts) 29  

Figure 8 shows composite nominal mass plots for the high resolu-

tion mass spectra of the permethyl derivatives of P2, P5, and P7. It 

was observed that the mass spectrum of permethyl-P6 was identical to 

that of permethyl-P7. Perrnethyl-P3 was identical to thatof permethyl-

P5, and permethyl-P4 was similar to perniethyl P2 (P4 appeared to be 

a mixture of two species--one with a mass spectrum identical to per-

methyl P2, and a relatively volatile' material identical to 7,8,9,10-

tetrahydroxy-7,8,9,10-tetrahydrobenzo(a)pyrene). In order to simplify 

the structural analyses of P2, P5, and P7 (and therefore P3, P4, and P6), 
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the following procedure was used: all six spectra should exhibit the 

same ions originating from the hydroxy-tetrahydrobenzo(a)pyrene moiety, 

assuming the products involve simple alkylation eents between the diol 

epoxide and DNA alkylation site. After these ions were identified, the 

unmodified sugar fragments were found. Analysis of the data for frag-

ments due to the purine or pyrimidine could then be carried out. 

All six spectra (P2-.P7) exhibit the expected ions due to fragmen-

tation of the hydrocarbon moiety corresponding to cleavage of the 

hydrocarbon-nucleoside bond (see Table 2). This cleavage generates 

a trimethoxy-tetrahydrobenzo(a)pyrene moiety at mJz 345 (composition 

C23H 21 0 3 , ion "a" in Figure 9). Other ions are then generated by 

successive loss of the elements of CH 3OH, leading to the fully aroma-

tized monohydroxybenzo(a)pyrene species at m/z 267 (C 20H11 0). This 

fragment can then lose CO to give the major ion at m/z 239 (C 19H 11 ). 

These fragmentation processes are outlined schematically in Figure 9. 

Table 2 

Fragments Derived from Hydrocarbon Moiety of Permethylated Adducts 

(P2 - P7) 

m/z 	 Elemental* 
Composition 

• 	 345 C23H 21 03  

344 C23F12003  

313 C22H1702  

312 C22H1602  

298 C21 H140 2  

297 C21H1302 
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Table 2 (continued) 

m/z 
* 

Elemental 
Composition 

282 C 21 H 140 

267 C 20H 11 0 

239 C 19H 11  

226 C 18H 10  

215 

* 
All compositional tolerances are less than 10 ppm for all spectra 

(P2-P7); masses are listed as nominal values. 

A similar search for ions derived from a methylated sugar moiety 

l' s "  

CHO 3) .  

OCH3  

ion $ 	mh 145.086473 

revealed that all six spectra contained such ions. These included ion 

"s" (C7H 1303 ) 9  " s -  H" (C 7H 1203 ), and "t" (C4H70). No ions corresponding 

to a trimethoxytetrahydrobenzo(a)pyrene- sugar fragment were found. The 

point of attachment of the hydrocarbon moiety is therefore not through 

the deoxyribose unit. 

• 	
Assignment of the specific purine or pyrimidine in each adduct 

can be deduced from the fragmentation patterns of permethyl P1- P7 

by the presence or absence of specific marker ions. Thus guanine- 
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containing peaks should exhibit an N 50 1  series of ions, adenine an N 5  

series, cytosine an N 3  0  1  series, and thymine an N 20 2  series. These ions 

should be evident in fragmentations involving loss of the deoxyribose 

to generate a "base + H" series of ions. Table 3 shows the results ob-

tamed for permethyl P2 through P7; in all cases fragments due to the 

heterocyclic base are of high relative intensity. This allows the as-

signment of each adduct to a particular nucleoside. Thus, permethyl-

'7 (and permethyl-P6) has an intense ion at m/z 149.070127 (C 6H7N 5 ) 

corresponding to a monomethyladenine. Another ion at m/z 119.03567 

(C 5H 3N 4 ) corresponds to loss of the elements of CH 3N from the intact 

base. Similarly, permethyl-P5 (and permethyl-P3) has an ion at m/z 

179.080614 (C 7H90N 5 )

1 

 indicative of dimethylguanine. This elemental 

composition was confirmed by perdeutero-methylation, which gave m/z 

185.119264 (C 7H 3D60N 5). Permethyl-P2 (and permethyl-P4) has a low 

intensity ion at m/z 125.059345 (C 5H70N 3) corresponding to rnonomethyl-

cytosine, with an intense ion at m/z 111.044149 (C4H50N3). 
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Table 3 

Fragments Derived from the Nucleoside Base Moiety of Permethylated 

Adducts (P2 - P7) 

dd uct m/z 
Elemental 
Composition 

Error 
(ppm) 

P2(P4) 125.059345 C 5H 7N 30 + 3.44 

112.051423 C 4  H  6  N  3 
 0 + 2.97 

111 .044149 C4H5N30 + 7•97 

P5(P3) 179.080614 C 7H 90N 5  + 0.558 

150.055164 C6H60N4 - 6.66 

P7(P6) 149.070127 CHN5 
6 	7. 

- 0.15 

120.043705 C 5  H  4  N 
 4 -0.89 

The overall fragmentation for each adduct is dominated by the 

stability of the aromatic hydrocarbon and purine or pyrimidine moieties. 

The results obtained for permethyl-P7 serve to illustrate this point. 

A molecular ion is observed at m/z 637.298619 (C 36H 3906N 5 ). Successive 

losses of the elements of methanol give m/z 605.264151 (C 35H350 5N 5 ) and 

574.247171 (C34H3204N 5 ), and loss of,  the elements of both CH
3OH and the 

deoxyribose gives rn/z 461.186074 (C 28H 230 2N 5 ) and 430.169208 (C 27H 200N 5 ). 

Cleavage of the hydrocarbon-purine bond results in the hydrocarbon and 

base ions discussed above. Permethyl-P2 (and permethyl-P4) gave 

similar results, except that a molecular ion (expected at m/z 613.278812) 

was not observed. The highest mass ion, m/e 469.200108 (C 28H 2704N 3 )9 

corresponds to loss of the deoxyrtbose from a cytosine-diol epoxide 

adduct. Successive losses of the elements of CH 3OH result in m/z 

437.188883 (C 27H 230 3N 3) and 406.155525 (C 26H 200 2N 3). Cleavage of the 
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hydrocarbon-pyrimidine bond then results in the hydrocarbon and base 

series of ions. 

• 	Von Minden and McCloskey have presented extensive data on the 

fragmentation patterns of permethylated nucleosides. 121  A characteris-

tic ion for permethyl deoxyguanosine, permethyl deoxyadenosine, and 

permethyl deoxycytidine involves the "base + H" ion (loss of deoxyri-

bose; see Figure 7) which includes a dimethylamino function. This 

species can then lose methyleneimine (CH 2NH) or the entire dimethyla-

mine function. In the spectra reported here, dimethyladenine or di-

methylextosine ions were not found; only monomethyl adenine or cytidine 

were observed. For the adenosine adduct (permethyl-P7 and -P6), this 

indicates that direct linkage of the diol epoxidemoiety to the purine 

(eg. C-8) does not occur. The occurrence of a relatively low abun-

dance (1.9% relative intensity) nitrogen-containing hydrocarbon frag-

ment at m/z 279.104802 (C 21 H 13N) suggests bonding through the N 6  

exocyclic amino group. The apparent high stability associated with the 

benzylIc carbonium ion formed by cleavage of the hydrocarbon-nucleoside 

bond (ion "a", Figure 8) explains the relatively low intensity of these 

nitrogen-containing hydrocarbon fragments. For permethyl-P2 (and 

permethyl-P4), no such ion could be found, leaving open the possibility 

of alkylation via the 02,  N-3, or N 4  positions of cytosine. A tauto-

meric structure for the adenosine adduct such as "A" (N-i) or "B" (N-3) 

NH 	 NH 
- 	 DEP 	 'I 

"A" 	 "B" 
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is not indicated by data obtained on the pertrimethylsilyl derivative of 

P7(P6); both "A" and "B" would be expected to generate a mono-trimethyl-

silyl adenine species, which was not sbserved. The N 6- adduct, however, 

should yield a free adenine (steric hindrance prevents addition of a 

TMS group to the diol-epoxidé substituted N 6  position). 

HNDEP 

The major component, permethyl-P5, contains guanine but otherwise 

follows the same general fragmentation scheme observed for permethyl-P7 

and permethyl-P2. High mass ions include m/z 523.222675 (C 30H 2904N 5 , 

Mt - deoxyribose), followed by successive losses of the elements of 

CH3OH to give m/z 490.186904 (C 29H2403N5 ), 459.172173 (C 28H21 0 2N5 ), and 

the major ion 428.151793 (C 27H180N 5 ,,lg.3% relative intensity). Elemen-

tal compositions of all major ions were confirmed by perdeuteromethyla-

tion with CD3I. A molecular ion is not observed in the electron-impact 

spectrum; the highest mass ion that occurs is at m/z 604.253408 

(C35H340 5N 5 , Mt - ( CH 3OH +. CH 3O)). The molecular weight for underiva-

tized P5 was therefore obtained by low resolution field desorption mass 

spectrometry (FDMS). The field desorptión spectrum of P5 consisted 

of peaks at m/z 569 and 592 (569 + Na), confirming its identity as a 

deoxyguanosine adduct. (see Appendix A for additional FD data). The 

electron-impact fragmentation pattern of the base-containing ions does 

not permit assignment of the alkylation site on guanine. In particular, 

no nitrogen-containing hydrocarbon ion could be found, making it diffi- 
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cult to distinguish between N 2  or 06  alkylation. Alkylation at C-8 

or other ring positions of the purine would be expected to generate a 

trimethylguanine species, which was not found. The absence of a tn- 

methoxy tetrahydrobenzo(a)pyrene containing nitrogen is again presumably 

due to the high stability associated with ion "at' (Figure 9). A pertri-

methylsilyl ether of PS was therefore prepared in order to obtain addi-

tional structural information. The composite nominal mass spectrum of 

pertrimethylsilyl-p5 is shown in Figure 8D. Table 4 lists the major ions 

observed for pertrimethylsilyl-P5. The overall pattern is similar to 

that of the permethylated derivatives; loss of the deoxynibose followed 

by successive losses of trimethylsilanol [(CH 3 ) 3SiOH]to give m/z 

561 .209929 (C 31 H31 O 2N5Si 2 ). This is then followed by cleavage of the 

base-hydrocarbon bond to give the base (m/z 223.088141, C 8H13ON 5Si) or 

hydrocarbon series of ions. In this case, however, a relatively low 

intensity ion corresponding to a nitrogen-containing BaP species 

observed at m/z 355.142199 (C 23H 2J ONSi, 0.2% relative intensity). This 

is consistent with alkylation on the N 2-exocyclic amino group, as was 

reported for the alkylationof poly(G) byanti-diol epoxide (Nakanishi 

etal) 130 ' 31  and syn-diol epoxide (Jenina etal.))32 
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Table 4 

Major Fragments Found for Pertrimethylsilyl(TMS)-P5 

m/z Elemental Composition Error (ppm) 

732.290461 C30H 1904N5 (TMS) 3  + 6.39 

650.242428 C25H 130 3N 5 (TMS) 3  - 2.28 

561.209929 C 25H 130 2N 5 (TMS) 2  +14.70 

518.211532 C 20H11 03 (TMS) 3  -2.62 

472.156874 C25H130N5(TMS) - 5.29 

428.165375 C 20H 1002 (TMS) 2  + 6.03 

356.121428 C20U11 02 (TMS) - 5.15 

355.142199 C20H120N(TMS) + 8.31 

223.088141 C5  H4  0N 5 (TMS) - 3.60 

The results of the HRMS study on P1- P7 are fully consistent with 

the double-label studies described at the beginning of this chapter: 

P3 and P5 are deoxyguanosine adducts, P6 and P7 are deoxyadenosine 

adducts, and P2 and P4 are deoxycytidine adducts. P1 and P4 (in addition 

to the deoxycytidine adduct) contain the two stereoisomeric tetra-

hydroxy-tetrahydrobenzo(a)pyrenes formed by hydrolysis of (+)anti- 

diol epoxide. Interpretation of the mass spectra fragmentation patterns 

is most consistent with binding to the exocyclic amino groups of 

guarilne (N 2 ) and adenine (N 6), while cytosine may involve 0 2 , N-3, or 

N4  alkylation. In the absence of NMR studies (requiring between 10 2  

and iO times as much material as could be obtained for the HRMS study), 

further structural assigrvients cannot be made. Model compound studies 

by Jerina et
.
al. 101  and Harvey etai 103. 	have shown that the reaction 

of nucleophiles (aniline, t-butanol, p-nitrophenol) with both syn and 
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antt-diol epoxides occurs exclusively at C-10 of,the hydrocarbon. The 

ratio of cis to trans addition at C-10 varies with conditions (trans 

usually predominates), but both products could be formed (for example, 

hydrolysis of (-i-)anti-diol epoxide at neutral pH gives both cis and 

trans addition products in a 55:45 ratio). The relationship between 

P2 and P4, P6 and P7, and P3 and P5 could involve cis/ trans stereo-

isomeric products (such isomerswould probably exhibit virtually 

identical fragmentation patterns at 70 eV), although evidence available 

at this time from other groups working with the two diol epoxides 

XXIVand XXV suggested an alternate explanation. The relationship between 

the stereoisomeric adduct pairs is explored in chapter 5. At this 

point the structures of the adducts P2 (P4), P5 (P3), and P7 (P6), 

could be represented as IV, II, and Hi, respectively (figure 10). 
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Experimental 

Adduct Formation and Isolation. Formation of microsomal enzyme-

activated BaP-DNA adducts was carried out as described in Chapter 2. 

Dtol epoxide-modified DNA was prepared by adding diol epoxide (12 nmol/ 

mg DNA) in 100 pL of dimethylsulfoxide to a solution of 100 mg calf thy-

mus DNA (Sigma Chemical Co.; St. Louis, Missouri) in 100 mL of 10mM 

phosphate buffer (pH 7.2) at 37 0 . After twenty-four hours, unbound diol 

epoxide and its hydrolysis products were removed by repeated extraction 

with ethyl acetate. The DNA solution was then made 0.2M in sodium 

chloride and heated for fifteen minutes with three volumes of ethanol. 

After cooling, the DNA was isolated by centrifugation at 14000 x g for 

thirty minutes. The isolated DNA was then redissolved in 100 mL of 0.2 

M sodium chloride and ethanol precipitated a second time. After cen-

trifugation, the DNA was lyopholized to remove all traces of ethanol. 

This procedure was successfully scaled down for working with as 

little as 100 iig of DNA. Both SV40 and qX174 viral DNA's were treated 

using this procedure. 

Enzymatic Hydrolysis. DNA samples were dissolved in .015 M 

sodium acetate buffer (pH 5.00) containing EDTA (2 mM). This solution 

was then incubated at 37 0  according to the following schedule (for 

100 mg DNA In 20 mL buffer). 
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Time (hours) 	 DNAase-II
* 	

phosphodiesterase-Il
* 

 

	

0 	 4000 units 	 - 

	

8 	 1 	 4000 units 	 - 

	

16 	 4000 units 	 20 units 

	

24 	 4000 units 	 20 units 

*DNAaSe_II (Deoxyribonuclease-Il, E.C.3.1.4.6) and phosphodiesterase-IT 

(E.C.3.1.4.18) were obtained from Sigma Chemical Co., St. Louis, Mo) 33  

After 36-40 hours, the pH of the solution was readjusted to 8.5 with 

0.1 M NaOH, and fifteen units of alkaline phosphatase (E.C.3.1.3.1; 

Sigma "type III") was added. This solution was incubated at 37 0  for 

six hours and then lyopholized to dryness. 

Chromatography. Large (50-100 mg) hydrolyzed DNA samples were 

chromatographed on a 2.5 x 40 cm column of Sephadex-LH20 (Pharmacia 

Fine Chemicals, Uppsala, Sweden), eluted with a linear gradient of 

.02 M NH4HCO3  (pH 8.2)-methanol. Fractions were sampled for the 

presence of 3H (in the case of 3H-labelled diol epoxide or benzo(a)-

pyrene) by scintillation counting in Aquasol-2 (New England Nuclear, 

Boston, Massachusetts). 

Small (0.1- 1.0 mg) hydrolyzed DNA samples were chromatographed 

on a micro-column (0.5 x 5 cm) of Sephadex LH20 by eluting with one 

column volume of .02 M NH 4HCO3  (pH 8.2) buffer, followed by two 

column volumes of methanol. Modified nucleoside residues were ob-

served to elute from the column with the methanol fraction. 

High pressure liquid chromatography (HPLC) was carried out on two 

4.1 mm x 30 cm i-Bondapak C 18  reverse phase cploumns (Waters Associates, 
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Milford, Massachusetts), using either a modified Varian Model 8500 

liquid chromatograph (Varian, Palo Alto, California) or a Waters 6000A 

solvent delivery system (Waters Associates, Milford, Massachusetts). 

Water-methanOl was used as aneluant, at a flow rate of 1 mi/mm. The 

column effluent was monitored for either absorbance (Schoeffel 770 

variable wavelength detector) or fluorescence (Schoeffel FS 970 fluores-

cence detector, Schoeffel Instruments, Westwood, New Jersey). The 

fluorescence detector incorporates an excitation monochromoter in con-

junction with a photomultiplier tube for detection. For compounds that 

contain a pyrene-like chromophore, the fluorescence detector (using 248 

nm for excitation and greater than 370 nm for detection) was found to 

be 100-1000 times more sensitive than absorbance at 254 nm. As little 

as 25-50 pg of material could be detected with this system. Column 

effluent was also monitored for 3  H or 14C by scintillation counting of 

fractions in Aquasol-2 (New England Nuclear, Boston, Massachusetts). At 

the specific activities available to us (1-10 Ci/mmol for 3H, 50 mCi/ 

mmol for 4C), fluorescence detection was approximately as sensitive 

as radioactivity. 

Labelled DNA Synthesis. 	DNA-polymerase I (E.C. 2.7.7.7) was 

obtained from either Boehringer-Mannheim (Indianapolis, Indiana) or by 

isolation from E. coli by the method of Kornberg (performed by Dr. 

Thomas Meehan and Vincent McGovern, Laboratory of Chemical Biodynamics, 

Lawrence Berkeley Laboratory). Synthesis mixtures contained (per 

mL) 66 imo1 of potassium phosphate buffer (pH 7-0), 66 pniol of 

MgC1 21  1 pniol of 2-mercaptoethanol, 50 m pmol each of dATP, dGTP, 

dCTP, and dTTP (one of which contained 3H, with a specific 



147 

activity of 10-30 Ci/mol), 30 m pmol of untreated calf thyrnus DNA, 

and six units of polymerase. The reaction mixture was incubated at 

370 and the extent of synthesis measured by removing aliquots and 

assaying for the production of acid-insoluble radioactive material by 

the method of Schildkraut etal.' 34  Unincorporated nucleoside tn-

phosphates were removed by dialysis, and the 3H-labelled DNA purified 

by isopropanol precipitation. Reactions with diol epoxides were carried 

out with approximately 100 ig of labelled DNA plus template. 

Chemical Derivatization Procedures. (a) Permethylation: a 

modification of the procedure originally developed by Hakamori was 

used. 22 ' 128  Two hundred mg of sodium hydride (1:1 oil dispersion) was 

washed exhaustively with dry ethyl ether, and then added to 8 mL of 

dimethylsuifoxide. This mixture was heated under argon at 65 0  for 

fifty minutes. The resulting honey-colored solution was approximately 

0.5 M in methyl sulfinyl carbonion, and was sufficiently stable to 

use over a period of 1-4 hours. This solution contains 5 x 10 molar 

equivalents of anion per ijL. The compound to be derivat.ized (0.1 -1.0 

pg) was dissolved in 40 pL of dimethylsulfoxide in a small (300 .iL) 

conical vial. Seventy molar equivalents of anion (i.e., approximately 

10 molar equivalents per exchangeable hydrogen in the compound) were 

added, the solution vortexed, and then approximately 70 molar equiva-

lents of methyl iodide (or d 3-methyl iodide) were added. The solution 

was again vortexed, and the reaction stopped after 60 - .90 seconds 

by the addition of 1 mL of water. The methylated product was extracted 

into 1 mL of chloroform, washed several times with water, and concen- 

trated to a final volume of 	5 pL. 
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Permethylated adducts were routinely analyzed by HPLC (using 

reverse phase columns) to confirm that a. single product was present 

before attempting to obtain a mass spectrum. 

(b) Pertrimethylsilylation: TMS derivatives of nucleosides and 

adducts were prepared by a modification of the procedure of Sj5val) 35  

The compound to be derivatized was treated with 1 niL of a 1:1 mixture 

of pyridine and trimethylsilyl imidazole (TSIM, Pierce Chemical Co., 

Rockford, Illinois) at 1000  for three hours. After cooling, the reaction 

mixture was applied to a 0.5 x 5 cm column of Lipidex 5000 (Packard 

Instruments, Warrenville, Illinois). The TMS-ether was eluted with 

cyclohexane containing 1% trimethylsilylchloride, and this solution 

concentrated to a final volume of 15 11. Per-TMS ethers are rapidly 

hydrolyzed when evaporated to dryness on a glass surface. 

Mass Spectrometry. Low resolution electron-impact mass spectra 

were obtained by direct insertion probe on either a duPont model 

21-492-1 mass spectrometer equipped with a model 21-094B data system, 

or on a Hitachi M52 mass spectrometer equipped with a non-commercial 

data system. High resolution electron impact mass spectra were ob-

tained on a modified Kratos/AEI-MS902 mass spectrometer interfaced 

with a LOGOS-Il/Xerox-Sigma 7 data systemJ 8 ' 9  This system auto-

matically assigns exact masses (dynamic resolution > M/iM 10,000) to 

all of the observed fragment peaks in amass spectrum and stores the 

data on disc or tape. Elemental compositions for each peak are then 

generated by computer for a given error tolerance. 
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Chapter 5: 	Stereoselective Binding of Proximate 

Carcinogens to DNA 

The complexity of DNA as a target nucleophile prompted specula-

tion about the maximum number of products that one would expect to 

observe in the reaction of (+) anti-diol epoxide with DNA. The problem 

is complicated somewhat by the different levels of asymmetry present 

In DNA. Each deoxyribose moiety contains an asymmetric center at C-i', 

and the Watson-Crick double helix has an overall right-handed twist) 36  

The synthetic diol epoxides used in the experiments described in chap-

ter 4 were synthesized as racemic mixtures, containing both the (+) 

and (-) enantiomers. Thus the reaction of a (+) diol epoxide with a 

nucleoside would be expected to result in two diastereomeric prodUcts, 

each having two asymmetric centers (C-i' of the sugar and the asymmetric 

substituted benzo(a)pyrene moiety) but differing from each other in 

one center only (the asymmetric substituted benzo(a)pyrene). In 

addition to this, the reaction in each case can proceed by cis or trans 

ring-opening of the epoxide at ClO of the hydrocarbon. In theory, 

then, each alkylation site on a purine or pyriniidine residue of DNA 

should result in four diastereomeric (and therefore chemically differ-

ent) products. In actual practice, however, not all products may 

actually be formed under a given set of experimental conditions. A 

number of investigators have studied the reactions of both syn and 

anti-diol epoxide with small nucleophiles such as t-butylthiolate, 

methoxide, p-nitrophenolate, and aniline101 103; 
 with such nucleo-

philes ring-opening of the epoxide was observed to be highly trans-

stereoselective. This suggests an SN 2  mechanism. In all cases addition 
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of the nucleophile occurs at C-10: 137  

1Ci1 	N u 	
Nu 

 

IN HO 	 HOtL,J,.iL..J 
OH 	 OH 

SN 1  appears to be the dominant mechanism for reaction with weaker nuc-

leophiles. Hydrolysis or methanolysis results in substantial amounts 

of cis ring-opened products for both the •syn and anti diol epoxides. 

It is evident that the ratio of cis to trans ring-opened products 

is dependent on solvent,pH, ionic strength, and the nature of the 

target nuc1eop.hi1e. 5  

The reactions of both the synj and anti-diol epoxides with a model 

nucleic acid, poly(G), have been studied extensively by Weinstein etal. 

and Jerina et al) 30 ' 32  In both cases the major product was observed 

to be a trans-substituted N 2-guanosine adduct: 

0 

HO 

HO 

Each reaction gave two major products, identified as adducts between 

the (+) and C-) diol epoxide enantiomers and guanosine (with its D-

ribose asyninetric center). One or two minor products were observed, 

and are believed to be the cis ring-opened products. 138  We decided to 
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repeat these experiments in order to verify that our HPLC system was 

capable of resolvingsuch closely related diastereomers. Figure 1 rep-

resents an HPLC fluorescence trace of the modified nucleosides derived 

from the reaction of (+) anti-diol epoxide with poly(G). Identical re-

suits were obtained with both hydrolysis by base and enzymatic (ribo-

nucleaseT 1 ) digestion. The circular dichroism (CD) spectra of the two 

major components (peaks 1 and 2) are also reproduced in figure 1; they 

are of approximately opposite and equal shape and intensity. This re-

lationship between the two CD traces was not entirely expected since 

the two products ( (+)anti-diol epoxide/ guanosine and (-)anti-diol 

epoxide/ guanosine) are diastereomers rather than enantiomers. The 

contribution of the enantiomeric substituted tetrahydrobenzo(a)pyrene 

moiety apparently dominates the CD spectrum, minimizing any contri-

bution from the D-ribose. Two minor components are evident in the HPLC 

profile, and probably correspond to the cis ring-opened products. 

We had observed six products in the reaction of (+) anti-diol 

epoxide with, native calf thymus DNA, referred to in chapter 4 as P2-

P7. These products were identified as two pairs each of deoxyguanosine, 

deoxyadenosine, and deoxycytidine adducts. The discussion above indi-

cates that we should 'observe four products per alkylation site: cis 

and trans (+)anti-diol epoxide/ nucl.eoside, and cis and trans (-)anti-

diol epoxide/ nucleoside. The ratio of trans to cis ring-opened pro-

ducts is difficult to predict, but the trans isomers would be expected 

to predominate. Alternatively, the ratio of trans to cis ring-opening 

could be determined by stereochemical effects prior to covalent 

binding (., intercalation). Thus the presence of cis ring-opened 

products cannot be ruled out solely on the basis of studies conducted 
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with model nucleophiles such as aniline. When increased levels of (+) 

diol epoxide are used to modify DNA, more products begin to appear. 

Figure 2 represents an HPLC trace of the modified riucleosides re-

covered from calf thymus DNA which was reacted with (+)anti-diol 

epoxide at a ratio of 2500 nmol/ mg of DNA. This results in a highly 

modified DNA (>1 hydrocarbon residue per 100 base pairs) that is 

somewhat difficult to degrade by enzymatic digestion; only about 40% 

of the diol epoxide-modified residues could be recovered as monomers. 

The original adducts (Pl-P7)obtained at low modification levels are 

marked on the trace In figure 2. Identifying all of the unknowns in 

this figure represents a formidable analytical challenge, as most pro-

ducts are available in sub-microgram quantities. 

In order to characterize the various products observed in figure 

2, we considered it essential to first identify which products in-

volved the (+) or (-) enantiomers of the anti-diol epoxide. Comparison 

of CD spectra for each peak was not entirely successful because of 

the difficulty in isolating products completely free of any contam-

inating materials. Also, some of the peaks represented in figure 2 

were later shown to contain more than one component. We therefor un-

dertook to resolve the enantiomers of the anti-diol epoxide and to 

react each separately with DNA. Yang and co-workers had previously 

shown that metabolism of benzo(a)pyrene to trans-7,8-dihydroxy-7,8-

dihydrobenzo(a)pyrene was stereospecific, resulting in exclusive 

formation of the single enantiomer (-)r-7,t-8-dihydroxy-7,8-dihydro 

benzo(a)pyrene. 139  The absolute configuration of this enantiomer was 

subsequently determined using the exciton chirality method developed 
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by Harada and .Nakanishi 140 

BaP 

HO 

OH (-.) 

- We therefore used. the method of Yang toresolve the (+) and(-) trans-

7,8-dio1s, 41  and then converted each separate diol enantiomer to the 

corresponding anti-diol epoxide enantiomer on a micro-scale (ca.1 mg). 

The racemic 7,8- diol was converted to a pair of diastereomeric esters 

by reaction with (-) menthoxy acetyl chloride. These were separated by 

HPLC (5ii silica, eluted with hexane-dichioromethane) and then hydro-

lyzed to free trans-diol enantiomers by reaction with sodium methoxide 

in methanol. Each enantiomeric diol was then converted to the (+) and 

C-) anti-diol epoxide, respectively. Yang etal) 42 , Weinstein 
	143 

and Jerina etal) 44  have independently assigned the absolute config-

urations of the anti-diol epoxide enantiomers, as shown below: 

nirr' 
HO 

OH 

(') anti 

(7R,8S, 9R,IOR) 

off r 
HO 

OH 

()anti 

(7S,8 R, 9 S,IO S) 
c' 

After synthesis, the resolved anti-diol epoxides were reacted 

separately with native DNA under standard reaction conditions (chapter 

4). The results of this study are outlined in figure 3: the top trace 

(a) represents the adducts obtained from the reaction of racemic (+) 
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anti.-diól epoxide with DNA, and the other two traces (b and c) repre-

sent the products obtained by reacting the (+) and  C-) enantiomers 

separately. Thus peaks 1,4,5,7, and 9 are derived from (.+) anti-diol 

epoxidé, and peaks 1,3,4,6, and 8 are derived from(-) anti-diol epox-

ide. Peak 6 is a minorproduct, and was not discussed in chapter 4. 

Peak 7 in figure 3. corresponds to P6 of chapter 4, and peak 8 corres-

ponds to P7. Peak 9 was not discussed in the experiments described in 

chapter 4, as it was usually a minor product compared to P6 or P7. 

Peaks I and 4 correspond to stereoisomeric 7,8,9,10-tetrahydroxy-7,8, 

9 1 10-tetrahydrobenzo(a)pyrenes (cis and trans ring-opening of the 

epoxide by water). The amount of material in peaks I and 4 varies 

according to the success of the isolation and purification of the 

modified DNA after reaction with diol epoxide (see Experimental). 

Peak 2 is a deoxycytidine adduct, and occurs in both enantiomer reac-

tions (b and c, figure .3); peak 4 also contains a small amount of 

deoxycytidine adduct (see chapter4). Peak 3 is a (-)anti-diol epoxide-

N2-deoxyguanosine adduct, and peak 5 is the corresponding (+)anti-

diol epoxide -N 2-deoxyguanosine diastereomer. Peaks 7 (P6 in chapter 

4) and 8 (P7 in chapter 4) are, respectively, (+) and  (-) anti-diol 

epoxIde-N 6-deoxyadenosine adducts. Peak 9, previously unidentified, 

was observed to have a high resolution mass spectrum (as a permethyl 

dertvative) identical to peaks 7 and 8, and is therefore identified 

as a (+)antj-diol epoxide-N 6-deoxyadenosine adduct.Peak 6, a rela-

tively minor component, had a mass spectrum similar to peaks 3 and 5, 

and probably corresponds to a (-)anti-diol epoxide-N 2-deoxyguanosine 

adduct (possibly a cis-N 2  adduct; positive identification of this 

product will be extremely difficult). The asymmetric shape of peak 8 
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in figure 3a and 3c suggested the presence of more than one component; 

when this peak was further resolved using HPLC in a recycle mode, 145  

lit resulted in two components that had identical field desorption 

mass spectra (see Appendix A). Peak 8 thus consists of at least two 

(...)anti-diol epoxide- N 6-deoxyadenosine adducts. 

In the absence of 1 H-NMR data, the positive identification of 

trans or cis ring-opened products must remain tentative. However, the 

combination of high resolution mass spectrometry, field desorption 

mass spectrometry (see Appendix A), and separate enantiomer reactions 

does allow overall identification of each adduct. On the basis of the 

model alkylation and poly(G) studies discussed above, it is reasonable 

to suggest that peaks 7 and 9 represent trans and cis N 6-deoxyadeno- 

sine/(+)anti-diol epoxide adducts, and that peak 8 contains the corres-

ponding (-)anti-diol epoxide diasterecmeric adducts. Three deoxyguano-

sine adducts (peaks 3,5, and 6) are observed; peaks 3 and 5 correspond 

to the major and, presumably trans addition products of (-) and  (+) 

anti-diol epoxide with the N 2-amino group of deoxyguanosine. Peak 6, 

derived from the (-) enantiomer, could correspond to either an exo-

cyclic amino cis addition product or to a guanine adduct with alkyla-

tion at some other site on the purine ring. Only two deoxycytidine 

adducts (peaks 2 and 4) were observed. The relative contributions of 

(4.) and (-) diol epoxide enantiomers to these two peaks is difficult 

to assess, as peak 4 also contains varying amounts of the tetraol 

hydrolysis product. 

A detailed comparison of the DNA adducts obtained from the micro-

somal activation of benzo(a)pyrene with those obtained from the reac-

tion of ()anti-diol epoxide with DNA indicates that peaks 2,3, and 8 
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are not present in the microsome-derived material. This Is consistent 

with the results of both Yang et al 
142  and Weinstein etal) 43 , who 

showed that metabolism of (-)r-7,t-8-dihydroxy-7,8-dihydrobenzO(a)-

pyrene by microsomal enzymes proceeds in a stereospecific fashion to 

generate the (+)anti-diol epoxide in high optical purity (>95%).. A 

complete analysis of the products derived from the microsomal activa-

tion of benzo(a)pyrene is complicated somewhat by the finding that 

small (<5% of total) amounts of (-)syn diol epoxide are also generated 

metabolically. 129 ' 146  The present resolution of our HPLC system does 

not allow complete separation of all of the expected diastereomeric 

products. Assuming a single alkylation site (., exocyclic amino 

group) for dG, dA, and dC, (+)anti-diol epoxide and (-)syn-diol epoxide 

would each generate six adducts for a total of 12, plus four tetraol 

hydrolysis products. If the optical selectivity of these enzymatic 

transformations is not 100%, then one would expect to observe small 

amounts of the 12 possible adducts derived from both (-)anti and (+) 

syn-diol epoxide (for a total of 24 diastereomeric adducts, and 4 

resolvable tetraol isomers). High levels of modification (>2500 nmol/ 

mg of DNA) would be necessary in order to isolate such minor products, 

and there is. evidence that other alkylated species besides the exo-

cyclic amino adducts are formed under these conditions. 147  It is not 

obvious that such a detailed analysis is either practical or desir-

able. Under physiological conditions binding to DNA occurs at the 

level of less than 1 in 10 base pairs, which probably limits the 

type and number of DNA adducts to the species observed in these 

studies. The possibility nevertheless exists that different types 

of adducts may have markedly different biological effects, and that 
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some previously undetected minor product is somehow responsible for 

major cytotoxic, niutagenic, or carcinogenic effects. The relevance of 

such speculation must await the outcome of experiments now in progress 

to study the effect of covalent adducts on cell cycle phenomena, growth, 

control, and DNA structure, function, and repair. 

A quantitative analysis of the amount of material present in 

each peak of figure 3a reveals an unexpected phenomenon, that of 

stereoselective binding of one enantiomeric diol epoxide over the 

other. In the reaction of (+)anti-diol epoxide with poly(G) (figure 

1), the trans-N 2  addition products are obtained in a 1 : 1 ratio (to 

wtthin 2%). The two minor components (probably corresponding to cis 

ring-opened products) also occur in a 1:1 ratio. The reaction of (+) 

anti-diolepoxide with DNA, however, does not appear to generate equal 

amounts of diastereomeric adduct pairs. This is most evident in corn-

paring peaks 3 and 5, which correspond to (-)anti-diol epoxide N 2- 

deoxyguanosine and (+)anti-dlol epoxide N 2-deoxyguanosine adducts, 

respectively (both are probably trans ring-opened products). The 

ratio of peak 5 to peak 3 (figure 3a) is approximately 20:1 at low 

modification levels (12nmol/ mg of DNA, resulting in one adduct per 

8000 base pairs). Recovery of bound 3H-diol epoxide as monomeric 

nucleoside adducts was >95%, based on radioactivity. This stereo-

selectivity in the preferential binding of enantiomers does not hold 

for ciA adducts (peaks 7,8, and 9 in figure 3), however. In all cases 

the ratio between (+) and  (-) anti-diol epoxide cIA adducts (7 + 9, 

8) was approximately 1:1. Figure 4 shows the structures of the trans 

addition products and their per cent distribution obtained by reac-

tion of racemic (+)anti-diol epoxide with native calf thymus DNA. 
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The same ratio of diastereomers was obtained by reaction of the re-

solved enantjomeri.c diol epoxides with native calf thymus DNA. The 

efficiency of binding to dA residues is the same for both enantiomers, 

but is 20:1 for dG residues. That is, when equimolar quantities of. 

resolved (-i-)  and (-) enantiomers of anti-dial epoxide are reacted 

with. native DNA under identical conditions, the (+) enantiomer be-

comes covalently bound to a much greater extent than does the (-) 

enanttomer (since 92% of the stable adducts are with dG residues). 

We initially postulated that the stereoselective binding could 

be the result of the hydrocarbons interacting asymmetrically with 

the secondary. structure of DNA. 148  This postulate was tested by 

reacting racemic (+) anti-diol epoxide with double and single- 

stranded X 174 DNA. The same distribution of stereoselective adducts 

of guanine was obtained with native calf thyrnus DNA (figure 3a) as 

with double-stranded cX 174 DNA (figure 5a). Reaction of racemic (+) 

anti-diol epoxide with single-stranded OX 174 DNA, however, resulted 

in a nearly equal distribution of hydrocarbon-deoxyguanosine dia-

stereomers (figure 5b, peaks 3 and5). In addition, reaction with 

the single-stranded polydeoxynucleotide resulted in a significantly 

Increased proportion of deoxyadenosine adducts. These same results 

were obtained with heat or base-denatured calf thymus DNA. The ratio 

of diastereomeric adducts with deoxyguanosine from the single-

stranded (denatured) calf thynius DNA was approximately 1:1, and the 

proportion of deoxyadenosine adducts was 40% as compared to ca. 8% 

In the double-stranded polydeoxynucleotide. 

Figure 6 represents an HPLC elution profile of the products 

obtained by reacting (+) anti-diol epoxide with the deoxytrinucleottde 
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d(CGC). The two diastereomeric trans-N 2  addition products with deoxy-

guanosine are formed in a 1:1 ratio. The two stereolsomeric tetraol 

hydrolysis products (corresponding to peaks 1 and 4 in figure 2) are 

larger than normal because the ethanol precipitation step used in re-

moving the last traces of non-covalently bound material was omitted 

(d(CGC) is ethanol-soluble). Preferential binding of one enantiomer 

thus appears to require at least a double-helical structure. 

These results demonstrated that the asymetrical binding of the 

two enantiomeric anti-diol epoxides to the exocyclic amino group of 

guanine in double-stranded DNA was dependent on the secondary struc-

ture of the polymer. One possible mechanism for the ability of DNA 

secondary structure to discriminate between enantiomeric molecules 

is. by stereoselective physical interactions (possibly intercalation) 

prior to covalent binding. Intercalation or some other physical inter-

action may readily occur with the (+) enantiomer but not with the 

mirror image hydrocarbon. Alternatively, the noncovalent interactions 

could "fix" the hydrocarbon so that only one configuration is in a 

favorable position to react with the exocyclic amino group of guanine. 

The following observations suggest that intercalation or some physical 

association between the BaP-diol epoxide and DNA takes place before 

covalent binding: (1) as with intercalation of BaP 49  or Actinomyc1n 150  

into DNA, binding of the diol epoxide occurs with a preference for 

guanine sites,. and (2) reaction with denatured DNA "randomizes" 

adduct formation (loss of stereoselectivity and increased adenine 

binding). We propose such an intercalation model to account for the 

stereoselective interaction between BaP-anti-diol epoxide and DNA. 
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The lack of any stereoselectivity In the covalent binding to adenine 

with either double or single-stranded DNA suggests that the reaction 

mechanism may be different from that of guanine binding. In the case 

of adenine binding, the, diol epoxide may react without any noncovalent 

interactions modulating the ratio of diastereomers that is produced. 

A correlation between DNA binding and tumorogenic or mutagenic 

activity has been reported for a series of polycyclic aromatic hydro-

carbons, as discussed in chapter 1. Wood etal) 51  have determined 

the differences in mutagenic activities of the (+) and  (-) anti-diol 

epoxides using a mammalian cell line and two bacterial tester strains. 

The differences in mutagenic activity between, the (+) and  (-) enantio-

mers in the mammalian cell line was of the same order as we found for 

the difference in the level of covalent binding to the N 2-guanine 

site in native DNA. In addition, Buening etal. have reported on 

the results of carcinogenicity testing of the enantiomeric anti and 

>-diol epoxides in newborn mice) 52  Of the four isomers ( (+) and 

(-)-dio1 epoxide, (+) and (-)anti-diol epoxide), the (+) anti 

configuration is the most effective at inducing pulmonary tumors, by 

a factor of greater than ten. Although many compounds induce pul-

monary, tumors in mice 153 ' 154  , the (+)anti-diol epoxide appears to 

be the most potent compound ever tested for the induction of pul-

monary tumors. Therefore, the extent of non-enzymatic, covalent 

binding of the (+)anti enantiomer to double-stranded DNA correlates 

with both mutagenic and tumorogenic activities. These results suggest 
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that, in addition to, metabolic factors, chemical and physical inter-

actions with DNA may be important in evaluating the biological potency 
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of aromatic hydrocarbons. The, regulation of gene expression usually 

involves specific protein-DNA interactions) 55  The results discussed 

here demonstrate the occurrence of highly selective binding between 

small organic molecules and DNA, and the possibility exists that this 	- 

type of interaction may also have a regulatory role In the normal 

functioning cell. 

One aspect of this problem that has not been addressed here is 

the difference in binding of diol epoxides to native DNA vs. chromatin, 

or protein-packaged DNA. Indirect in vivo experiments on the binding 

of benzo(a)pyrene to DNA in mouse epidermal cells have demonstrated 

that the major adduct is apparently the (.+)anti-diol epoxide N 2-

deoxyguanosine adduct, however. 146  The role of covalent binding to 

protein in expressing the biological effects of exposure to activated 

carcinogens remains an unknown factor. Anothercomplicating issue is 

the possible existence of stereoselective detoxifying enzymes; for 

example, the .(±) 	and (-)anti- diol epoxide enantiomers may be 

selectively destroyed in vivo by an as yet uncharacterized conjugating 

enzyme. Such an enzyme has not yet been discovered, despite an inten-

sive search. In contrast, Conney and co-workers have demonstrated that 

epoxide hydrase (the normal epoxide detoxifying enzyme) does not bind 

either the syn or anti-diol epoxides. 156 	 : 

.. ., 



Experimental 

DNA Modification and Isolation of Addücts. 	3H-labelled racemic 

(+)anti-diol epoxide or the resolved enantiomers were incubated with 

deproteinized calf thymus DNA at an initial concentration of 1 diol 

epoxide per 250 base pairs in 0.01 M sodium phosphate,pH 7.5, for 1 

hour at 370 Non-covalently bound hydrocarbon was removed by ethyl 

acetate extraction and repeated isopropanol precipitation of the DNA 

until zero time blanks contained <3 0/O' of the tritium of the incubated 

samples. Routinely, incubated samples resulted in a modified DNA of 

1 hydrocarbon per 8000 base pairs. The diol epoxide-treatedDNA was 

then converted to hydrocarbon-deoxynucl eos ides and deoxynucl eos ides 

by treatment with DNAase-II, spleen phosphodiesterase, and alkaline 

phosphatase as described in chapter 4. The hydrolyzed sample was 

applied to a Sephadex LH20 column and the free deoxynucleosides and 

enzymes eluted with water. Diol epoxide-modified nucleosides were 

quantitatively recovered with methanol and analyzed by HPLC as des-

cribed in chapter 4. 

Double-stranded (replicative) X 174 DNA and single-stranded 

(viral) iDX 174 DNA were purchased from Bethesda Research, Bethesda, 

Maryland. SV40 DNA (double-stranded, superhelical) was generously 

provided by H. Yokota, Laboratory of Chemical Biodynamics, Lawrence 

Berkeley Laboratory, Berkeley, California. d(CGC) was a product of 

Collaborative Research, Waltham, Massachusetts. Deproteinized calf 

thymus DNA was obtained from Sigma Chemical Co., St. Louis, Missouri. 

Denatured DNA's were prepared by heating a solution of DNA above the 

TM  and then quenching in ice water. 

1619 
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Resolution of anti-Diol Epoxide Enantiomers. 	Resolution of 

the diol epoxide enantiomers was accomplished by resolving (+)r-7,t-8-

dihydroxy-7,8-dihydrobenzo(a)pyrene by the method of Yang etal. 141 , 

and subsequent conversion of each enantiomeric diol to the correspond-

Ing anti-diol epoxide. 

£-Menthoxyacetic acid was prepared from (-) menthol according to 

the procedure of Leffler and Calkins. 157  

(-)- Menthoxyacetyl chloride: 158 	16 g of £nienthoxyacetic acid 

was placed in a 50 mL addition funnel, connected to a 100 mL flask 

containing 26 mL of thionyl chloride. The acid was added dropwise 

over a period of 20 minutes, and this mixture heated at 1000  for 17 

hours. Excess thionyl chloride was then removed by distillation, and 

the (-) menthoxyacetyl chloride distilled in vacuo  (117120°/ 3 	)• 

= -890  (lit. _8960) . 158  

trans-Dimenthoxyacetates of (+)r-7,t-8-dihydroxy-7,8-dihydrobenzo- 

(a)pyrene: 	were prepared by dissolving 310 mg of the (+)7,8-diol 

in 5 mL of dry pyridine plus 1 mL of (-) menthoxyacetyl chloride. The 

mixture was stirred for 20 hours, and then precipitated by the addition 

of ethyl ether. This material was dissolved in chloroform and washed 

with dilute HC1, dilute NaOH, and water. The solution was dried over 

K2CO3  and concentrated to a minimum volume. MS: Mt at m/z 678; also 

m/z 464(280), 268(1000), 252(510), and 239(490). 

The diastereomeric menthoxyacetates were separated by semi-

preparative HPLC using 10 11 silica gel (either 2.1 mm x 50 cm or 

9.2 m x 50 cm), eluted with dichloromethane- n-hexane. Figure 7 

represents an HPLC trace, demonstrating that separation of the two 

diastereomeric dimenthoxyacetates could be acheived. The separated 
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menthoxyacetates (ca. 10 mg of each) were then dissolved in 10 mL of 

THF plus 1 mL of methanol containing 10 mg of sodium methoxide. After 

10 minutes at 600  the reaction mixture was extracted with 30 mL of 

ethyl ether plus 40 mL water. The ether solution was washed with 

water, dried over K2CO3 , and concentrated to a minimum volume. The 

crude enantiomeric diols were then purified by semi-preparative HPLC 

on a Whatrnan 9.1 mm x 50 cm C 18  column (octadecylsilane, based on lOu 

silica gel), eluted with methanol-water. The isolated (+) and  (-) 

trans-r-7,t-8-dihydroxy-7,8-dihydrobenzo(a)pyrenes were approximately 

96% optically pure. Both enantiomers had identical mass spectra, and 

co-chromatographed with authentic racemic (+) trans-7,8-diol. 

5 (-)enantiomer = _4300 (lit. -432°); [a]g5 ()enantiomer = +4200 
 IQID  

(lit. +424°). Optical rotations and circular dichroism spectra were 

recorded on a non-commercial instrument. 159  

4. anti-Diol Epoxide Enantiomers ( (+) and (-) r-7,t-8-Dihydroxy-t-9, 

10-oxy-7,8,9,10-tetrahydrobenzo(a)pyrerie): 144 	Each enantiomeric 

diol was dissolved in 6 mL of THE containing 1.1 molar equivalents of 

100% m-chloroperbenzoic acid. Progress of the oxidation was monitored 

by observing the UV-absorption spectrum (disappearance of the 368 nm 

band and appearance of the 344 nm band). 20 mL of ethyl ether was 

added, and the reaction mixture washed successively with sodium sulfite, 

sodium bicarbonate, and water. After drying over K 2CO3 , the resolved 

enantiomers were redissolved in THF and the optical rotation measured: 

(+): +700  (lit. +720 ); (-): -630  (lit. _680).142144  MS: (di-TMS 

ether) identical to racemic (±) anti-diol epoxide (compound XXIV). The 

THF was then evaporated and the diol epoxlde enantiomers stored as a 

solution in dry DMSO at -70 0 . Yang et al) 42 	 ' 44  and Jerina etal.  



have determined the absolute configuration of the trans-7,8-diol 

(and therefore of the anti-diol epoxides) via the exciton chirality 

method: (+)anti-diol epoxide is (7R,8S,9R,10R) and (-)anti-diol 

epoxide is (7S,8R,9S,10S). 
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Chapter 6: Conclusions 

It is clear that our understanding of chemical carcinogenesis has 

undergone a conceptual revolution over the past ten years. Metabolic 

activation is now understood to be the key event that determines the 

biological activity of a vast number of different types of chemical 

structures. The susceptibility of a given tissue to a chemical car-

cinogen is determined by a number of factors, including transport, 

enzymatic activation and detoxification, and the presence or absence 

of repair systems that can respond to any damage inflicted by the 

chemical.'Both the chemical reactivity of the proximate or ultimate 

form of the carcinogen and the possible responses of the biological 

system to the carcinogen must be understood in detail in order to pre-

dict the effects of exposure on the integrity of the cell. 

The high mutagenic and carcinogenic activity of 7R,8S-dihydroxy-

9R,10R-epoxy-7,8,9,10-tetrahydrobenzo(a)pyrene (+ -anti-diol epoxide) 

appears to be due to a unique combination of chemical reactivity and 

imunity against detoxification by cellular enzymes. When arene oxides 

were first implicated in the biological activity of polycyclic arô-

matic hydrocarbons, there was a bias on the part of investigators to 

stress the chemical reactivity of possible metabolites. For example, 

various K-region epoxides were synthesized and shown to be both 

mutagenic and capable of initiating cell transformation in vitro. 160  

Itis now believed that these K-region oxides are not involved in 

either mutagenesis or cell transformation in most mammalian systems 

173 

because of the existence of efficient detoxification pathways such as 

epoxide hydrase or gl.utathione-S-epoxide tránsferase. 62  When attempting 
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to evaluate the reactivity of a potential Hultimateu  carcinogen, the 

possible existence of enzymatic detoxification schemes must also be 

considered. Chemical reactivity per se is not indicative of biological 

activity. 

The best evidence to date indicates that the anti- and y- diol 

epoxides are formed in a ratio of about 9:1 in viva.' 39 ' 146  Both are 

formed metabolically with high optical purity, as the (-i-) anti and (-) 

yji enantiomers. In a purely chemical sense there is not a great deal 

of difference between them. When the diol epoxides were first proposed 

as possible metabolites of benzo(a)pyrene, a great deal of theorizing 

about the differences between the two isomers found its way into the 

literature. Both Hulbert 16  and Jerina 98  postulated that the synj isomer 

should be more reactive chemically, and therefore more reactive bio-

logically. This idea was based on the hypothesis that transannular 

hydrogen bonding between the oxide ring and the 7-hydoxyl group in 

the .ia isomer would lead to anchimeric assistance of attack at C-b 

by target nucleophiles. Initial kinetic and conformational ( 1 H-NMR) 

studies supported this hypothesis: the syn isomer was observed to be 

more reactive than the anti isomer with thiolate anion 98 , and the 

half-life for hydrolysis of the syn isomer in aqueous buffers was 

noticeably shorter than that of anti-diol epoxide. Data from biological 

systems has been more difficult to interpret. Initial studies with 

bacterial mutagenesis systems showed the syn isomer to be more active 

than the anti isomer. 162  Mutagénesis systems based on eukaryotic cell 

lines, however, show the reverse: (+) anti-diol epoxide was a more 

efficient mutagen than the syn isomer in Chinese hamster V79 cells 

(assaying for the presence of HGPRT enzyme via resistance to 
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8-azaguanine). 163 ' 164  Inhibition of infectivity of QBRNA phage has 

also been found to be more effective with the anti-diol epoxide than 

with the syn isomer. 165  Kinetic studies have shown that the yji-diol 

epoxide is not detoxified by hydrolysis at a sufficiently greater 

rate than the anti isomer to account for these differences in bio-

logical activity)' 5  The (+) anti-diol epoxide enantiomer is clearly 

the most active (more than ten times as active as either syn enantiomer) 

compound of all known benzo(a)pyrene metabolites in inducing pulmonary 

tumors. 152  This observation, along with the fact that it is formed to 

a much greater extent than is the syn isomer, justifies the decision 

to concentrate research efforts on it. The (+) anti-diol epoxide is 

now considered to be the prototype "ultimate carcinogen", and a great 

deal of research effort is being devoted to studying the effects of 

thischemica1 on biological systems. 

Generality of the Diol Epoxide Pathway: 

Jerina has attempted to generalize what is known about benzo(a)-

pyrene.activation to explain the biological activity of other poly-

cyclic aromatic hydrocarbons.' 66  This has been termed the "bay region" 

theory, and proposes that the carcinogenicity of PAH's results from 

metabolic formation of reactive benzo-ring diol epoxides in which the 

epoxide ring is situated near the "bay" region (ie., the 1,2 bond of 

a phenanthrene-type ring system) of the hydrocarbon: 

1\0 	
3 

805 



The generality of this concept is now being tested by a number of 

researchers; there is good evidence that both substituted benzo(a) 

anthracenes 167  and 3-methylcholanthrene168  are activated via such 

diol epoxide-type structures: 
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It is not clear that any real conceptual breakthrough is attained by 

gathering these observations into a generalized "bay region" theory, 

however. The key events are still metabolic activation and covalent 

binding to informational macromolecules, as first hypothesized by the 

Miller's in the 1960's. 23  The reactivity of the benzo(a)pyrene diol 

epoxides is readily explained by the high stability afforded a car-

bonium ion at the benzylic C-10 position via interaction with the 

pyrene aromatic system: 

a69 
Molecular orbital calculations support this idea; they also predict 

that an epoxide at the 7,8-position should be relatively unreactive) 56  

Simple HMO calculations predict that the 6a position of the tetrahydro- 
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benzo(a)pyrene system corresponds to a nodal plane in the highest 

occupied molecular orbital for pyrene,resulting in no net stabili-

zation for a carbocation at C-7: 

Thus 7,8-epoxy-7,8,9,10-tetrahydrobenzo(a)pyrene and the corresponding 

9,10-dihydroxy-7,8-epoxy-7,8,9,10-tetrahydrobenzo(a)pyrene isomers are 

chemically unreactive (compared to the 7,8-dihydroxy-9,10-epoxides) as 

well as biologically inactive. 156 ' 169  The dihydroxyl functionality in 

the syn and anti-diol epoxides is not required for reactivity, as was 

demonstrated by the fact that 9,10-epoxy-7,8,9,10-tetrahydrobenzo(a)-

pyrene is a potent mutagen) 56  The trans-diols do, however, influence 

solubility and non-covalent interactions with macromolecules, and are 

probably important jn modulating the effects of the compound in vivo. 

It is clear that many other types of structures besides diol epoxides 

can be mutagenic or carcinogenic, however. There is some evidence that 

9-hydroxybenzo(a)pyrene can be metabolized to a 9-hydroxy-4,5-epóxy- 

4,5-dihydrobenzo(a)pyrene structure that is both mutagenic and capable 

of binding to DNA in vitro 170 ; many K-region oxides are mutagenic and 

capable of inducing in vitro cell transformation when epoxide hydrase 

Is inactivated with inhibitors. such as 1,1 ,1-trichloropropylene 

oxide1. 71 ' 172  

The most general (and probably most useful) conceptual framework 
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for predicting the activity of a chemical carcinogen is that, depending 

on the mix of activating and detoxifying enzymes present, a number of 

electrophilic alkylating species can be formed. If one of these 

metabolites has the proper reactivity (ie., reactive enough to be an 

efficient alkylating agent, but not so reactive that it solvolyzes 

instantly), then it probably will be cytotoxic, mutagenic, and 

possible tumorogenic. Bruice 173  and others 174  have attempted to define 

those structural features of epoxides that determine the proper chem-

ical reactivity for biological activity to be present, but the actual 

activity of any hypothetical structure can always be modulated by the 

presence of an appropriate hydrating or conjugating enzyme. 

The extreme complexity of enzymatic activation and detoxification 

cannot be overemphasized. M.J. Coon etal. and Lu et al. have been able 

to demonstrate that rabbit liver P-448 mono-oxygenase actually consists 

of at least seven different isoenzymes, each with a different prefer-

ence for epoxidation at a particular site on benzo(a)pyrene. 175 ' 176  

Thus some isoenzynies preferentially epoxidize the K-region, while 

others are more efficient at secondary metabolism ,(ie., diol + diol 

epoxide). The isoenzymes are also inducible to different, extents by 

different inducers, and the number and type of possible isoenzymes 

appears to be under complex genetic control. 177  Given the perversity 

of nature, one can assume that the same situation will hold for other 

hydrolyzing and conjugating enzymes, resulting in an almost infinite 

number of possible responses by a given cell when challenged by a pre-

carcinogen. This situationis further complicated by factors that will 

not be discussed here, such as DNA repair178 , promotion 179 , and co-

carcinogenesis. 180 
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The causal relationship between covalent binding to macro-

molecules and cell transformation can best be described as a total un-

known. The mutational model of carcinogenesis is appealing because of 

its simplicity, and because of the very good correlation one finds be-

tween biological activity and covalent interactions with DNA by acti-

vated chemical carcinogens. The specific nature of the mutational 

event(s) that leads to loss of growth control is at this point not un-

derstood. (Indeed, the details of cellular growth control are so poorly 

understood that we do not know exactly what questions to ask) The 

binding of a molecule such as (-F) anti-diol epoxide to DNA would be 

expected to have drastic effects on structure and function. Stable, 

covalent adducts such as the N 2-guanine or N 6-adenine structures will 

at the minimum cause local disruption in helix stability (leading to 

denaturation or "loopouts") and interfere with gene expression and 

replication) 81 ' 182  In addition to covalent adducts, (+)anti-diol 

epoxide can also cause single-strand breaks in DNA either by reacting 

with the phosphate groups or by a depurination mechanism with consequent 

formation of alkali-labile sites) 83  Given the large number of dif-

ferént types of DNA-carcinogen adducts that have been reported to date, 

it is likely that a mutiplicity of sites is involved in the biological 

activities of chemical carcinogens. The relative frequencies of simple 

mutational events and events that lead to cell transformation are not 

known at this time,although the development of combined mutation/ 

transformation assays should provide answers to this question. 35  It is 

safe to state that we are along way from, understanding in any kind of 

detail the molecular events in a cell that lead to loss of growth 
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control. Nevertheless, the somewhat remarkable correlation between 

biological activity and DNA-binding for the (+)anti-diol epoxide and 

its isomers must have some biochemical basis. Future research on chem-

ical carcinogenesis must now concentrate on the functional conse-

quences of the covalent interactions between molecules such as (+)anti-

diol epoxide and nucleic acids. 

Perhaps the most significant impact that research on chemical car-

cinogenesis has had is in the development of cheap, rapid assays for 

carcinogens. By using a cell extract containing the necessary acti-

vating and detoxifying enzymes, it is not necessary to know the exact 

structures or metabolic pathways involved before one can ask whether 

or not a potential metabolite of a compound is mutagenic or tumoro-

genic; one can use the undefined enzyme cocktail and monitor the forn-

ation of mutagens with the appropriate tester cells. Cairns has noted 

that the development of these mutagenesis and transformation assays 

seems to be the first practical application of molecular biology to 

human affairs)84 
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Appendix A 

Analysis of (+) anti-Diol Epoxide-DNA Adducts 

by Field Desorption Mass Spectrometry 

As described in chapters 4.and 5, the high polarity and extreme 

thermal lability of the diol epoxide-DNA adducts necessitated the use 

of chemical derivatization (permethylation or persilylation) prior to 

analysis by conventional electron impact mass spectrometry. We there-

fore undertook an investigation of the use of a relatively new ioniza-. 

tion technique, field desorption (FD), in analyzing structures of this 

type. This investigation was pursued in collaboration with Dr. A.L. 

Burlingame of the National Biomedical Mass Spectrometry Resource, 

University of California, Berkeley. 

Conventional electron impact (El) and chemical ionization (CI) 

techniques rely on simple heating under high vacuum to effect volatiza-

tion of the compound under study, followed by ionization in the gas 

phase. This technique does not work with the polar, thermally labile 

structures which are often of interest to biological researchers; hence 

the use of chemical derivatization. Rapid heating techniques (ca. lO 

deg.sec.), while showing some promise, do not have the requisite 

reproducibility or sensitivity for use with unknowns which are avail-

$ 	 able in submicrogram quantities. In field desorption, ionized sample 

molecules are produced directly from the solid sample by application 

of a high electric field. The ionized sample molecules are typically 

produced with very low internal energy, so that the bulk of the ion 

current is carried by molecular (M or quasi-molecular (M + H+) ions. 
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Field desorption mass spectrometryis thus the technique of choice for 

obtaining molecular weight information on polar, labile structures. 

The mechanism(s) of field desorption is currently a matter of 

some dispute. An analogy is usually made with field ionization, where 

gas phase molecules are ionized by passage through an intense electric 

field (ca. lO V cm) near a clean metal surface. 1  The potential energy 

diagrams in figure 1 define the parameters involved in field ionization. 

The potential energy of the valence electron of a hydrogen atom is 

represented in figure la as a function of distance from an ideally 

smooth metal surface. At regions r>O, a perfect vacuum exists. The 

conduction band of the metal is filled with electrons up to the Fermi 

level p. An amount of energy equal to the work function must be 

transferred to an electron at the Fermi level in order to remove it 

from the metal to infinity. Figure la represents the electronic ground 

state of the valence electron of a hydrogen atom at a distance d from 

the metal, surface. In order to remove the valence electron to an in-

finitely large, positive value of r, an ionization energy I must be 

applied to it. In the presence of an electric field V f . the potential 

energy due to the electric field (eFr) must be superimposed on that of 

the atom. The resulting potential well for the valence electron is 

indicated in figure lb. At a certain minimum distance from the metal 

surface, the energy level of the valence electron of the hydrogen atom 

is raised to the Fermi level p by the external field. Under these con-

ditions the potential energy barrier between the hydrogen atom and the 

metal surface has a width of a few electron volts, and there exists a 

finite probability that the valence electron can tunnel from the 

hydrogen atom into the metal. The resulting ion H+  can then be focussed 
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Figure 	: 	Pot èntial energy diogrom for field desorption1 
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and analyzed in a conventional magnetic sector mass spectrometer. 

With much higher electric fields (ca. 10 8  V cm), atoms or 

molecules present in an adsorbed layer on the anode can be ionized 

directly to form gas phase ions. This process is termed "field desorp-

tion". In order to achieve a high electric field gradient, advantageF  

is made of the local field enhancement that takes place in the vicinity 

of sharp edges or tips. The growth of such microneedles onto field 

anodes is called "activation"; conventional activated field emitters 

are made by growing microneedles from benzonitrile onto a 10 micron 

diameter tungsten wire at high temperature (ca. 10000)  in the presence 

of an electric field. 2  This results in the tungsten wire being coated 

with a dense growth of "whisker" needles, normally between 20 and 40 

microns in length. The sample is then applied to this wire as a 

solution containing 0.1- 1.0 pg. The sample-coated field anode is 

then placed in the FD ion source of the mass spectrometer, and a poten-

tial of +12 kV relative to an extractor electrode is applied to. the 

anode. Under these conditions an ion beam composed of either M*  or 

(M + H) is formed, which can then be focussed and analyzed in •the 

same fashion as an ion beam formed by conventional electron-impact or 

chemical ionization. In actual practice, the field anode must also be 

heated by passing a small current (0- 20 mA) through the tungsten 

wire. A given sample will usually desorb at a characteristic current, 

termed the "best emitter temperature", or BET. Also, cationized 

molecules (M + Na+) and cluster ions (M + MH+, M + 2Na+) are sometimes 

observed. These effects are not predicted by the simple electron-tun-

nelling mechanism outlined above, and researchers have attempted to 

develop more comprehensive theories of field desorption involving 
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effects such as electrophilic attack by cations (Na+,  etc.) or protons, 

proton or electron transfer reactions, and ion pair formation and 

separation that can take place under high field conditions. 3 ' 4  The 

actual role of the electric field is thus complicated, and probably 

involves several different mechanisms of ionization which can occur 

simultaneously. 

The HPLC fractions pl-p7 as well as peaks 8 and 9 (figure 2) were 

analyzed using this technique, giving the results listed in Table 1. 

As indicated, all adducts whose structures had been derived by high 

resolution mass spectrometry of chemically derivatized samples gave 

the expected molecular ions, as well as cationized molecular ions 

(M + Nat ) at higher emitter temperatures. In addition, fragment ions 

corresponding to loss of the deoxyribose moiety (M- 117) were sometimes 

observed. Of particular interest were the results on fractions that 

had not been previously analyzed because of the small quantities of 

material (<1 pg) available. Thus peak 6 yielded ions at m/z 569, 592, 

and 453, confirming its identity as a deoxyguanosine adduct. Peak 9 

and the two components of peak 8 (separated by recycle HPLC) gave ions 

at m/z 576,553, and 458, confirming their identity as deoxyadenosine 

adducts. The first peak in figure 2, peak la, gave ions at m/z 529 as 

well as higher molecular weight species at m/z 750- 900. These higher 

molecular weight adducts apparently correspond to dial epoxide-

modified dinucleotides that were not completely hydrolyzed by the 

enzymatic digestion to monomeric units. The relatively large peakwidth 

and assymetric shape of peak la are indicative of the presence of 

several unresolved components. 
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Table 1. 	FD/MS on monomeric diol epoxide-DNA adducts 	 I 
Peak # 
(figure 2) 

m/z identity 

1a 529, >750 deoxycytidine adduct plus 
modified oligonucleotides 

1 320 tetrahydroxy-tetrahydro- 
benzo(a)pyrene 

2 529,552 deoxycytidine adduct 

3 569, 592 deoxyguanosine adduct 

4 529, 552, 320 deoxycytidine adduct, 
plus tetrahydroxy-tetra- 
hydrobenzo(a)pyrene 

5 569, 592 deoxyguanosine adduct 

6 569, 592 deoxyguanosine adduct 

7 .553, 576 deoxyadenosine adduct 

8a, 8b 553, 576 deoxyadenosine adduct 

9 553, 576 deoxyadenosine adduct 

Field Desorptior,/ Collision-Induced Dissociation (FD/CID) Mass 

Spectrometry: - 

The absence of significant fragmentation observed in the FD mass 

spectra of fractions 1- 9 (above) is advantageous for molecular weight 

analysis, but gives little information about structure. We therefore 

investigated the use of a collisional activation chamber to raise the 

internal energy of field-desorbed ions and induce unimolecular decom-

positions prior to mass analysis. Figure 3 is a schematic representation 

of, the instrument configuration; a modified Kratos/AEI MS-902 equipped 

with a combined FD/EI ion source was used. Helium gas was admitted to 

the El chamber of the source through a capillary leak; field-desorbed 

ions traversing this region undergo collision with the helium and 

convert a portion of their translational energy (8 kV) into internal 
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(electronic) energy. 5  In addition to this, a linked scan of the elec-

tric and magnetic sectors of the instrument was employed in order to 

observe the collisionally-induced metastable species. Scanning both 

sectors so that, the ratio of B/E remains constant allows the observation 

of all daughter ions 4 formed from 	in the first field-free region 

of the instrument. 6  This is easily derived by examining the conditions 

for transmission of an ion 	at velocity v 1  by the electric (E) and 

magnetic (B) sectors: 

	

M1v 	
eE 	 M 1v = ev B 

	

R 	1 	 r 

For the unimolecular decomposition M -'- 	+ m3  , the kinetic energy 

of M.wi1l be partitioned according to the ratio of m 2 and m3  to M 1 ; 

m 2  will therefore have velocity v 1
1 

Ion m 2  will therefore be trans-

mitted by the electric sector when 

m2  

E 2 = (i) E 1  

and by the magnetic sector when 

B2 =(-1 ) B 1 . 

4 	 + 
By tuning the instrument to transmit mass 	and then scanning both 

E and B in a constant ratio, all of the daughter ions derived from 

will be observed. This B/E scan is particularly interesting when used 

for FD mass spectrometry, since it assures that observed ions are 
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related to one another. For example, if the ion at m/z 453 in the FD 

spectrum of the deoxyguanosine adduct p5 was not observed in a B/E 

scan, then it is likely that it represents an additional component 

of mass 453 in the HPLC fraction. As figure 4a demonstrates, however, 

this ion is observed in a linked scan from mass 569, and therefore is 

derived by unimolecular decomposition from mass 569. Linked scanning 

should prove invaluable in the mass spectrometric analysis of mixtures, 

since fragment ions could be easily distinguished from ions due to 

different components. 

Figure 4b represents a nominal mass plot of the fragments generated 

from mass 569 (M*  for the deoxyguanosine adduct, p5) by collision-

induced dissociation. The observed fragments are similar to those ob-

tained by. electron-impact mass spectrometry on the permethylated 

adducts (see chapter 4). Figure 5 represents a schematic fragmentation 

pathway to account for these ions. The observed species are consistent 

with the assigned structure. 

These results confirm the feasibility of using a field desorption 

ion source coupled with a collisional activation cell to analyze 

highly polar, thermally labile compounds without prior chemical deriva-

tization. The use of linked scanning techniques allows the observation 

of fragment ions produced from a particular precursor ion without 

interference from other molecular weight species present in the 

mixture. The high sensitivity of the technique (sample requirements 

are 0.1- 1.0 3.zg ) should allow direct analysis of metabolites and 

7  macromolecule adducts obtained from in vivo experiments. 
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