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SUMMARY
. Properties of six chloroethylenes which could serve as indicators of ther
relative metabolic behavior and carcinogenic activity have been calculated
using Modified Neglect of Diatomic Overlap (MNDO), a semiempirical, all N
valence electron, molecular orbital method. Possible pathways of trans- %
formationn of parent compounds to acylchlorides, chloroaldehydes and =

epoxides — their putlative ultimate carcinogens — were considered, and heats
"of formation and relative stabilities of intermediates were calculated. Our
results indicate that carbonyl compounds could be formed with and without
the intermediacy of cpoxides, suggesting the possibility of more thian cne
pathway in activation of parent compounds. Electronic properties of
carbonyl products and epoxide carbocations, putative ultimate carcinogens
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g 2 which could serve as indicators of their relative electrophilicities, were also
= calculated. The results oblained indicated that the relative extent of meta-
- bolism to carbonyl products, rather than their electrophilicity, is a Jetermi-
2:3 . nant of the relative carcinogenic activity of the parent compound. D{ the
— < various thermodynamic criteria investigated, four were found to ve indi-
= .‘.'"; cators of both relative metabolic behavior and carcinogenic activity.
B o T

i
—
~
=

23304d 9q Aew {epsiew sy

-
T

r""] r

Abbreviations: LUMO, lowest unoccupied molecular orbltal; MNT-O, Modified Neglect
of Diatomic Overlap; UHF, Unrestricted Hartree-Fock.
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INTRODUCTION

The ethylene chlorides are widely used in industry as degreasers, solvents
and cleaning fluids. Recent interest in these compounds has been generated
by the observations that vinyl chloride and some of its analogs cause cancer
in laboratory animals {1-—-3]. Vinyl chloride is potentially harmful to
humans as well. Studics of workers who handle vinyl chloride have shown
serious increase in expected tumor incidence and mortality [4,5]. Also of
significance is the finding that these compounds fail in thc Ames muta-
genicity test, This test shows the ethylene chlorides to be only weakly muta-
genic even though they are carcinogens {G].

Rescarck on vinyl chloride (monochlorocthylene) has shown that, like
many carcinogens, it does not directly cause cancer. Instead, it is meta-
bolized to reactive electrophilic intermediates which act as the ultimate
carcinogens [7). This has been found to be true for the more highly chlori-
nated ethylenes as well [B].

Despite extensive studics of two prototype compounds, vinyl chloride
and vinylidene chloride (1,1-dichlorocthylenc), many questions regarding the
mode of action of halocthylenes as chemical carcinogens and the properties
which determine their relative activily remain unresolved, For example, it is
not clear whether epoxides or acylehlorides and chloroaldehydes are the
ultimate carcinogens. In addition, the mode of formation of chloroaldehydes
and acylchlorides from parent compounds and the involvement of the
epoxides us intermediates are not clear, Finally, the relative importance of
metabolism and reactivity of ultimate carcinegens with tissue macromolecules
in determining carcinogenic activity of parent compounds has not been
established. :

In this study we have used the techniques of theoretical chemistry to
investigate properties of the six ethylene chloride compounds and their
intermediates which could be reliable indicators of their extent of biotrans.
formation to active carcincgens and of the ease of adduct formation of the
putative ultimate carcinogen with nucleic acid components, Because these
compounds require biotrans{ormation to reactive ultimate carcinogens, these
two types of properties should be important in determining the relative
carcinogenic potency of the parent compounds. If such properties could be
identified and calculated, they would serve two purposes: (1) further
elucidation of the mechanism of chemical carcinogenicity of unsaturated
aliphatic halohydrocarbons; (2) provide a basis for development of a rapiu
screening procedure for predicting at least the presence or absence of aclivity
in unknown compounds of this type.

In previous work we have performed such mechanistic structure-activity
studies of polyeyclic aromatic hydrocarbons and their amine and methyl
derivatives and were able to identify reliable molecular indicators of relative
metabolismn and carcinogenie activity [9]. The sclection of such indicators
was based on existing knowledge of the mechanisms of bictransformations,
leading to the ultimate carcinogens in a given class of compounds and of the
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interactions of the ultimate carcinogens with tissue macromolecules that
could lead to carcinoma, ‘

While there are many unknown aspects of the transformation of unsatu-
rated halohydrocarbens to their active forms and the role of competing
detoxification pathways, direct evidence for the involvement of cytochrome
P-450 in the oxidation of viny! chloride and vinylidene chloride is substantial
{10—13}. Less is known about the more highly chlorinated ethylenes and
the role of P-450 here can only be inferred. Indirect evidence, however,
supports this hypothesis [14-—16].

As shown in Fig. 1, the first step in enzymatic transformation of the
chloroethylenes is generally thought to be oxidation by cytochrome P-450
by asymmetric addition of a radical oxene species to the carbon-carbon
donble bond of the substrate [17,18]. A radicai mechanism is favored by
studies of isotope effects on rates of reaction [19] and by the ‘suicide sub-
strate’ action of vinyl chloride. During the biotransformation of vinyl
chloride by P-450, a reactive species is formed that can react with the heme
group and destroy the enzyme [20]. A radical intermediate can potentially
cause this destruction. This ‘suicide substrate' action is also suspected for
other chloroethylenes [21]. Our own previous mechanistic studies a'so favor
a radical mechanism [22,23].

The biradical formed can then cither isomerize by H or C! atom shifts,
forming stable acylchlorides and aldchydes or ring close to form an epaxide.
Further, if the cpoxides are exposed to agueous environment, there is .trong
evidence that they isomerize to acylchlorides and chloroaldehydes by 1 and
Cl” 1,2 shifts [24].
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Fig. 1. Schematic summary of metabolism of chloroethyienes.
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Alternatively, epoxides can undergo enzymatic or non-enzymatic hydroly.
sis. Some evidence for hydrolysis products of trichloroethylene and tetra-
chloroethylene epoxide exist; chloral hydrate has been reported as a
metabolic product of trichloroethylene and oxalic acid as the tetrachloro-
ethylene metabolite [12,14,25]. However, the relative amounts of these
products and whether their formation is a direct result of hydrolysis is
uncertain,

Finally, other enzymes such as glutathione S-transferase have been impli-
cated in either activation or detoxification processes (26—28] involving
epoxide or carbonyl compounds, but evidence for their involvement is
much less clear than that for P-1b0. Oxidation and reduction of the
aldehydes to aleohols and acids are known to occur [29Y and these products
arc among the major metabolites found. '

There is substantial evidence that the ultimate carcinogens are the acyl-
chlorides or aldehydes [20,30--32]. However, the epoxides have also been
implicated [20,30—32}. Both the chlorocpoxides and aldehydes are
electrophilic enough to form adducts with nucleophilie sites of DNA, and
evidence for such adducts comes from extensive in vitro and in vivo studies
with vinyl chloride [30,51,33,34]. Two types of DNA adducts, shown in
Fig. 2, have been identified, Type 1 fromin vitro and in vivo studies with vinyl
chloride and DNA from a variety of species [29—31] and Type 2 most
recently found in animals exposed to vinyl chloride [34]. As shown in
Fig. 2, the nature of these adducls provides direct evidence that chloro
aldehyde is the adduct-forming metabolite, However, as also shown in this
figure, the Ng-adduct 2 could also be formed by a carbocation of the
epoxide which attacks N, with loss of HC! from the adjacent carbon. If
formation of such adducts is mmportant in tumor formation, then acyl-
chlorides and chloroaldehydes are likely active forms of cthylene chlorides,
with or without the intermediacy of epoxides.

It should be pointed out that DNA alkylation is not the only proposed
mechanism for chemical carcinogenesis. One proposed alternative is an
‘epigenetic’ mechanism. According o this hypothesis, widespread atkylation
of macromolecules by the reactive intermediates causes destruction of tissue.
The increased DNA synthesis required to make new tissuc would be
accompanied by an increase in spontanecous mutations and thus an ncreast
in tumor formation [35]., While some recc * evidence favours this mecha-
nism for tetrachloroethylene [35], more work is needed to establish its
relevance. In general the bulk of evidence points 1o a more specific effect
on tissue macromolecules involving an electrophilic intermediate as the
ultimate carcinogen, a criterion which is fulfilled by the chloroepoxide or
carbonyl products.

Table I presents a summary of the relevant metabolic data. For all
chloroethylenes, the oxidized and veduced products of the chloroacetal
dehyde and chloroacetylchloride derivatives have been identified as
metabolites. There have been no in vivo studies done involving identification
ol metabolites of cws- and trans-1,2-dichlorocthylene. However, preliminary
studies on perfused rat livers show small amounts of dichloroacetic acid
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Fig. 2. ldentified adducts of vinyl chloride metabolites with adenosine and guanosine.
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produced [24]. Table I also shows percentage unchanged parent compo_und
recovered after in vivo metabolism. The values shown are from a variety
of studies [16,24,26,27,36—42]. From the diverse studies reported, the
percentage of unchanged parent compound appears to dcponfi on fgctors
such as dose, species of animal used and perhaps route of admlmstrauon.as
well as details of methodology. There were gaps in many of these studies
and only one investigated all six parent compounds [36]. ‘

The results of all these studies indicate that the extent 0.1' metabolism
decreases generally with increasing degree of halogen substitution, The rank
order of metabolism is: vinyl chloride ~ vinylidene chloride > trans-1,2-
dichloroethylene ~ cis-dichlorocthylene > trichloroethylene > tetrac‘hlorc»
ethylene, with one inhalation study in rats [36] allowing us to place cis- and
trans-1,2-dichloroethylene in this rank order.

Quantitative conclusions about the carcinogenic potency of these com-
pounds cannot be made at this time due to lack of available daga. Data
available in the literature allows formulation of, at best, a tentative rank
order of carcinogenic potency : vinyl chloride > vinylidene chlondz > tetra-
chloroethylene > trichloroethylene, with not enough information available
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TABLE

SUMMARY OF THE OBSERVED PRODUCTS AND EXTENT OF OXIDATIVE
METABOLISM OF CHLOROLTHYLENES
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* Percent of unchanged parent compound depends on four factors: (1) Dose (higher dose,
greater % unchanged). (2) Species, e.g., rat, mice, human; in general, metabolism greater
in mice than rats. (3) Route of administration, i.e., inhalation/oral; though studies are
conflicting on this point. (4) Detailed methodology used.

b Range of percent unchanged; 1—2% oral administration, 0.05—1 mg/kg in male rats
{26], 2% inhalation 10 ppm male rats [37), 4% by intragastric administration 250 mg/
kg [42]. But note 67% unchanged in oral administration of 100 mg/kg in male rats [26].

® < 1% Intragastric administration of 350 mg/kg in male rat: {27].

¢ Caleulated concentration of parent compound after @ h in the tissue compartment on
exposure of male rats by inhalation to a constant leve] of 100 ppm, relative to vinyl
chloride {36].

* B0—90% Unchanged in oral administration in rats [38].

! 27% Unchanged in inhalation studies of humans [39],

E70% Unchanged by oral and inhalation studies in rats [40). 98% Unchanged by oral
administration in rats and 82% in mice [38].

b Products detected in metabolic studies of perfused liver [24]} and liver microsomes
[41].

! Some trichloroethanol is alse observed,
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to place cis- and trans-1,2-dichloroethylene in this order. As with rclative
metabolism, carcincgenic potency roughly decreases with increasing degree
of halogen substitution,

Though many sources were consulted, our rank order is based mainly on
work done by C. Maltoni and coworkers {1~3 43—45] and by the National
Cancer Institute [46,47]. The order VC > VDC was made on the basis ol
reported inhalation studies and the order tetra- > trichloroethylene on the
basis of the NCI feeding and gavage bioassays. The laboratory of Dr. Bruce
Ames has also used the NCI bioassays to rank tetra- > trichloroethylene in
carcinogenic activity in female mice as part of their comprehensive project
to select reliable carcinogenic studies from the literature and represent
carcinogenic activity in quantitative form. In onc study, vinylidene chloride
and tri- and tetrachloroethylene were evaluated in mice {-18] and this study
was used to rank vinylidene chloride > tri- or tetrachloroethylenes, allowing
the tentative rauking of the four compounds piven above. This rank order
is very tentative duc to several problems in cvaluating these data. No study
has been done which includes all six chloroeihylenes. Different routes of
adminjstration and different dose ranges made comparison indirect. Also,
some compounds show species specificity . For example, tetrachloroethylene
is carcinogenic in mice but not in rats. In general, the rank order was
obtained from results with female mice, which were the most susceptible
species,

To select fundamental molecular properties which might be reliable indi-
cators of the relative metabolism and carcinogenic activity of these com-
pounds, the following assumptions were made: (1) P-450 oxidation is the
initial step of transformation leading to the active carcinogenic forms,
(2) Acylchlorides and chloroaldehydes can be formed directly from radical
products of P-450 oxidation or via an cpoxide intermediate in an aqueous
environment, (3) Acylchlorides and chloroaldehydes are candidate active
carcinogenic forms which act as electrophiles in forming adducts with
nucleophilic sites of DNA bases. (4) Carbocations formed from protonated
epoxides could also be active carcinogenic forms which can form adducts
with DNA if they are prevented from facile rearrangement to aldehydes,
(5) Properties related to extent of metabolism of the parent compound to
the active form and the electrophilicity of the putative ultimate carcinogen
could be 1ctiable indicators of their relative carcinogenic behavior.

In addition to these general assumptions, to select properties relevant to
extent of metabolism of parent compounds, we have used three possible
pathways for oxidative metabolism of the chlorinated ethylenes to active
carcinogens formulated from existing experimental and theoretical evidence;
these are shown in Fig. 3. The mitial step {a) common to all subsequent
transformations is P-450-mediated addition of triplel oxygen across the
carbon-carbon double bond yielding a triplet biradical. We propose that
there are then two possible fates for this biradical, In Pathway I, the initial
triplet radieal directly isomerizes via a chlorine or hydrogen atom 1, 2 shift
{Ib). The rearranged triplet can then underpo intersystem crossing (lc) Lo
form the product carbonyl compound. Thus, in Pathway I, formation of
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acylchlorides and chloroaldehydes and their oxidation and reduction
products does not proceed through an epoxide intermediate, However, in
an alternate path (Pathway Il), the initial trplet radical can undergo
singlet-triplet intersystem crossing (1lb) and the resultant singlet biradical
species can isomerize to form the putative carbonyl ultimate carcinogen
(Ilc) or can close to form an iatermediate epoxide (IId). The epoxide
would then be further transformed to chloroaldehydes in solution
iPathway [II), providing an alternate, ionic pathway to formation of the
Udehyde products. In this proposed pathway, the epoxide ring is protonated
[ITa) and th« ring opens (I1Ib). The carbocations formed undergo 1, 2 H™ or
217 ion shifts (Ille) similar to those involving radical specics and the re-
uranged product loses a proton (IIld) to form the carbonyl compound,

In our studies we have calculated enthalpies of reaction for each of these
ostulated mechanisms (Pathways I, I and JII of Fig. 3) as possible indi-
‘ators of their relative extent of total metabolism. By comparing calculated
alues of enthalpies of reaction corresponding to cach pathway with known
netabolic behavior, it was possible to identify those values which are the
nost reliable indicators of relative extent of metabolism to known products
‘nd thus to further elucidate the mechanisms of biotransformation of
he parent chloroethylenes to carbonyl products.

As discussed, the nature of the two types of adducts isolated and identi-
2d from vinyl chloride administration in vivo and in vitro (Fig. 2) most
irectly implicates the carbonyl compounds as the active carcinogens.
lowever, it is possible that the carbocation of the epoxide formed by
ng opening of the protonated cpoxide (Step [Ilb, Fig. 3) could also be
e ultimate carcinogen. While this possibility is less likely due to the facile
carrangement of these carbocations to aldehydes, these carbocations are
ilso considered as putative ultimate carcinogens in this study. Properties of
oth types of putative ultimate carcinogens, aldehydes and ¢poxides, which
could serve as measures of their electrophilicity and hence ease of formation
of knewn adducts with nucleic acid bases were also calculated,

Among these two classes of properties, reliable indicators of relative
wuwrcinogenic activity were identified which cculd be useful in screening
Jor carcinogenic activity in related untested compounds.

These results suggest that, while there may he other activating path-
wavs, the P-450-mitigated ones chosen here are important. Further exper-
mental tests of the rellability of the molecular indicators of activity
dentified here would provide additional verification of the importance of
the underlying mechanism upon v hich thev are based,

CHOICE OF MOLECULAR INDICATORS OF RELATIVE CARCINOGENIC
ACTIVITY

1) Properties relative to extent of transformation of chloroethylenes to
active forms
DMifferences in calculated heats of formation AtAHg) among various
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species in the three proposed pathways to the ultimate carcinogen were

used as indicators of the relative extent of metabolism of each of the six

chloroethylenes to their active form. These properties are related only to
electronic factors which can influence the extent of trarsformation of parent
compounds, The effect of transport or steric factors at the enzyme active
site were not included. All of the species for which heats of formation were

calculated are minima (i.e., reactants, intermediates or products), rather than
transition states in each reaction pathway. For example, minima in Path-
way I are: parent compound, triplet radical, isomerized triplet radical and
the carbonyl product. The calculated difference in enthalpy of formation
between two minima is related to an enthalpy of reaction rather than an
enthalpy of activation for each step. Thus thermodynamic, rather than
kinetic, criteria are used as a measure of relative extent of transformation
of parent compounds, Such thermodynamic cnteria are appropriate if cach
reaction 1s presumed to reach equilibrium, All A(AH;)’s for cach step in the
reactions were calculated for each proposed pathway.

Specifically, as a measure of the relative extent of the initial P-430 oxida-
tion of cach parent compound, common to formation of both aldehydes
and epoxides frem parent compounds (Step a, Fig. 3), the stability of the
proposed radical intermediate relative to the parent compound was used:

A(AHT)triplctApamnt = AHg{triplet radical) — Alif(parent)

Then, following Pathwav | to formation of aldehydes, heats of formatian
were calculated for all geometry optimized isomerized triplet biradicals and
their carbonyl products, The radicals result from 1, 2 shifts of H and C! atoom
in each initial triplet radical.

Calculated heats of formation of the isomerized radicals were then used to
calculate relative isomerization energies:

A(AH)isor r = AHp(isomerized triplet) — AHg{initia! triplet)
and to calculite the stability of the carbonyl products formed frem ther.:

A(AHp)procuet radical = A Hp{carbonyl product) — AH{isomerized triplet
radical)

Simitarly. fcllowing Pathway II to formation of epoxides, as illustrated
in Fig. 3. additional heats of formation were calculated for optimized
geometrics of the singlet biradical and the epoxides of each parent com-
pound, and differ>nces in all relevant heats of formation calculated.

As indicated in Pathway 11, epoxides can also be transformed to carbonyl
products by a non-enzymatic ionic mechanism. To model the energetics of
this reaction pathway, we have calculated the heats of formation of the
optimized geometries of (1) the protonated epoxides, (2) each carbocation

3
e
¥
W

e 2




gen were
of the six
d only to

of parent
'me active
ition were
ither than
1 in Path-
adical and
formation
:r than an
‘ther than
formation
ite if cach
itep in the

150 oxida-
aldehydes
lity of the
was used:

formation
adicals and
nd Cl atom

1en used to

rom them:

'd triplet
radical)

illustrated
optimized
arent com-
L

o ~arbonyl
erpetics of
don of the
:arbocation

T N R 3 Rt IS Ay D

e,

, 43
formed by ring opening of the protonated epoxide and (3) isomerized
carbocation resulting from a 1,2 H” and Cl™ zhift of each initial carbocation,
Differenices in heats of formation between these species and the carbonyl
products were used as measures of the relative extent of such product
formation via an epoxide intermediate.

Calculated values of all thermodynamic quantities were compared with
the relative extent of metabolism and rank order of carcinogenic activity for
all parent compounds.

(2) Electrophilic properties of putative active cercinogens

Two types of properties were chosen as indicators of electrophilic activity
of acylchlorides and chloroaldehydes, one relevant to clectrophilicity in
incipient covalent bonc formation and the other to more long-range clectro-
static interactions [49—51].

In incipient covalent bond formation, the lowest unoccupied molecular
orbital (LUMO) of the electrophile funclions as the acceptor of clectron
density from the attazking nucleophilc centers of the DN A bases. The energy
of this orbital was thus chosen as a good indicator of eleciron transfer, In
addition, the more electron density the two ~arbon atoms have in this
orbital, the more they function as localized electrophilic centers in covalent
bond formation.

Electron affinities, i.c., the energy gained in adding an clectron to the
neutrai form of each carbonyl product, could also have been calculated.
However, since the reaction with DNA bases to form adducts does not
involve addition of an electron, i,e., reduction of the carbonyl compounds,
but simply partial electron donation and covalent bond formation, there is
no reason to believe that electron - {finities would be a better indication of
electrophilicity of the neutral compound than its Epymo.

The net charges on the two carbon atoms were chosen as monitors of their
clectrostatic electrophilicity. The larger the positive charge on these atoms,
the greater their long range attraction to the electron-rich nitrogen atoms of
the DNA bases,

An additional requirement could be that the C, carbon must have at least
one halogen atom, since in an Sy displacement, a good leaving group like
Cl- facilitates attachment of the incoming nucleophile.

To examine the possibility that carbocations of epoxides could also be
active carcinogenic forms of the ethylene chlondes, the energy of LUMO and
the net charge on the cationic carbon atom of these species were also
tabulated.

These calculated electrophilic properties of the putative ultimate carcino-
gens, together with those that indicate the extent of metabolism of tne
parent compounds, provided a wet of molecular properties which could be
used as indicators of rank order of carcinogenic activity of the chloro-
ethylenes.
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METHOL'S AND PROCEDURE

All calculations made in this study were performed using an ail-valence
semiempirical molecular ortital method called MNDQ introduced in 1977
by Dewar and Thiel [52—54]. The method is parameterized to yield reliable
optimized molecular geomelries for species which have a finite lifetime,
i.e., aminin. m in their poteatial energy surfaces and the corresponding heat
of formation of such srecies at 298°C. Using the MNDO method, then,
optimized geometries and heats of formation were calculated for the parent
chloroethylenes and all intermediates and products in the proposed path.
ways to ther transformations to active forms indicated in Fig. 3. Total
geomelry optimization of radical species was performed using a MNDO
Unrestricted Hartree-Fock (UHF) formalism [55] suitable for species with
unpaired electrons; heats of formation, spin densities and electron densities
were calculated. This method underestimates the individual heats of forma-
tion of radicals by as much as 20 kcal/mol. However, errors tend to cancel
in comparisons made for a series of similar radicals [53]; it is only such
comparisons which are made in this study.

Input geometries for MNDO calculations of parent chloroethylenes and
product chloroacetaldehydes and chloroacetylchlorides were taken from
experimental data [56—58]. Full geometry optimizavions were performed.
These involved optimization with respect to all geometric quantities: bond
lengths, bond angles, and torsion angles. The criteria used for convergence
was a maximum value <1 kcal/A for the sum of the squares of the gradient
compcnents (52]. All parent compounds and products converged to well
defined optimized geometrics,

In cortrast to the parent compounds and final products, there are no
structural data available for the chloroethylene oxides, since they are very
unstable. Input geometries were constructed from a combination of crystal
structure data for ethylene oxide an¢ stancdard bond lengths and engles
[87,59]. All epoxides converged to well-defined optimized configura-
tions.

The proposed triplet and singlet biradicals and carbocations are too
reactive to have been isolated. Therefore, no experimental structural data
are available for them. However, previous theoretical studies have been
done for some analogs [53] and input geometries were constructed from
results of these studies as well as from standard bond length and bond angle
values [57]. MNDO optimized geometries cf the triplet biradicals were used
as input for the singlet biradical caleulations. All triplet biradicals converged
to well-defined optimized geometries. Huwever, one singlet biradical,
H,C« t—CHCIO - {, did not fully converge by our criteria. The estimated
error in the vaiue of AH; obtained is *0.003 kcal/mol, too small to influence
the significance of the results. Similarly, as roted in Table VIII, twe carboca
tions did not quite converge on optimized geometries but were also estl-
mated to have a very small residual error.,
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RESULTS

Tables II--IV present a comparison of MNDO calculated optimized geo-
metrizs for parent combpounds, intermediate epoxides and aldehydes,
respectively, with geometries obtained by using a minitmum basis set
(STO-3G) ab initic method {60,61] and from experimental data when
available, All other calculated geometries can be obtained upon request.

A comparison of MNDO optimized geometries for parent chloroethylenes .

with values obtained using the STO-3G ab initio method [61} and with
cxperimental data [56—59] (Table II) shows that the MNDO method yields
relizble geometries with all bond lengths within 0.03 A and bond angles
within 3° of experimental results. The greatest discrepancies in both MNDO
and STQ-3G are the C-Cl bond lengths. MNDO overestimates these bond
engths by about 0.02 A, and STO-3G by 0.05 4. Where comparisons of
rond angles can be made, both methods arc accurate to about 2°.

The calculated and experimental values [62,63] for the dipole moments
re alsu shown in Table II. Both mecthods overestimate the dipole moments.
lowever, MNDQ's valucs are substantially better than those obtained by the
ninimum basis set ab initio method.

The accuracy of the optimized geometries obtained by MNDO calcula-
ions for the chloroethylene oxides cannot be judged, as there is no available
xperimental data. However, calculations on these molecules have been done
ising the ab initio method (Table I11) [61]. Comparing results from the two
nathods, the average discrepancy in C—C bond length is 0.03 1 and about
i’ for the bond angles. As with the parent compounds, there are also diffe-
ences in the dipele moments calculated by the two methods.

Experimental structural data for the product aldehydes are limited. As
seen in Table IV, MNDQ'’s optimized structures are in good agreement with

available data. As with the parent compounds, the largest discrepancies are
in the bond lengths and angles of the carbon-chlorine bond. MNDO con-
sistently overestimates these bond lengths by about 0,03 A and maximum
bond angle errors are about 3°,

The accuracy of heats of formation calculated for the parent chloro-
cthylenes and carbonyl }. .oducts is shown in Table V. While the general
agreement with experiment is good, the error increases with degree of
chlorination and, for the fully chlorinated trichloroacetylchloride, is
substantial.

No experimental data exist for the heat of formation of the epoxides.
However, a comparison of the heats of reaction by MNDO for the trans-
formation of the parent to the epoxide and those done by the STQ-3G
methods yields an interesting result (Table V(B)). MNDO calculations give
a4 much greater dependence of heats of formation on degree of halogen
substitution than those done by STO-3G. Since MNDO is parameterized
for heats of formation, it is likely that it yields a more accurate relative
Tesult than the STO-83G method.
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TABLETN

CALCULATED GEOMETRIES AND DIPCLE MOMENTS OF PARENT COMPOUNDS AND COMPARISON

WITH EXPERIMENT

Vinyl chloride
H,C—CHCI

Vinylidene
chloride
Cl,C—CH,

1,2-Dichloro-
ethylene {cis)
HCW=CHCL

1,2-Dichioro-
sthylene
(trans)
HCIC-CHCI

Trichlore-
ethylene
HCIC~CCl,

Tetrachloro-
ethylene

229vc0 S®BH

X, i Cl
115°
11567
117-123.756°

X, =Ci

3.02
1.80¢

0.009
c
od

1.13
1.61
0.854

y P X
et N 5 OO,




X, =C1 s

. MNDO 100 - 1. R Y Rt | SR 5
© ... STP-3G® 108 -5 1 o 1240 ,-116'
W Exp . = : T 24t L .117—123:15'-
L - -t - v
- - ) L T X—Cl .
 MNDO - — ED Y. 7 IR - = Lt e
ST0.3G amn - J1128°; ¢
Bagh -k ..Mgum-; 1,33;.&‘.- C AT e e .wz,---;!»; *-ing .st(&-egp

TABLE I

COMPARISON OF (‘ALCULAT“‘D GEGHZ
STO-3G

{1l
O\ MNDO . 110 152
H,C—CHC!  STO-3G* 109 148

(1]
/O MNDO 110 152
H,C—-<CCl,  STO-3G* 108 1.49

[ o

PN
HCW——CHCI  MNDO 1.10 1.52
{cis) STO-3G* 1.09 1.49

[1v]
. (j\
lICiC{———CHCI MNDO 1.10 1.52
{trans} STO0-3G* 1.09 1.49

vl
7N -

HCIC—-CC!,  ST0-3G* 1.50

Vi)

SN .
C1,C——CCi, STO-3G* - 1.51

* Ref. 640.
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TABLE IV

PO e A L

MNDO CALCULATED GEOMETRIES OF CHLORCALDEHYDE AND ACYLCHLORIDE PRODUCTS AND COMPARISON WITH

EXPERIMENT

¢

R,

R

H,C—CH

{f]

H ,c—gm
{11]
CLHC-CCl

[HI) [iV]

e
C1,cCH

MNDO

exp*

MNDO
exp®

MNDO
exp*

1.51
150

153
1.52 ¢+ 0.04

1.k34
152+ 0.02

1.22
1.22 £+ 0.02

1.21
122+ 004

1.206
1.21 £ 0.04

1.206
1.15 « 0.02

X, =Cl
1.79
1.74 £ 0.03

1.11 119°
1.09 ’

X, = Cl
1.79 119.57°
1.76 ¢ 0.03 122+ F°

X, =Cl
1.79
1.76 ¢ £.02

*Ref. 60,
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9 ‘ L . e X, =0l
- CLCCH ..~ .. .MNDO 1.534 1.206 179
T expt 152£002- 1153002 1.76 £ 0,02
*Rel. £0. : }
R mi’mc‘i‘&i'-rﬂuw* Vo RERE 3n Lo s 8 B 3ok nG: el
= L S R R R . —
TABLEV ' :

COMPARISON Ol";‘ MNDO CALCULATED HEATS OF FORMATION OF THE CHLOROETHYLENES, EPOXV!DES. ALDEHYDES
AND ACYLCHLORIDES WITH EXPERIMENTAL DATA AND WITH STO-3G AB INITIO CALCULATIUNS

(A) Lo ~(B) ' {8]
Parent - aH, AHg{exp) Correspond_ing epoxide A(AH)® A{aH® Carbonyl aH( AHy
compound (MNDO) (kecal/mol) ’ STO-3G* {(MNDO) compound (MNDO) . (exp)
. (kcal/ i - (kealfmol}  (kesl/
mol) . mol}
- Z O~
H,c—CHCI 481 .8.1° H,C——CHCI 0 +] H,CICCH 49.67 ~61.3¢
H,C—CC, ~0.16 0.61%0.38% H,C/—BCCI, 2.92 1.00 H,C(?Cl -56.13
) PLUN
HCIC—CCIH 282 1.0: 2,19 {cis} HCIC——CHC) 2.45 .00 H,Cicct —60.33 —68.9¢°
(cis) .
KON %
HCIC—CCiH -3.90 121219 {trans) HCIC——CHCI 1.95 1.00 HCI,C&H —-B2.81 -51.1*
(trans)
-0 ¢
C1,C—CHCI -6.60 — C[,C—%HC! 489 1.00 HCIl,CCCl  -60.19
-0
cl,c—cay, -8.21 -27:20d CI,C-——\CC], 7.18 1.00 01,001{ —~43.83 -51.1°
Ct,c&:l ~b5.45 -85,34

" a{aH) = (aH;

b Rel. 60. .

€ 8.W. Benson, F.R. Cruickshank, D.M. Golden, G.R. Hargen, H.E. O'Neal, A.S. Rogers, R. Shaw and R. Walsh, Chem. Rev,, 69 (1909)
279, .

2 ).D. Cox and G. Pilcher, Thermochemistry of Organic and Organometallic Compounds, Academic Press, London, 1970,

© Selected Values of Chemical Thearmodynamic Properties, National Bureau of Standards, Washington, DC.

epoxide ~ Apr"em) relative to values calculated for vinyl chloride.
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TABLE VI

CAT.CULATED HEATS OF Fui..IATION OF REACTANTS, PRODUCTS AND INTER.
MEDIATES IN PTUI'OSED TRANSFORMATION OF CHLOROETHYLENES TO
PUTATIVE ULTIMATE C/.RCINOGENS: CHLOROALDEHYDES AND ACYLCHLOR-

IDES (PATHWAY I)
Stang e Aldmyt atan, |
Triodet - Trapan arany Yrguei Pepahar - Fonpt Procucy - |
Pavent Pacin Berwater L Braaa L T Frooatt Parent
il H “ t " - o 0"
\ BFR] A Yy \
288 /(‘.—c.,.‘,o- “,fr.—c\‘ —_— | qme—c 44 43
H H a Cl ] o " "
\c_c/ AHy -« 7689 ,;* aW, = 507 Amg e dpp?
../ \c» 3170 H o ’ " f'
”‘. 10 40 \ e pryT)
angcam c (5 -
€~C on i
' * 4 A
L3 [} H []
oM, = B8 PRy |
] . e ' " ]
K3 C/ RYY™) \ s1an
[ €—0C ., —_— —
e Y
" /Cl H [=]
o an, - 798
\
" [=} 1 " o "
T \ ’ 453 A\
6 : 534
Sy ON g &—=¢ —— | g €—C 5283
"] 5 \
H (=] [ "
ARy v 098 arg s 828
iy M o '
= Yed 641
_— L .
- [+] H [ ' " \Cl
d &
C--I:/ RS \C—C/.,,, ) aH e 802D
Y N .
© H o W " [
an, =190 SHy = 076 4—5-:.3 }:—cl 4 91
o ) \
o L
A, = 5T RY
. {L] " o
5 A1 \ 4
— c—c 5781
1 " \
-] o " =] o [
N/ A
Cmmt L €€ gy ary + 60 3]
/ 0\
n M m‘; b " 0 *
aHy =282 PO T 51 o A e
\
o [
an, + 578
tv] (<] a T o o "
%,/ 4487 A4
83 €=t el - c,‘,mC—C\ N
— | 4
o [ ¢l o cr n
\c_c/ Ay 1510 aH, = 498
c{ W | 1% " -] " o !
am- ko | = / 5087 N7
€—¢ B e €=C 4421
F Pl B < \
o T e o o [-]
ks O aHy = 108 My« 4093
vl
(-] ] <) c ! [ £ o o™
\c / 45 . ! 2346 NS BV I \ ¥4 )
/ -C\ —— C—Cc,‘(o — c.w’f—: et Cl"’: c AT
a -] o @ [ o o o
aH, - 4N FLIEAY ] AH, = -5 14 Ay w58 4%

% Isomerization resulting from a 1,2 H' or CI” atom shift.
*Observed product found in vivo or in vitro using rat liver, -
T Predicted pathway.

e WA R AR - be Aty SR
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TABLE VI

AND INTER- CALCULATED HEATS OF FORMATION OF REACTANTS, PRODUCTS AND INTER.
YLENES TO MEDIATES IN PROPOSED TRANSFORMATION OF CHLOROETHYLENES TO
\CYLCHLOR- JUTATIVE UTIMATE CARCINOGENE: EPOXIDES (PATHWAY II)

R FIELH]
Reny
StdMp Jian) [ Algm, 1
Te gt - Trpin Servpiet - it Eoarum - Eoowue -
Parpnt Fare t Boadcar Teoprot Borpiec st Jongn £ poaue Foremmt
i " w ! " n !
"':,c 1;/ 611 ‘,c C/ KR
M gt " |0 -
=107 Ty sy
# L H [4] H [] ot /o\ /C'
e’ ARy 789 ang B0 \c-c\ 2843
’
- o f 10 " ) H ci L] H
P - be ¢ Ul ',"C—C/ (IR U Y 3
g | ™ o g
u d A J Y
L] H H
ELFRE 11} FL7RR § 3
u ", e ! L o !
R/ 037 w, / £908
5 €l | — C=C g | —=
" Ct - n‘l \cn nd (<] H O H
\c-=c/ aM, e 798 FUY D \c/——\c( .
/
‘/ \c' _!_‘11 W K " o !
an, v 016 S on Rl IFTRSTYY i
e !
4 \¥
3 ]
R FUMER:E 1Y |
£
. ¥ oy
. “ [« A ci ! H [« ! L+ =}
Ve |2 %, < 1 \é J i EAAY s
= i g R, — i —_ 76 4
/N i wM s mm /N
= " c o o [ < "
Shy e 380 FLE ] am =035 ang s 23038
A8 iy
(4] [ K o ! L a ! " o0 O
. c/ ERT) ‘é c/ T Q. / BIEA] \c/\cl 1736
P \ El Pl VN
E: H H [ o o "o o "
- Ang e 282 an, - 078 2w, =038 Ang e 303
v H o " o
"'\, / 145 N / 51T
C=C g | = EC by | =
H [« c.g [~} [} ‘i:| c Q
Y =c/ RLLE awy -0 a1 ch/ .1
/ \ 1 1 Y
[ © € cr C'ﬁ o H L=
vy e 660 ‘-.c c/ 10 %, -~c/ Eadal PV SV
4 Pl d O]
o ) o K3
AMg = 510 A 4410
- (A1) . |
[ € c'\ [ c ] c o
p_— (X5 : c/ 71 "\‘5 r./ BT \ AW/
- _— et | -, | =2 - .
/ \ g R \'"'0 /c c\ s
= [ ] e (=] [ [A] o =
- Lan,--lﬂ AWt -1 6R by 048] An, e 708
a N
Not fully optimized. .
*Observed product found in vivo or in vitro using rat livers.
* Predicted pathway.
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TABLE VIII

CALCULATED HEATS OF FORMATION OF SPECIES INVOLVED IN PROPOSED £
FORMATION OF CARBONYL PRODUCTS FROM EPOXIDES OF CHLOROETHYL-
ENES BY PATHWAY III

Ataryh
Provonsieg Alany)
[{ T Argn,t AM,J. - Aad ]
Epousct [+ [~ Ervaum

Alawg
LY

¥
H D=r
N s
S

o W

amy = 17108

-19087

[
v
S,
" (=}
AHy 179 0a

Al
L] O—H
\E 7/

—_ ..

"

/ AN o
(<)
Any v 187 98
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] Qe

- =t

aH, < VTR 4B \é-»-cl _t 9837
’ \'llnn -

i "

AHy = 16833

un vy

H
H D«
AN/
c=
/ \
[ H

any = 17570

1
H [+ 2]
Av '

g

[ El (N
) /_\ / ang = 11613
é o
= D=

AWy e =10 14 T \e  /
’C—C o

n "

an, - 18928

tvil R

(O | =] =] [« -—
A /NS P
/

W
,C‘—C o oy

L= C—cC
/ \ A\
o (=) o o ] )
FLTREY 3] Ary = 1M D AFy = 7Y TS

* Isomerization resulting from a 1,2 H- or ClI" ion shift.

Y Not fully optimized.

€ Product observed in non enzymatic transformation of epoxide,
*Final product observed in vivo or in vitro using perfused rat livers.
* Predicted pathway,




TAB LE D(

SPIN DENSITEES ON CARBON ‘AND OXYG.,N ATOMS N POSTULATED BIRADICAL I‘I‘I‘ERMEDIA‘I’ES N FORMATION OF : ‘
ALDEHYDES OR ACYLCHLORIDE ULTIMATE CARCINOGENS

3
H
§
i
is

al P MRS I e il e s e LWy

11

PRy Tiveert ey

ot t; . Compognd i C, qc, qo0 ER w
- ““Radical " HCIC—CH, 0" * % ~_ .+1.09 - ° T .+0.186 4096 -
. H-shift _CIH,C—C HO" +0.02/—0.02 4079 . ¥1.10 7 < :
RN Radical® H,C'~CHCIO® -~ +1.20 -014 “+0.96 & ;
- H-shift" . HC'—C'ClO” +0.03 ) +0.82 +1.08 .
Clshift CIH,C—C'HO' .. +0.02/-6.02 +0.79 +1.10 !
N ; ’ s . .
Radical - C1,C—CH,0" ... -41.04 +0.15 +0.96 A ;
H-shift’ HCLC—C"HO- +0.02/—0.01 +0.78 +111 ° >
_-Radieal H,C’—CCL,0° L +1.19 +0.02 +0.96 - :
Cl-shift ... CIH,C—C"CIO” +0.00/—0.00 +0.77 1.09 ;
Radical ~* " HCIC*—CHCIO® +1.01 +0.16
o, v H-shift H,CIc—C'CI10° +0.00/—0.00 +0.77
: Ctshift ~ HCI,C—C'HO" +0.02/-0.01 +0.78
Radical HCIC"—CCL,0° +1.12 —-0.17
Clshift Hel,c—CCI0° +0.777-0.01
* Radical Cl,C*—CHCI0" . +1.06 +0.16
Cl-shilt C1,C—C'HO* +0.02/-0,01 +0.78
H-shift HCL,C—C Clo” +0.77/-0.01
Vi Radical C1,c*—CC1,0°* +0.91 -0.16
Clshift - cl,c—-c'co’ : +0.03 +0.77/-0.01

PR
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" TABLE X o .
CALCULATED ELECTROPHILIC PROPERTIES 0+ ULTIMATE CARCINOGENS ACYLCHLORIDES AND ALDEHYDES x

" Parent * Postulated - 7 - ! . * . Ex* LUMOh LCAO(C,)i . LCAO(CQ'}E__‘“
. compound . .. ultimate b - - - . (ev : . RS
: . carcinogens - & . s G T . : s

C!CH,gH"-‘ S 402435 5T 40,0877 ~0.1520 +0.559 40419,

e

cuCol T 7 108144 +00162 ~0.0730 10778 - ho.oagﬁ
fi1} mcn,@cnc-l T 40.3021 +0.1160 —0.6700 +0511 +6.541i_:
fu], {1v) CI,CH(é?Hﬂ +0.2527 | +0.0937 -0.8381 +0.536 ‘+o.357;
01,cgu= +0.2590 +0.1592 —1.033 +0.439 +o.s_é9

v
0 4 ‘
cua et +0.2985 +0.1518 ~1.2c9 +0.557 +0.490

[vI] Ci Cgl‘ +0.295§ +0.1908 —1.496 +0.499 40539 '

. Numernls in brackels refer to parent compound as labeled in Table VI from which carbonyl compound listed was formed.
b Observed product of parent compound I,
¢ Ohserved product of parent compound I, -
4 Obgerved product of parent compounds 11 and 1V,
¢ Obsenred product of parent compounds V and VI.
‘Ic=o net charge on carbonyl carbon ealculated by Muliken population analysis.
¥ qq: net charge on o carbon calculated.
E;‘UM o: calculated energy of lowest unoccupied molecular orbital.
ELUMO values calculated by ab initio method using STO-3G basis set for these compounds are +0.110 ev, +0.122 ev and + 0.0755
ev, respectively,
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Thermodynamic data®for 'the three prnposed pathways (Fxgs 3 a.nd 4)
to “/formation ‘of chloracetaldehydes, acylchlorides and epoxxdes ‘are’ ! )

summanzed inn Tables. VI—VIII, respectively, We see from Tables VI and * \:*
<+ VIL:that the proposed' first step,” addition of a triplet oxygen atom to”

LA

* the*/ parent - compound, - can: - yield .two different. radical intermedia ates”
v . corresponding to'addition ‘of an oxygen atom to each of two'inequivalent " v
carbon atoms. As’ shown in Table. VI Pathwaz to carbonyl products s "
i ”’i : ' ! JRFRE] :\ ! ' !
4 ,-'-"i ! ot £ ' [
",‘_ o :‘-f, Y .-\I -,' . Ll ! ‘ ‘ ' v“a L R Sew
o TABLEXI © iiiun ‘ . L -
*'" - CALCULATED ELEC'I‘ROPHILIC PROPERTIL‘S OF CARBOCATIONS s . "‘,‘ ..
‘. . ALTERNATIVE POSSIBLE ACTIVE FORMS OF CHLOROETHYLENES ' ' ' U
. . Protonsted JCartocation] ‘ ) I -
- a; Epoxite : o
" €y onio 09| Eqineo ) . o - R ___:»q_:
+A09 a0 | e )
‘ ~6,62 ' - -
k]
. » -t
' +538 -804 . - - : 3
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., radzcals by H-or Cl atom 1, 2 shifts can also lead to multiple species. ol

".Table IX that in the initial biradical formed, one unpaired electron is on the
alpha carben atoms #i.d one on the oxygen, with some delocalization on the -

56
further comphcated by the fact that isomerization of these initial t:nplet
. Table IX gives the calculated spin densities on all biradical mtermediates

on the formation of aldehyde or acylchloride intermediates. We see from

carbonyl carbon. Isomerization of this triplet biradicals by 1, 2 H or Cl atom
shifts, leads to a corresponding shift in unpaired electron density from the

alpha carbon, which is tetrahedral in the :somenzed radical to the carbonyl -

< carbon prior to reforming the C—0 double bond.’
- Table X gives the calculated properties of the carbonyl compounds chosen
.as indicators of their relative electrophilicity, i.e., net charge on the two

» carbon atoms, the energy of the lowest unoccupied n* molecular orbital and

the extent of participation of the two carbon atoms in this orbital, As shown
in Table X, this 7 orbital has significant participation of both carbon atoms.
In would serve as the initial electron accepting orbital in covalent bond
formation with tissue nucleophiles. The energy of this orbital is an indication
of the ease of electron transfer to the active form of the carcinogen in
covalent bond formation with DN A bases.

The MNDO method tends to overestimate the stability of the low-lying
empty orbitals. As with all other properties, however, only the relative value
of ELymo obtained by MNDO for the series of related carbonyl compounds
is used,

In order to verify whether the same relative behavior occurs using a more
rigorous method of calculation, Enfyo was calculated for three representa-

tive aldehydes:. monochloroacetylchloride, monochloroacetaldehyde and -
acylchloride, using an ab initio method with an STO-3G basis set [61], The’

values obtained are given in the foofnote to Table X, We see that, while the
absolute values obtained are different for each analog, the order of increasing
electron affinity is preserved.

Table XI summarizes similar calculated electrophilic properties of carboca- -

tiops resglti.ng from ring opening of protonated epoxides.

m'scussxon

Qﬁsﬁ&wlp [ f..—iw‘u.

ul

kb

PR

Electrophllzclty .of putative ultlmate .carcinogens and correlation with

carcinogenic potency

. Chloroaldehydes  and- acylchlorides have been postulated as a plausible
active form of chloroethylenes. However, it is also possible that epoxide
intermediates can.form the observed DNA adducts, provided they are
protected from the facile rearrengement to carbonyl products which both
our calculations and experimental observations indicate occur.

. If acylehlorides and aldehydes are the ultimate carcinogens, the type of
adducts observed (Fig. 2) require that they act as electrophiles. Qur results,
however. indicate no correlation between calculated indicators of electro-
priacity of the putative ultimate carcinogens and the tentative rank order of
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carcinogenic activity (Table XII). This lack of correlation holds for all
possible chloroaldehydes or acylchlorides of the parent compound, whether
or not they or their oxidized and reduced forms have been identified as
metabolites.

These results are in striking contrast to those we obtained in similar
studies of the saturated chloroethanes (Loew and Rebagliati, unpublished),
Though presumed to act via the same ultimate carcinogens, the chloro-
sthanes undergo a different transformation to the reactive species than that
>f the chloroethylenes. The relative electrophilicities of the chloroacetal-
lehydes and acylchloridcs are excellent indicators of their werk order of
:arcinogenic activity for‘this class of compounds. The results obtained here
«nd the differences between them and those for the saturated chloroethanes
vave three major implications: ‘

(1) For the unsaturated chloroethylenes, the rather complex transforma-

‘ABLE XII

'ORRELATION OF CALCULATED PROPERTIES WITH RELATIVE CARCINO-
;ENICITY OF PARENT CHLOROETHYLENES ASSUMING CARBONYL PRODUCTS
13 ULTIMATE CARCINOGENS

‘arent Rank Postulated ac, ErLumo a{aHg) a(aHip)
‘ompounds  order ultimate (ev) (kcal/ (keal/
carcing- carcinogen mol) mol)
genicity
parent
LC=CHCl 1 CICH,CH*® +0,058  —0.152 0 0
H,CualCCl, 1 H,CngCP-" +0.116  —0.670 —4.2 —4.7
{
1-101,08—-}!h +0.09 -0,838 6.0 11.7
HCIC=CCIH 2
H,clccort +0.116 '—0.670 1.6 6.2
cLe=cel, 3 Cl,Cgcl‘vh' +0.191 —1.496 9.3 18.7
Cl,CCH¢ +0,159  —1.033 12.9 21,6

HCIC=CCY,

'S

o}
cx,ucr':'cni-d - (0.152) (~1.209) (7.45) (15.4)

* Predicted products.

b Observed products.

¢ Product observed from parent compound in vivo.
4 Product observed from epoxide in vitra.
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TABLE XII{

CORRELATION OF CALCULATED PROPERTIES WITH RELATIVE CARCINO-
GENICITY OF PARENT CHLOROETHYLENES ASSUMING EPOXIDE CARBOCA.
TION AS ULTIMATE CARCINOGEN

" Parent Rank order Postulated 4, a(aH,,)
compounds carcinogenicity ultimate
parent carcinogen

H,C=CHC1 1 H,C*-~CHCIOH
H,C=CCl, 2 H,C'—CCl,0H
HCICmCHCY ? HCIC'—CHCIOH
C1,CwCCl, C1,C*—CCl,0H
CHCw=LCl, CL,C'—CHC'0H

tion to the ultimate carcinogens is an important discriminating factor in
determining their relative carcinogenic activity, compared to the electro-
philicity of the resultant species.

(2) For the unsaturated chloroethylenes, there could be competing de-
toxification pathways involving the electrophilicity of the ultimate carcino-
gens which impede their interactions with DNA.

(3) 1f carbocations formed from epoxides by protonation and ring
opening are the ultimate carcinogens, their electrophilicity could be relevant.
As shown in Table XI, the Epumo-values for these cations are relatively
constant for the series of compounds (Eyymo = —9.04 to —9.23 ev). They
do not correlate with observed relative carcinogenic activity of the parent
compounds. However, as shown in Table XIII, there is some correlation
of relative carcinogenic activity with the calculated net charge on the
cationic carbon of each epoxide carbocation that could be involved in
Type 2 adduct formation,

. Corieiations of thermodynamic properties with the extent of metabolism
and carcinogenicity

The remaining resultc obtained in this study, i.e., calculated stabilities of
intermediates and products, can be used to investigate the hypot'.esis that
the extent of transformations of parent chloroethylenes to the putative
ultimate carcinogens determines their relative carcinogenic potency and to
obtain insights into the mechanisms of these transformations. To this end,
comparison of predicted apd observed relative metabolic behavior of the

six chloroethylenes should help decide which, if any, of the proposed path-

ways is relevant to.formation of the active carcinogen.'Examination of all
calculated thermodynamic quantities for their extent of correlation with
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rank order of carcinogenicity should help determine if extent of metabolism
1s a discriminating factor in relative carcinogenic activity.

As discussed above, we have proposed that transformation of chloro-
ethylenes to carbonyl products can proceed by three different pathways:
triplet biradical isomerization (Pathway ), a triplet/singlet crossing
{Pathway 11}, or via an epoxide intermediate (Pathway III} (Fig. 3). Epoxide
formation is also possible by Pathway II.

Support for this mechanism comes from the result that calculated energy
differences between triplet and singlet biradicals shown in Table VII are
small. The optimized geometries for the two states are also close. For
example, the largest discrepancy in bond lengths between the triplet and
singlet states of HCIC-—CHCIO is 0.004 & for the C—O bond and in bond
angles is 1°, Thus, intersystem crossing could occur within the energetic and
geometrical ‘boundaries’ of a molecule’s normal vibrational modes.

All relevant thermodynamic data are presented in Tables VI—VIIL. The
use of the calculated results to intarpret experimental metabolic studies is
complicated by the fact that, whil: there is only one epoxide intermediate
possible for each parent compound, multiple radicals and isomerized
radicals and carbocations are predictied from all but the perchlorinated
parent compound, leading to two possible carbonyl products. The favored
route to product formation by each pathway is shown in each table, In
enzymatic reactions it is difficult to determine which of the many complex
steps leading to carbonyl products determines the extent of metabolism and
product specificity. Hence the intermediates calculated to be most stable do
not always correspond to these products identified thus far in in vivo meta-
bolism. Other factors which could introduce uncertainties in the usefulness
of our calculated quantities as indicators of both metabolic and carcinogenic
behavior are: (1) we have considered only electronic components of
enzymatic reactions, neglecting steric effects which cannot be modeled
without detailed knowledge of the active site of the enzymes; (2) we are
using thermodynamic, rather than kinetic, criteria for extent and
specificity of formation of metabolic products, i.e., calculation of heats
of formation of intermediates rather than activation energies of transition
states ; (3) errors in calculated heats of formations. Given these uncertainties,
however, our results do give some insights into mechanism of transforma-
tion.

Comparing our predicted products with those observed from metabolic
swudies [16,24,26,27,36—42] involving either whole animals, perforated
liver or liver microsomes, we have predicted the major metabolites observed
for vin:l chloride and vinylidene chloride, but not for trichloroethylene.
However, even for vinylidene chloride, most of the lowest energy inter-
mediates leading to the observed product result from the initial triplet
radical with a calculated higher energy, indicating this first step is not rate
determining.

Qur results for cis- and trans-1,2-dichloroethylene lead to prediction of
monochloroacetyichloride as a major product. Wiile preliminary metabolic
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studies using perfused liver failed to detect this metabolite [24], more
work is needed to clarify whether it, as well as dichloroacetic acid, is present.

Our results for trichloroethylene lead to the prediction of dichloroacetyl-
chloride and its products as metabaolites, whereas the other possible meta-
bolite, trichloroacetaldehyde (chloral), has been observed as well as
trichloroacetic acid and chloral hydrate, Cl,CCH(OH), {41]. Our predicted
metabolite has, however, been found in studies of non-enzymatic trans.
formation of the epoxide, a result in agreement with the energetics of
Pathway III.

Pathway [II describes a possible non-enzymatic transformation of
epoxides to aldehydes. Favorable enecrgetics are obtained for each step in
the proposed pathway, and, in particular, isomerized carbocations formed
by both chlorine and nydrogen migration are more stable than the original
carbocation, indicatiag Pathway III is plausible, Consistent with these
results, synthetic epoawics were found to rearrange thermally to form
acylchlorides and di- and monochloroacetaldehyde [24].

The products detected all correspond to chlorine migration which is
calculated to be competitive with hydrogen migration for all compounds
except c¢is- and trans-1,2-dichloroethylene. For these two compounds, our
results favor hydrogen migration leading to monochloroacetic acid as a
major product even by non-enzymatic transformation of the epoxide. In
general, our results indicate non-enzymatic isomerization which appears
to be the determining step in carbonyl product selectivity.

Of all the thermodynamic quantities calculated for these complex trans-
formations of chloroethylenes, only the four given in Table XIV correlate
with their rank order of metabolism. Given in Table XIV are: (1) the relative
cnthalpies of isomerization of the initial triplet biradicals A(AHR ), leading
directly to carbonyl products; {2) the differences in enthalpy between the
triplet radical and singlet biradical A(AHgr); (3) the stabilities of epoxide
intermediates formed from the singlet biradical relative to each parent
compound {A(AH¢p)]; (4) the relative enthalpies of isomerization of these
epoxides to carbonyl products [A(AHiep)]. Consistently, as discussed above,
the energecvics of these steps also appear to be most relevant in determining
product specificities.

Having identified four thermodynamic quantities which correlate with the
extent ¢f metabolism of parent compounds, the question arises whether any
of them also contribute to their relative carcinogenic activity. If carbonyl
products are assumed to be the ultimate carcinogens, as shown in Table XII,
their relative isomenzation enthalpies both with and without epoxide inter-
mediates are good irdicators ¢ { rank order of carcinogenic potency. These
correlations imply both pathways to the carbonyl products can contribute
to observed carcinogenic activity of the parent compounds.

Interestingly, if we assume dichloreacetylchloride, our predicted meta-
bolite and that found in vitro, to be the ultimate carcinogen of trichloro-
ethylene, we predict it to be more carcinogenic than tetrachloroethylene;
whereas with the observed product, it is predicted to be less carcinogenic.

9€9+20 S®H




i&l
k4
A

L
e

TABLE X1V

- o o o m~< W g 58”“6""’"?40 F = Bl - E.-—li-q-.
c5.% BEgBy 45 ofSgsgdaEE “2e8 Fzgol
8388 BEOnEE BESEof¥s<s TR.287 TEFES
£} ot oo E. o B 8- o ..08@ = o9 ] c+ ke

Sgg.& 5‘(‘9‘% ‘:}f, Q DB o ™ " 2R AT T Q Q0 mauw
3 55 F e ZEES HemouRFdn., nE BBE [ .59F
RELEy H13p®98F EEoRoS8F3H TS~ c£5 pSEIS
& = =3 o'::—sxo 58-5‘5?‘ B e e R Hozg¥ Sa 5

50 00 £ a8 o cr re 0B """Sz'wﬂ E O .. e s .
5?3? 357?'&5% 5983%§me$v s E&E an‘&s

| J0 uonewIC

€

(4

SHE. 8
g9z
- )
En%is
-]
a%&gﬁ

=% S

£

CORRELATION OF CALCULATED PROPERTIES WITH EXTENT OF METABOLISM OF CHLOROETHYLENES
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Compounds Product Rank of a{aHg )*
. . metabolism

s(aH 1 a{aHpp)*

a(aHg)!

H,C=~CHCl .  H,CIC—CH® 1 0
'H,C=CCl, . H,CIC—ECI"" 1 ~4.16
. HCI,—E—H"’ 2 6.04
HCIC=CCIH 1—3
{cis, trans) H,C+CCi* 4.57
_if 3 12.88
C1,C—CHP
-Cl,C=CHC]
m,nc—g—c;- .3 7.45
C1,C=CCl, C],C—ECI'-" 4 9.28

¢ 0
2.29 —4.66
2.45 {cis) 11.67
{1.95} (trans}

2.45 (trans) 6.24
(1.95) (cis)

473 2159
4.73 16.43
7.18 18.69

-1.0

0.70

0.70

0.56

0.57

1.70

* Predicled metabolite.

b Observed metabolite,

¢ a(aH;p ) = triplet biradical isomerization enthalpies.

4 a;aH,p} = stabitity of epoxide, i.e.: aH, y o H;( "m”
® a(aH;.p) = isomerization enesgy of ca:bocstluns of epoxi

differences,

LEIYZ0 SBYy

t a(aHg)gr = difference in enthalpy between friplet radlcal and singlet biradical. All quantities relative to most (avorable enthalpy




i

o et g

62 :

These results suggest that the lower activity found for trichlorcethylene
is due to competing formation of other products, perhaps by hydrolysis
of the epoxide. Determination of the elfect of epoxide Hhydrase on
metabolic distribution and carcinogenic activity could help resolve this
point.

Experiinents with epoxide hydrase could also help resolve the question
of whether epoxides themselves or their carbocations also act as ultimate
carcinogens, As indicated in Table XIII, two calculated properties, the
net charge on the epoxide carbocation and the stability of the epoxide
relative to the parent compound, also show some correlation with carcino-
genic activity and could implicate these species as ultimate carcinogens.

For the chloroethylenes, then, three possible modes of transformations
to active carcinogens could be important: formation of carbonyl products
directly or via epoxide intermediates and formation of carbocations from
the epoxides. If carbony! products are the ultimate carcinogens, then our
results imply that their extent of formation by isomerization from primary
products of P-450 oxidation rather than their electrophilicities are discrimi-
nating factors in determining the relative carcinogenic potency of the parent
compounds,

On the other hand, if epoxides themselves can act as ultimate carcinogens
without isomerization to carbonyl compounds, then the electrophilicity of
their carbocation is a good indicator of relative parent compound activity.

Using the criteria corresponding to all three modes of activation, we
predict that 1,2-dichloroethylene which has not yet been studied will be a
carcinogen with an activity intermediate between vinylidene chloride and
tetrachloroethylene, This prediction remains to be verified.

In screening of other unknown compounds with haloethylene functional
groups, the four promising indicators of carcinogenic activity identified
here, i.e,, isomerization energies with and without epoxide intermcdiates,
stability of epoxides relative to parent compound, and the net charge on the
epoxide carbocation should be calculated to further sort out tneir relative
importance and predictive capabilities,

In addition to providing a possible screening procedure for carcinogenic
activity relative to vinyl chloride, the results of our studies provide some
insight into the mechanism of formation of the ultimate carcinogens. These
may be summarized as follows:

(1) The first step in oxidative .netabolism of chloroethylenes does not
determine the extent of metabolism, consistent with other mechanistic
studies [22,23]. ’

{2) Non-enzymatic formation of carbonyl products from the initial
products of oxidative metabolism of parent compounds is very probable.
Such products can be formed by a radical mechanism at the substrate
binding site or from epoxides in a polar environment. Our results are
consistent with both of these mechanisms.

(3) Formation of an epoxide (Pathway II) could be a critical step in
extent of metabolism and formation of the ultimate carcinogen. Experi-
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mental data implicating the epoxide as a metabolite mostly using epoxide
hydrase as a potential inhibitor of carbonyl products and adduct formation
ire indirect and incomplete, but this possibility has not been ruled out.
Jur results offer some corroboration for the involvement of epoxides in
iwctivating transformations of the parent chloroethylenes.

ONCLUSION

Properties of six chloroethylenes intermediates and putative ultimate
arcinogens which could serve as indicators of their relative metabolic
rehavior and carcinogenic activity have been calculated using MNDO, a
emiempirical, all valence electron, molecular orbital method. Possible
:athways of transformation of parent compounds to acylchlorides,
nloroaldehydes and cpoxides, their putative ultimate carcinogens, were
onsidered, and heats of formation and relative stabilities of intermediates
cere caleulated, Our results indicate that carbonyl compounds could be
ormed with and without the intermediacy of epoxides, suggesting the
»o0ssibility of more than one pathway in activation of parent compounds.

The results obtained suggest that if carbonyl products are the active
‘arcinogens, the relative extent of metabolism to these ultimate carcinogens,
ather than their electrophilicity is a determinant of the relative carcinogenic
wctivity of the parent compound. Of the various thermodynamic criteria
nvestigated, three involving further transformations of initial products of
xidative metabolism to epoxide and carbonyl products were found to be
ndicators of both relative metabolic behavior and carcinogenic activity.
The quantities identified in this study as reasonable indicators of the rank
wder of carcinogenicity of the four known chloroethylenes could be useful
15 predictors of at least the qualitative carcinogenic activity of unknown
compounds with haloe.nylene functional groups.
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