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A high degree of specificity has been demonstrated in the relationships between the structure and antitimor

activity of ?-chloroethyl sulfide derivatives of several polycyclic aromatic hydrocarbons.
9,10-dimethylanthracene were found to be particnlarly potent compounds.
in the alkyvlating side chain resulted in enhanced molar activity.

The sulfur mustards of
The presence of a salt-forming group
The coincidence of intense cytotoxic activity in

both the acridine and anthracene derivatives supports a mechanism of action that involves the spatial configuration
of the carrier component as well as covalent binding by the alkylating moiety.

The discovery of a series of heterocyclic monofunc-
tional nitrogen mustards displaying pronounced anti-
tumor aectivity? was followed by the synthesis of a
parallel group of monofunctional sulfur mustards.®
Comparisons of the two groups of compounds showed
antitumor activity to be present in a wider spectrum
of the sulfur mustards of aromatic heterocyclic moieties
than in the corresponding monofunctional nitrogen
mustard derivatives.?

This finding led to the investigation of a series of
polynuclear aromatic hydrocarbon groups, sterically
analogous to the heterocyclics and well known to possess
significant cytotoxic activity, as possible potentiators
of monofunctional alkylating agents. The initial
assumption that incorporation of a naphthalene
nucleus (I) would give a model inactive compound,
thus forming a base line from which to progress to
three- and four-ring potentiating nuclei, proved in-
correct; this compound met our criterion of activity in

CH,NH(CH.,),SCH.CH,Cl

SO

I

the Ehrlich ascites tumor system by causing an in-
crease of more than 809 in the mean survival time of
treated mice.>3 Substitution of the p-chlorophenyl
radical for the naphthyl group in I resulted in loss of
activity.

Increases I antitumor activity were noted as struc-
tural alterations were made in the direction of the more
complex polynuclear carcinogens (Table I); the quan-
titative data given there will be discussed under Bio-
logical Results.

In order to provide comparisongs with Seligman’s
hemisulfur mustard derivative of 7-methylbenz|a]-
anthracene,* the corresponding derivatives of the same
classes of aryl groups (lacking the salt-forming amino
group) were made, ag listed in the second section of

(1) Supported by Researclt Grants CA 02975 and CA 06927 from the
National Cancer Institute, National Institutes of Healtl;, U, 8. Public
Health Service.

(2) (ay R. K. Preston, R. M. Peck, E. R. Breuninger, A. J. Miller, and
H.J. Creech, .J. Med. Chem., T, 471 (1964); (b) R. M. Peck, E. R. Breunin-
ger, A.J, Miller, and H. J. Creeclt, ibid., 7, 480 (1964).

(3) R. M. Peck, A. P. O'Counell, aud H. J. Creecli, ilnd., 9, 217 (1966).

) AL M. Religmun, M. Mildew, and O. M. Friedmitn, Cunver, 2, 701
(1949, Wlen given as u siugle intrapericoneal iujection of 5.0 mg tu nil,
this compoeund gave positive antititmor results in mammary adenocarci-
notna, negative results in myelogenous leukemia, and questionable results in
Sarcoma 37. l'or a 20-g nrouse, this is comparable to tliree doses of ap-
proximately 250 uuroles, kg, tle dosage units used in Table I.

Table I. These chemicals are completely hydrophobic,
but may be expected to have moderate lipid solubility;
the dosages necessary for display of biological activity
are considerably higher than those for the correspond-
ing ionic compounds, as would be expected.

The synthesis of the nonbasic chloroethyl sulfides
involved alkylation of sodiomercaptoethanol and re-
placement of the hydroxy group in the intermediate
(see Table II) by reaction with an equimolar quantity
of thionyl chloride in dioxane solution.®? Excess thionyl
chloride led in some cases to cleavage of the arylmethyl-
sulfur bond, and also, in the case of the anthryl deriva-
tive, to nuclear chlorination, presumably in the meso
position, although a proof of structure by independent
synthesis was not undertaken.

Experimental Section

Melting points were taken in open capillary tubes in a Hersh-
berg apparatis using total immersion thermometers and are re-
ported as uncorrected values. All of the 2-chloroethyl com-
pounds carrying basic side chains were prepared by the action of
excess SOCL on their hydroxy precursors,?:3

The first stage in their synthesis was the attachment of the
aminopropanol residue, either by reaction with the arvlaldehyde
and catalytic reduction (method I), or by direct reaction of the
amino alcohol with the chloromethylated hydrocarbons (method
II). The latter method gave an impure product, and usually a
distillation was necessary to remove the disubstituted impurity.
The intermediates were converted in excess SOCL2? to the chloro-
propyl derivatives, which were used to alkylate mercaptoethanol.
Replacement of the hydroxyl group with chlorine produced the
alkylating agents in Table I. Data on the intermediate com-
poinids are given in Tables IT and III.

N-(3-Chloropropy!)-p-chlorobenzylamine Hydrochloride.—To
a stirred solution of 21 g of 3-(p-chlorobenzylamino)-1-propanolé
in 40 ml of 1:1 chloroform-hexane was added 40 ml of SOCl, in
portions. After standing overnight at room temperature, the
solvent was removed in vacuo, and the residue was decomposed
with ethanol, cryvstallized, and filtered from ethanol. The yield
was 27.7 g (slightly greater than theoretical), mp 209-211°, A
sample recrystallized from ethanol gave the analytical sample re-
ported in Table II.

N-[3-(2-Hydroxyethylmercapto)propyl] -p-chlorobenzylamine
Hydrochloride.”—A solution of 25.2 g (100 mmoles) of the previ-
ous compound in about 400 ml of hot 959 ethanol was added to
a stirred solution of 10 ml of mercaptoethanol in 229 ml of 1 .V

(5) W, T. Hunter, J. 8. Buck, F. W. Gubitz, and C. H. Bolen, J. Org.
Chem., 31, 1512 (1956).

(6) Prepared by metliod I; bp 91-95° (15 u); previously prepared by
method II and reported to boil at 127-132° (0.8 mm) by A. R. Surrey, S. O.
Winthrop, M. K. Rokwid, ind B. F. Tvdlar, J. Am. Chem. Soc., 7T, 633
(1055).

(7) Tle ouly fundamental departure from tlis procedure is the case in
whiclt the free base of the product is crystalline and simple dilution of the
concentrated reaction mixture precipitates tlie product whicli is recrystallized
from ethauol.
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- Naplitlyl CHRCHCH0H ¢ 83
2-Methyl-T-nuplithyl CHSCH:CH0H . T
0= \thiryl CHSCH:CH:0H¢ . 83
10- Methvl-D-auilryl CHsRCH:CHOTH . il

* Values are either =ingle nnalvses or averages of checks.
which wis used in the nexr reaction.

* Recry=tallized from dilme HCL
1 Previongly prepared by another method by AL IT. Weinstene and . M. Pierson, J. Org. Chem,
23, 754 (1958), who reported mp 52-53.5°, ¢ The required 9-chloromethylanthrncene wag prepared acenrding to ref 3.
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* Yield «d hydroehlovide, mp 74 777,

“The reqnired

O-chloromethyl-10-methylanthracene was prepared according to J. L. Adelfang mud G0 H. Danb, J. Ane Chen. Soe., 80, 1405 (19585,

# Boiling point.

merthanolic NaOTL The mixiure was heated and conventrinied
ty the stenm cone {or 1 hr, diluted with 200 ml of ether, and lei
stand overight.  After filtration of 10.0 g of NaCl (9397 of the
theoretical), the mixture was concentrated and the residuc was
hented T hr in a erystallizing dixh ov the sten cone und thei
partitioned between ether and water. The organic layer wis
wished and then extracred with 90 mtof I NV HCL  The extrart
phix n =mall water wash was coneentrated in zacuwo nnd the resi-
due was erystallized from ethanol-acetone.  The vield was 20.7
g (70]), mp 147.5-148.5° (Table I1).
3-(10-Methyl-9-anthrylmethylamino)-1-propanocl (Method
1).~A mixture of 5.0 g of 10-imethylmthracene-9-carboxaldehyde
and 175 g of 3-nmino-1-propanol in 30 ml of absolute ethanol wax
refluxed for 2 hr (an additional 0.2 g of amino aleohonl was added
after 1 hr), cooled, diluted to a faint turbidity, and cooled over-
night 10 give 5.2 g of the the anil, mp 97-98° (Table 1I). A suspeu-
sion of 5.1 g of the anil and 300 mg of PtQy eatalyst in 20 ml «f
alkali-dixiilted ethanol was shaken 8 hr under 3.5 kg/em? of
fardiogen: The =uspension beeante n pale vellow and hydrogen
uptake ceased,  The mixtare was dilured with an equal volime
of warer and cooled overnight.  The mixed solid was filtered
snd stivred with dilnte acetie acid, and the insoluble material wis
remuewved by filiration.  The filtrate was made alkaline to give 4.1
g of impure base.  Recrvstallizntion from diliute ethanol gave
24 g, mp N4-86°; u farther recrystallization from benzene-
petrolenm ether (bp 30-60°) gave 1.8 g, mp 91-93°. A sample
was ronverted to the nitrate for analysis (Table 11).
3-(4-Methyl-1-naphthylmethylamino)-1-propanol (Method
I, -A =olntion of 15 g of 1-chloromethyl-4-methylnaphthalene
iw ethmol-beanzele was added with stiming to 25 g of 3-nmiiee1-
propanol in 25 ml of ethwol. The mixtire was refluxed for 1
hr, coreerarated toc two-thivds volnme, wd cooled; 8.3 g of 50,
aqueonts NoOTE was ndded wiih stining. The precipitaicd Nl

wis removed by filralion, the filtrare was coneendrated, sd 1he
residite was distilled twice 7n cacio iien modified von Brann flask
to give 12.4 g (6857, ) of product, bp 134-136° (20 w), nent eqniv
235 (caled 220.5).

Attempted Synthesis of 9-Anthrylmethy! 2-Chloroethy! Sulfide
in Excess Thiony! Chloride.—To 20 m!l of stirred SOCL was added
2,05 g of 2-(Y-nnthrylmethyithio)ethanol (Table I1).  The mix-
tire wis allowed to stand at room temperatie «vernight, exeess
ROCL was vemoved in vacvo, and the crvstalline residie was fl-
tered froni hexane and washed with a little ethunol. Tt weighed
1.4 g, mp 158-167°.  Recrystallization from benzene-petioleum
cther gave 1.0 g, mp 173-174°.  Anal. Caled for ¢ HCIS (the
desived produer): ¢, 7119, H, 527, ClL 1237: 8, 1LIK.
Foaud: C, 69532, 69.59; 11, 3.64, 3.85; CL 2722, 26.91; 8, none.
Caled for Cull,Cle C, 6902, H, 3.86; CL 27.15.  This corre-
sponds tie x-chlorn-9-ehloromethylanthracene.  The smne com-
pound was isolated friom a similar SOCL reaction with 9-hy-
roxynierhylwthrace e,

Biological Results

Because of their unique =uitability, albino mice
(ICR Swiss) bearing Ehrlich aseites tumors were cin-
ployed for the quantitative determinations of the activ-
ities of these compounds. The procedures have been
deseribed in detail in previous publications;*®  they
are based on the exceptional capability of certain
analogs of the nitrogen and sulfur mustards to prolong
by a severallold fuetor the survival time of mice thad
have been inoculated intraperitoncally with sceveral
million aseites tumor eells,


CHsSCH-.CH.OH-'
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Tasre ITI
PrecUrsors To CompounDps IN TaBLE IT
Mp or
Yield, bp (u), —_—— Caled, Y LFound, V%
R Metliod® Salt Te °C C H N Cl C H N Cl
Chloropropylamine Derivatives, RCH.NH(CH,),Cl
p-Cldorophenyl HCI 95 210.5-212.3  47.17  5.54  5.50  41.77  47.38  5.75  5.67  41.08
1-Naplithyl HC1 65 175.5-176.5  62.25  6.35  5.18  26.23  62.36  6.55  4.85  25.97
2-Methyl-l-naplitliyl HC1 82 144-146° 63.41  6.74  4.92  24.92  63.25 6.96 4,96  24.58
4-Methyl-1-naphthyl HCl 66 204-205.3 63.41  6.74 4,92 2492 63.96 6.8]  4.85 24,92
9-Antliryl HCL 60 190-192 67.50 5.98  4.37 22,13  67.18  6.48  4.36  22.09
9-Phenanthryl HCI 100 224-225 67.50 5.98 4,37  22.13  67.48  6.24  4.31  22.4]
10-Metlyl-9-antliryl HC1 41 200.5-201.5  68.28  6.3¢  4.190  21.20 68.33  6.43  4.09  20.81
10-Methyl-9-plenantliryl HC1 50 223-225 68.28  6.34 4.19  21.20 68,39  6.24  4.21  21.1l
7-Benzlalantliryl HCL 47 213-214.5 71.32  5.72  3.38 19.14 70.8  6.23 3.79  18.96
3-Amino-1-propanol Derivatives, RCH.NH(CH,),OH
1-Naplithyl 11 o 53 122- 132 (60) 215,5¢ 220°%
2-Metltyl-1-naplitltyl 11 HNO: 784 178-179.5 61.65  6.90  9.59 62.89  6.92  9.38 ‘
4-Metliyl-1-naphithyl 11 . 69 131-135 (20) 229 5 235¢
9-Anthryl 1 65 81-82 81.50 7.23  5.28 81.61  7.32  5.51
9-Plienanthryl 1 e 75 80-82 81.50 7.23  5.28 81.34  7.22  1.80
10-Metlyl-9-antloyl 1 HNO; 35 185.5-187 66.48  6.48  8.18 66.80  6.99  8.15
10-Metliyl-9-phenanthryl 11/ 45 101-1137 81.74 7.58 5.0l 81.23  7.69  4.90
7-Benzlalanthryl 14 64 86-90 83.80  6.72  4.44 84.66  6.42 4.1l
Iminopropanol Derivatives, RCH=N(CH.);OH

9-Anthryl 55 115.5-116.5  82.10  6.51  5.32 82,38  6.43  5.33
9-Phenanthiryl 52 82.5-84 82 .10 6.531  5.32 82.14  6.51  5.28
10-Methyl-9-anthryl 81 97-98 82.37  6.91  5.05 83.32  6.82  4.52
7-Benzlulantlimyl 81 110-114 84.38  6.11  4.47 85.03  6.12  4.12

@ Valies are either single analyses or averages of checks.

concentrated NaNQ; to a solution of base in dilute acetic acid.
153-155°.
¢ Sample prepared by sublimation ¢n vacuo at 110° (10 u).
zation equivalet,

The results of the tests are expressed in terms (a)
of the degree of activity against the tumors and (b)
of effective range of the compound that caused at least
an 809 increase in the survival time over that of the
controls. The dosages of compounds are presented as
the number of micromoles per kilogram of body weight
of the mouse. The effective range runs from the mini-
mum dosage producing the desired action, through
an optimum level for maximum influence on survival
time, and up to the highest dosage still producing the
desired antitumor effect despite concomitant toxic
activity. The ratio of the highest to the lowest dosages
is, therefore, an expression of therapeutic index; the
lowest effective dosage is a measure of the molar activ-
ity of the compound.

All experiments were terminated at the conclusion
of a period (usually 48 days) that was three times the
mean survival time of the control mice. In our ex-
perience with nitrogen mustards, nearly all of the mice
surviving this period could be expected to live more
than 15 weeks without signs of ascites tumor develop-
ment. If all the mice in the treated group lived to the
time of sacrifice, a maximum value of 3.0 was assigned
as the degree of antitumor activity. A value of 1.0
was recorded when the mean survival time of the ex-
perimental group did not exceed that of the control
group. The value for the degree of activity of an
cffective compound as recorded in Table I represents
the average of the two minimum values of 1.8, obtained
at the lowest and highest dosages, and the values
found at 3-8 intermediate dosages. Consequently, a
highly effective compound will display an average value
of 2.2-2.5; wvalues of 1.8-2.1 indicate a moderately
active compound capable of prolonging the survival
time of the mice bearing ascites tumors by a factor of
two.

b Melt resolidifies and remelts at 171-172°,
4 Qver-all yield of salt; the free base wag obtahied in 83 yield and boiled at 110-125° (15 u).

¢ See Experimental Section.
The salt was obtained by additioit of

¢ The nitrate was also obtained and used as a purification step, mp
/ The chloromethyl precursor of this compound was prepared according to S. Hauptmann, Chem. Ber., 93, 2604 (1960).
® This compound was also isolated in lower yield via method II.

i Neutrali-

Judged by these criteria, the most potent compounds
are those that display (1) the highest degree of anti-
tumor activity, (2) the widest effective range, and (3)
the lowest initial dosage producing an 809, increase in
survival time. Only a very limited number of the
sulfur mustard and the monofunctional nitrogen
mustard derivatives have been found to be as effective
as the bifunctional nitrogen mustards in causing pro-
longation of the survival time of mice with ascites
tumors, Our previous studies>*® have demonstrated
that for potent antitumor activity only one 2-chloro-
ethyl group is necessary provided the molecule contains
a specific heterocyclic component, such as acridine or
benz[clacridine,

It is evident from the information in Table I that
incorporation of certain polyeyclic aromatic hydro-
carbons into the side chains containing the sulfur
mustard moiety also produces compounds with pro-
nounced effectiveness against ascites tumors. The
10-methyl-9-anthryl derivative with the basic side
chain displayed a molar activity and a wide dosage
range equal to those of the acridine sulfur mustards
described earlier;® furthermore, it was discovered to be
unusually effective against the ascites form of Sarcoma
37. An examination of the table shows that the first
series of eompounds containing the basic side chain
exhibited more pronounced antitumor effects at con-
siderably lower dosage levels than the corresponding
sulfur mustards with the simpler side chain. Other
trends are indicated, namely, the general increase in
antitumor effectiveness as the polycvclic component
becomes more complex and the increased molar activity
caused by the presence of a methyl substituent in each
of the aromatic nuclei. It is conceivable that a rela-

(8) H.J. Creecli, E. Breuninger, R. I'. Hankwitz, Jr., G. Polsky, and M.
L. Wilson, Cancer Res., 30, 471 (1960).
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tionship exists between the careinogenie and the anti-
tumor potentialities of the aryl component.  Studies
by Cook and Kennaway* have =hown that 9.10-
dimethyhinthracene i= a moderately netive eiareinogen
in mice, whercas benzlaJanthracene and 10-methyl-
plhicianthrene exhibit no more than slight careinogenie
activity,  Since certain methyl-=ubztituted benzlal-
anthracenes are potent carcinogeils, we  propose  tuo
=vhthesize the sulfur and nitrogen mistard derivatives
of several of these polyeyelic womatie compounds and
determine the existence of any ereinogenic—-enreino-
statie correlations,

Cross-linking ability 1s generally considered to be o
requirement for a tumor-inhibiting alkylating agent.
Thix condition is fulfilled by the bifunctional nitrogen
and sulfur mustards. Several of our monofunctional

(9 WL Coek and 5L L Ketwawsgy, i, S, Cuneer, 39, 381 (10405 1
L. Kemoeovey, No ML Keraway, sud 1. L Wiceeen, Coosevr e, 2, 157
[ES N

Acelylenic Carbamates.

lnasroN Vol 1)
mustirds have =0 displayed pronounced antitumor
activity; these have contained o =pecifie polyevelie
compodient, =uch a= o derivative of aeridine o snthra-
cene,  1roix probable that these hindf-mustiads alxc
exert their setian by oo bifunctional meelimnisin, one
plie ol which ipvolves the reaction ol the 2-chlove-
ethvl group with the guunne moiety ot deoxyribo-
nueleie aeid, wx <hown by Lowley and Walliek ™ or
with some other exsentinl econstituent. 1t seeins renson-
able that cros<-linking can bhe completed by inter-
eadantion of the polvevelie coanponent between the hase
}».‘lil'.\' in (1('(»_\'_\'1‘“mllll(‘l('i(‘ :1('}(1. i Proeess })1'(»}»”5(-(1 1»)’
Lernmm® for the aeridine nueleus and by Bovland and
Cireen!? for the polynnelear hyvdroenrboans,

S0 0D Lawley st U0 N Wadbick, i Tod s Lntedomns s GRS 010G T
D Lawdex Pre, Civm, S 260 119370 P ks ol 1710 Loy |
Beito Mad, Butio, 20, A 1]

G LS Lo, o Colladur Compr, Dhysiol . 84, Suppl. 111,

2120 10 Bavlewl wond 18 Greeew, Beal J. Coaserr, 16, 507 (190200 0 1 wi.
Rl 9, AR 1.

A New Class of Potential Oncolylic Agenls

RosErT D. Dinrarp, GEraLd PoogrE, Doxatb I Cassapy, axp NeLsox R Lasrox

The Lilly Research Labovalocies, Inilii polis, Lnd i
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A series of 1 T-diavyl-2-propyuyl emrbamates = described.

Lnlike the provieasly veported -diadkyl-2-

propyuyl enrbamates, this series was foand to have potent antitamor effects ngainst varions Lunlor systems i

mice.
are discnssed.

An investigation of the intramolecular reactions of
acetylenic compounds! =3 led to the synthesis of 1,1-di-
phenyl-2-propynyl carbamate.  This compound showed
interesting activity in our cancer screen. On this
basis, w series of diaryl carbamates was investigated
for antitumor activity. In contrast to that reported
for 1,1-dialkyl-2-propynyl carbamates*? these were
void of any hypnotic properties. However, unlike the
I, l-dialkyl compounds, this series demonstrated re-
peatable activity against a series of mousce neoplasms,

Since these compounds were most active against the
myclogenons leukemia (1498 and the plasma-cell
tumor X35563, these tumors were used to evaluate the
relative efficacy of the compounds as antitumor agents,
Although most of the carbamates showed activity in
these tests, certain variations in structure appeared to
proniote optimuin antitumor effects.

Although the preliminary activity of these¢ com-
pounds was established by the intraperitonead route of
therapy, other routes were explored. The oral uac-
tivity was of particular futerest, inasmuch as it is more
desirable to andminister oncolytic agents for clinical use
by the oral route.  Studiex were carried out and coni-
parisons made by both the intraperitoneal and oral
routes.  More extensive studies are in progress in-
cluding delayed therapy experiments, broad-spectrum

LCND R Fiestorsaed Ry Dy Dillaed S O Cliene,, 38, 2485 11063)

+h NURL Diston, DL R Cassady, ool R DL Didliond, dhid., 27, 2027 (1062,

S NL R Pastor, DL RLC tdy, mul R Dy Dilland, 76id., 29, 18531 11ttty

s AL DL Meltwoaml 150 R Catlin, UL 80 Pitent 3,062,870 { Nov 6, 1162,

) W Keil, R Muasehoweek, wel B Riddentacher, ArzunOndilel-Furah, 4,
177 (1941,

Oral as well ag parenteral activity of these componnds is demonstrated.

Stretare-aetivity relationships

tuior studies, tissue localization in mice, hemopoctic
effects, and general toxicological eff cets.
Chemistry.--The preparation of the carbamates by
modified procedure described by Mehtn nd Catlin?
ixoutlined in Scheme I The 1,1-diaryl-2-propyu-1-ols.
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prepared by well-known procedures from diaryl ketones,
were treated with phenyl chloroformate using pyridine
as an acid aceeptor in dichloromethane to give the
phenyl carbonate intermediate. In the presence of
an amine, thix intermediate wias converted to the ear-
bamate and phenol. The erude products were purified
by erystallization to give yields of 5-30%. No cffort
was made to obtain optimum yields. The N-mono-
substituted earbamates could be prepared direetly from
the 2-propyn-l-ols using an alkyl dsoeyanate. The
allyl earbamates were obtuined by entalytie hydrogens-
tion of the appropriately =ubstituted 2-propynyl eur-
hamates,
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