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The uncatalyzed rates of reaction of a number of epoxides of kuown biological activity with thiosulfate, azide,
and iodide ion were measured. The neutral hydrolysis rates and thiosulfate cleavage of several 8- and ~-lactones
were also determined. Carcinogenic epoxides and lactones have, with some exceptions, a higher reaction rate
with the nucleophiles examined. The noncarcinogenic y-lactones do not react with thiosulfate and are not hy-
drolyzed under the conditions used. A correlation of water solubility with carcinogenicity suggests that solu-

bility plays a role in facilitating the expression of biological activity by these materials.

The relatiouship be-

tween carcinogenesis aud cross linking of deoxyribonucleic acid (DNA) by bifunctional alkylating agents s
discussed in the light of possible reaction sites in DNA and interatomic distances between active functional

groups.
nogenic materials.

In parts I and II of this series the carcinogenicity of a
series of epoxides, lactones, and peroxy compounds was
described.t? As a part of this program dealing with
the carcinogenicity and mode of action of these com-
pounds it was important to examine their chemical
reactivity, physical properties, and stereochemistry
and to relate these factors to carcinogenic activity.

The present report gives the results obtained in the
neutral hydrolysis, thiosulfate cleavage of lactones, and
the uncatalyzed thiosulfate, azide, and iodide opening
of epoxides. The compounds selected for these ex-
periments included carcinogenic as well as noncareino-
genic materials. In addition, the water solubility and
stereochemical aspects of these compounds were ex-
amined.

Experimental Section

Materials.—The epoxides and lactones were prepared and
purified as described in parts I and II of this series.2? Two
of the compounds used in the present work were not described
in our earlier studies and are described here.

B-Propiolactone.—Commercial quality g-propiolactone (Cela-
nese Corp.) was purified by distillation, b.p. 114° (190 mm.),
n22p 1,4074, lit.3b.p. 45.8° (8 mm.).

Epichlorohydrin.—Commercial grade material (Aldrich Chem-
ical Co.) was distilled, b.p. 114-115° (760 mm.), n¥p 1.4310;
lit. b.p. 115-117°,4n®p 1,438.°

Rate of Reaction of Epoxides with Thiosulfate, Iodide, and
Azide Anions.—Standard solutions, 0.1 &, of potassium iodide,
sodium thiosulfate, and sodium azide were buffered with 0.001
N Tris buffer. For kinetic runs, a known volume of a standard-
ized solution of the nucleophile (0.025-0.10 M) was placed in the
titration vessel of an automatic recording constant pH titrator
(Radiometer Co., Copenhagen). The titration vessel was placed
in a constant-temperature bath kept at 37.0° (£0.1°). A known
amount of the epoxide (0.010-0.17 A/ ) was then introduced; the
base liberated when the epoxide reacts with the nucleophile
was measured by titration with standard perchloric acid. For
slow reactions this acid was 1 N, for faster reactions the acid was
3Nor6 N, Theinstrument was set to maintain pH 7.0, and the
perchloric acid was added automatically through a capillary-tip
buret. The amount of acid added in a kuown time interval was
recorded. In all cases, at least three kinetic runs were carried
out for the determination of a rate constant using different con-

(1) B, L. Van Duuren, N. Nelson, L. Orris, E. D. Palmes, and F. L.
Schimitt, J. Natl. Cancer Inst., 31, 41 (1963).

(2) B. L. Van Duuren, L. Orris, and N. Nelson, 1bid., 835, 707 (1965).

(3) P. D. Bartlett and G. Small, J. Am. Chem. Soc., T2, 4867 (1950).

(4) H. T. Clarke and W. W. Hartman, "Organic Syntheses," Coll, Vol. I,
A. H. Blatt, Ed., John Wiley and Sons, Inc., New York, N. Y., 1951, p. 233.

(5) A. Fairbourne, G. P, Gibson, and D. W. Stephens, J. Chem. Soc.,
1965 (1932).

It is concluded that cross linking of the type under discussion is impossible for several of these carci-

centrations of epoxide and/or nucleophile. The uncatalyzed

hydrolysis of epoxides is slow at 37°; the rate coustants were
therefore not corrected for this hydrolysis rate.

Neutral Hydrolysis Rates of Lactones—A known quantity of
the lactone (0.001-0.05 M) was placed in a volumetric flask and
unbuffered CO,-free water was added. The flask was placed in
a constant-temperature bath at 37° and aliquots were withdrawn
at varying times and then added to a standardized solution of
thiosulfate. After heating the solution, the thiosulfate con-
sumed (and hence lactone present) were determined by iodimetric
titration.?

Rate of Reaction of Lactones with Thiosulfate.—The same
iodimetric titration procedures as described above were used to
determine these reaction rates.

Rate of Reaction of Diketene—Diketene hydrolyzes very
rapidly, and the rate of hydrolysis was therefore determined using
the automatic recording titrator described above. The instru-
ment maintained a constant pH of 7.0 by automatic addition of
standardized base via a capillary buret.

Results and Discussion

The second-order rate constants of nine epoxides
with three nucleophiles, thiosulfate, azide, and iodide
are given in Table I. Carcinogenicities of these com-
pounds as determined in our earlier work!? are also
included in this and subsequent tables. Some of the
reaction rate constants showed slight drifting until over
909, reaction, e.g., epoxycyclohexane, whereas others
showed pronounced drifting of rate constants after ca.
109, reaction, e.g., ethyleneoxy-3,4-epoxycyclohexane,
This drifting of rate constant may be due to substrate
hydrolysis. To minimize this error, reaction rate con-
stants were determined as early in the reaction as pos-
sible. The neutral hydrolysis rates and rates of reac-
tions of eight lactones with thiosulfate ion were deter-
mined and are recorded in Table II.

Chemical Reactivity. —Although chemical structure-
biological activity relationships among aromatic and
heterocyclic carcinogens have received a great deal of
attention,” comparatively little is known about this
aspect of the simple oxygenated carcinogens under dis-
cussion. On the basis of the known chemical reactivity
of epoxides and B-lactones, it has been suggested that
these materials function as alkylating agents and that
they react with any of a number of nucleophilic (elec-

(6) J. N. Brénsted, M. Kilpatrick, and M. Kilpatrick, J. Am. Chem. Soc.,
51, 428 (1929).

(7) D. B. Clayson, "Chemical Carcinogenesis,'” Little, Brown and Co.,
Boston, Mass., 1962, p. 135.
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Comprarisan or Cnemlcan HEacrviry wirn
CARCINOGENICITY aF Eroxibes
Race constants, & X 1D,
1 mole— see.

Cnreino- iat pll 7.0 and 377~

Coanpnl. cenicily  S.05 T I
dl-THepoxyhntane + + 2.0 0.60 NN
meso- Diepoxyhbatane + 4 225 0.68 G150 439
Clycidaldehyde + - 178 0021
1-Lthyleneoxy-i3,1-

epoxyeyclahexana +- 4 .57 0 010
1.2,4,6-Diepoxyliexanc +* 1.1 .
1.2-Epoxybutene-3 — 1.5 0.7 0.18i0.65"
lipichlorohydrin — 0.a2 0.12 0.35 <0.098")"
Epoxyeyvelohexane — 0. 10
Lithylencoxyeyelahexane — [{IR R

* Kyat 20°0 " Gave henigp fumors in careinogenicity testing.
Lit.? 0.10 X 1072,

Tarre 1]
Pare Cansrants ror LacrosNes
Necond-onler rate
constant for
reaction with
rhiasulfate ion /,
1. mole -t sec !

1y drolyses rate

Carcino- constant £,

Chongpel. gendeity  nuin. 7l X 103 (479 X 10 (24°)
g-1'vopiolactone ++ 11.3¢11.4,37.3%% 13 119, 25°%
8-Butyrolactane + 1,08 (3.48, 3554 0.19
1,5-Epoxy-3-hy- . 0.017 3

draxyvalerie acid
3-lactone
Diketene - 120 {257

Ca. 2 X 10748309
acetone--warer)

No reaction €604
otlianol-water)

44 4-Trimethyl-3- -

hydraxy-3-

pentenode acid

8-lactane
a-Angelicalactone — ~law
3-Angelicalactone — No reaction No reaction
v-Butyrolactone — No reaction No reactian

« Ref. 120 " Ref. 5. Ao BL Olson and P V. Youle, J. Am.
Chem. Soc., 73, 2468 (1951). < Gave benign tumors only in
carcinogenicity testing.

No reaction

tron-rich) ccuters in tissue. The vavious reactions
whiclt epoxides ean undergo with tissue constitucuts
were recently reviewed.®  The reactivity of these muate-
rials with nucleophiles i therefore of significance in
relation to their biological activity.

Ro=x%1 hing studied the reaction rates of & number of
epoxides with thiosulfate 1on and has compared these
rates  with  tumor-inhibitory activity but not with
careinogenic activity.  The measurcments of Ross were
niade i aqueous acetone in the presence of 0.2 1/
sodium thiosulfate and are uot strictly comparable to
those reported here,

The results indieate no large differences in the
reactivities of the epoxides studied. However, threc
of thie carcinogenic epoxides have a higher order of
reactivity toward thiosulfate than the four noncarcino-
gens histed.  Several exeeptions are noted.  1-Ethyl-
eneoxy-3,4-cpoxyeyelohexane has velatively lower re-
activity than the other earcinogenic epoxides.  The
relatively high rewetivity of the noncarcinogenic 1,2-
cpoxvbutene-3 with thiosulfate and azide ion 1s prob-
ably due to the clectron-withdrawing properties of the
double bond. "

(Gilycidaldehyde appears to have a very low reactivity
with azide ion. This may be duc to a rapid reaction of

iy Gl I Wheeler, Cnpeve fles., 22, GAL1 i 10623,

WL L0, Ross, Adnn. N Y. Acad. Ser., 68, 664 {19085,

10y WL Ross, Jo Clhem. Soc., 2257 (1050,

1Y C0 AL VarslerWerf, ROYL Heisler, and W 15 Melivwen, o 1m. Chem
Soe., 76, 1281 (1454).
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azide 1o at the aldehyde earbonyl; if the epoxide is
not eleaved, base i not liberated, and sinee the dis-
appearance of the nuelcophile i measured by deercase
i aeidity, the apparent rate of reaction of glveidalde-
Livde with azide ion is relatively low.

3-Lactones undergo alkyl-oxyeen eleavage in the pH
range -7 and aevl-oxyvgen cleavage in basie and in
strongly acid pH# 4 the in rive reactions of g-lae-
tones are thercefore expected to occur by alkyl-oxygen
cleavage, followed by alkylation of nueleophiles, as in
the case of epoxides. Tor this reuson the neutral
hydrolysis rates and rate of reaction of these luctones
with thiosulfate ion were determiined.  Three y-lae-
tanes previously tested for carcinogenie activity ure
also ncluded in thix series although they were not ex-
pected to show significant reactivities. The order of
agreement bhetween careinogenicity of the laetones and
reaetivity ix bhetter than for epoxides and shows. in
fuet, only one exeeption, #iz., diketene.

Diketene, whielr is the anhydride of acetoacetic acid,
hydrolyzes rapidly inowater™: it is highly reactive to-
ward muny nuelcophilie and eleetrophilie reagents.’
Thix high veactivity may preclude its reaction at bio-
logieal =ites mportant for carcinogenesis and hence
account for its lack of earcinogenie activity.,  Its high
hydrolysis rate made the determination of its thio-
sulfate reactivity impractical,

The noncareinogente y-lactones. as expected, showed
o reaction with thiosulfate at 37° and only a-ungcliea-
lactone showed any tendeney to hvdrolyze (very =lowly)
at this teuperature. The y-lactones do not undergo
alkyl oxyveen cleavage but rather acyl-oxyvgen cleavage
i bhase-catalyvzed hvdrolysis,

Dickens" lax =uggested the signifieance of 3=
unsatination i y-lactones  for carcinogenicity,  In
the mouse <kin enreinogenicity experiments’* - and
B-angelicalactone gave negative results.  In addition
the presence of aS-unsaturation does not appear of
niportance in facilitating alkyl-oxygen eleavage.

Water Solubility. -Reactivity toward nucleophiles
i solution obviously docs 1ot account for careinogenic
poteney and other factors must be involved.  Among
these 1= the =olubility of these matenrials i water,
The relationship between lipohydrophilie character of
organic compounds and biological activity hax been
studied by =cveral workers.™  The water solubility
of a number of epoxides was deterniined i the present
work.  Most carcinogens are in the highly water-soluble
group, c.g.. meso- and dl-diepoxybutane,  dicpoxy-
pentane, -cthylencoxy-3.4-cpoxyevelohexanc, and gly-
cidaldehyde.  There were no carcinogens aumong the
slightly soluble epoxides, ¢.g., resoreinol diglyeidyl ether,
squalence hexaepoxide, and 1,2.5.6-diepoxyeyelooctanc.
In the g-lactone series, 8-propiolactone and g-butyro-
lactone are carcinogenic and water soluble, wherens
diketene 1= inaetive and water insoluble. Thisx cor-
relation suggests that =olubility plays =ome role in

(123 F. A, Long and M. Purchase, i4id., T2, 3267 (1950).

¢13) A. R, Olson and R. J. Miller, i#id., 60, 2687 (1938).

14 AL R Olson and J. 1. tivde, 1bid., 68, 2459 (19411,

151 1 3L Briody and T 1N N Sacehell, Chesm. ed. {Londan), 893 (19611,

i16) N Bl Boese, dv Tud, Eag. Chew., 32, 16 (1940).

17y I'. Dickens, “On Cancer and Ilormones,” Universiiy of Chicago
1'eoss, Clueago, I, 1062, 1 107,

118) (' lanseb and ‘T Fujita, Jo 2l Chem. Soc., 86, 1616 (1964, and
roferences eived 1herein.
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facilitating the expression of biological activity by these
materials,

Cross Linking and Carcinogenicity.—The mono-
functional epoxides are largely devoid of carcinogenic
activity®? but are potent mutagenic agents.}® Bifunc-
tional epoxides, on the other hand, are carcinogenicl?
and exhibit mutagenicity on the same order as that of
monoepoxides.’® These characteristics raise the ques-
tion of the role of the often-mentioned, cross-linking
ability of bifunctional alkylating agents in accounting
for their biological activity.

It has been suggested, for example, that bifunctional
alkylating agents cross link the strands of the double
helix of DNA at two guanine moieties. This cross
linking may then result in incomplete duplication of
genetic material and these processes may be involved in
carcinogenesis,

Nevertheless, it must be remembered that the classi-
cal earcinogenic alkylating agent, 8-propiolactone, has
only one active alkylating center. This compound is
one of the few alkylating agents which has noticeable
carcinogenic as well as mutagenic activity.

In order to evaluate the role of cross linking of DNA
by these alkylating agents more accurately, the inter-
atomic distances between the reactive centers in several
epoxides were measured by use of scale drawings and
Dreiding atomic models. Because of free rotation in
the open-chain epoxides, the distances of closest ap-
proach and of greatest separation between terminal
reactive centers were measured and are listed in Table
III. Several observations become apparent from these
measurements. Thus, in glycidaldehyde, which has
only one epoxide function, the distance between the
terminal oxygen-bearing carbon atoms is only 2.6 A.
which would make it impossible to reach from a guanine

(19) Summarized in ref, 2,
(20) P. Brookes and P. D. Lawley, Brit. Med. Bull., 20, 91 (1964).

8-CHLOROETHYLAMINES, SULFIDES, AND SULFONES
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TasLE III
INTERATOMIC DISTANCES 1IN EPOXIDES
Distance between reactive
carbon atoms (A.)
Closest Greatest
Compd. approach separation
dl-Diepoxybutane 2.5 4.0
meso-Diepoxybutane 2.5 4.0
1,2,4,5-Diepoxypentane 1.5 5.2
1,2,5,6-Diepoxyhexane 0.0 6.6
1,2,6,7-Diepoxyheptane Overlap 7.7
1-Ethyleneoxy-3,4-epoxy-
cyclohexane 4.6 5.4
Glycidaldehyde 2.6 (fixed)

moiety on one strand to the nearest base on the ad-
jacent strand of the DNA helix, Similarly, for g-
propiolactone, cross linking of this type between bases
cannot occur. The relatively short distances between
epoxide functions in the diepoxybutanes and diepoxy-
pentane also render cross linking between bases unlikely.
Even without exact measurements of interatomic dis-
tances between the N-7 positions on two adjacent base
pairs it is immediately apparent that cross linking can
occur only when there is a much longer distance between
epoxide functions.  However, resorcinol diglycidyl
ether, in which there are eleven atoms between the
terminal epoxy-bearing carbon atoms, is inactive as a
carcinogen.! These considerations suggest a re-evalua-
tion of the possible sites of action of alkylating agents
concerned with carcinogenesis.
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Several N-arylthioisopropyl-N-benzyl-2-chloroethylamines and their corresponding sulfones were obtained. The former

do not have a sulfonium structure despite their rapid rate of hydrolysis, especially the disulfurated derivative.
they lack adrenolytic activity as do the sulfones of low hydrolytic rate.
can be established between the rate of hydrolysis and the pharmacological activity of this group of substances.
drolysis mechanism takes place probably via the sulfonium ion,

The advent of dibenzyline, N-phenoxyisopropyl-N-
benzyl-2-chloroethylamine,! and its promising activity
as an adrenolytic agent induced us to attempt the
synthesis of analogous sulfides, with the object of
studying their properties and the possibility of ob-
taining new drugs in this series. In 1950% a series of

(1) J. F. Kerwin, G. C. Hall, F. J. Milnes, 1. H. Witt, R. A. McLean, E.
Macko, E. J. Fellows, and G. E. Ullyot, J. Am. Chem. Soc., T8, 4162 (1951).

(2) Smith Kline and French International Co., British Patent 673,509
(June 4, 1952).

In general
From this it can be inferred that no relationship
The hy-

adrenglytic 2-haloethylamines were obtained with the
following formula. The cited patent included only one

ArO(CHg)n([?HR
AI‘CH-;NCHzCHzX
R = alkyl, aryl, or aryloxy
X = Clor Br

sulﬁde, N-phenylthioisopropyl-N-benzyl-2-chloroethyl-
amine hydrochloride; its properties were not described.



