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thiophenol, and thiotoluene were used in making the thiosutfinates
and i1 each ease the sanhie syunnetrical thiosulfonate was obtained.
The yellow salid was recrystallized from absoliute ethanal nnd hiad
aouep. of 136-130°.  The disulfide wus 1at recavered.

In comparving the spectra of this thiosullonate with it~ cor-
respouding disulfide there were [ound two hirge penks nt 1135
and 1300 enn. ™t due to asyhinetrieal and syminetrieal —80.-
absorption.3  In addition, the penk at 1100 em. ! i the ki-
sulfide has shifted to 1075 en. ™' o the thiosulfornte, which is in
agreenent with the assumption made cancerning the Se=-0)
peak in the thiosulfinate.

Anal. Caled, for CoHaCLNOR: C, 45.20; H, 4.56; Cl
26.74; N, 5.28: 812,10, Fouud: €, 45.16: 1, 4.71; 1 26.20:
N, 5.35; 8, 11.82,

Reaction of S-(p-Tolyl) p-|Bis(2-chloroethyl)amino]|thio-
benzenesulfinate (VIb) with Triphenylphosphine.—The pra-
cedure eniployed by Carson and Wong?®! was followed,  Inn test
tibe was plaved 0.6 g, (0.0023 mole) of triphenylphosphine nnd
0.882 g (00023 mole) of S-(p-tolyl)  p-[bis(2-chlaroethivh-

¢33y L Uymervan-Craig and Jo B Willis, o Clenin Soe,. 1552 (1051,
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aminojthiobenzenesultinnte,  They  were mixed and  gentiy
shaken together.  After 15 min., the dry mixtire had not Haneled
ro o vellaw el s reported by Carson and Wong with their
thiosulfinates. The tnhe was allawed to stand avernight, then
1t was waned inoaowater bath for 50 wain. The solid meled
when wirmed and ve-Torared as a vellaw =alid at raom temperature,
Thix wax dizsalved in 1wl of henzene, and 20wl of petralennm
ether was added. The misture was vefrigernied Tar several
ltonrs sind filtered, and the solid was wished with several partions
ol petraleam ether. 1t was redissalved in n =small amount of
benzene, aul perrolein ether agnin was added. The vesulting
white <alid had o np. of 154-157° This canfirmed the presence
al a renctive axvgen an the sulfur atan. An nusuecessiul -
tempt was minde (o isobite the disulfide rrom the chlavolamn
filtrate.

Sinee the enteetie mixtire reparted by Carsan and Wong did
not form of itx awn aecord, a blank was i ta verify thae 1he
oxidation al the miphenylphosphine was truly cansed by the
thiosulfinate.  "The only proditet that was i=olated fram the blank
wils o white solid welting at 70-75°. Thervefare, it can be
asstined than the axinbetion was eansed Tae the thiosullinane.
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In a search for shart-lived alkvlating agents suitable for intraarterial injection in eancer chemotherapy, o

series of 2-bromo- and 2-iodcethyl sulfur mustards has been synthesized.

The mustards have the general strie-

ture, NCH,CH,S(CH,),CONHCH,CH.NHCO(CH.},SCH.CH.X, where X is a halogen atonn and # is an integer

frani { to 4.
(2) as a function of n, 1 > 2 >3 > 4.

praximately 0.2 see. at 37°, extrapalated froni rate data at a lower temperature.
mustards ean be designed with extremely short half-lives utilizing two regulatory fuetors:

The hydrolyvtic stability decreased in the following order:
One bronio mustard (n = 4) was synthesized which had a half-life of np-

(1) asa funetion of X, Cl > 1> Br, and

These data indiente that sulfur
(1) the relative mnteleo-

philicity of the sulfir ainn s controlled by the mteger #, aud (27 the type of lialagen on the enrhan 3t the

sutfur atom.

The therapeutic effectiveness of thie alkylating
agents in cancer chemotherapy is limited by the unde-
sirable side effects normally associated with these drugs
when they are administered in sufficient dose to cause
tumor regression. Because of the great sensitivity of
one or niore elements of the bone marrow, many at-
tenipts to by-pass this area have been proposed.*
The current intraarterial infusion technique depends
for its suceess on the rapid and complete decomposition
of the agent after it has passed through the twnor
and prior to its contact with bone marrow. Ina pre-
vious scarch for short biological life agents suitable for

(1) (a) This investigation was supported in part by a research giant
(CY-2478) from the National Cancer Institute of the National Institutes
of Tealth, Public Health Service, and u contract (SA-43-ph-3740) from the
I'ield Investigations and 1)emonstrations Branch, National Cancer Institute
of the National Tnstitutes of Health, Pnblic Health Seivice. (b) The com-
pounds reportesd herein were submitted to the Cancer Chemotherapy
National Nervice Center for Screening. This agency publishes its 1esales
in supplements to Cancey Research (entitled Cancer Chemotherapy Sereensny
Datr). Dara an compannds submitted to rhis groun will appear in fniure
snphlements.

(2) (a) S. McFarland, N, B. Granville, and W. Damershek, Blood, 14,
303 (1459); (b) O. Creech, Jr., B, T. Kremontz, R. F. Ryan, and 1. N.
Winblad, Ann. Sueg., 148, 616 (1958); (c) M. L. Conrad and W, H. Croshy.
Blood, 16, 1089 (1660): (1) D. G. Miller and W. Luwrence, *roc. Am. Assoc,
Cancey Res., 3, 261 (1061): (e) C. T. Klopp, 'T. C. Alford, J. Bateman, ¢ N.
Berrry, and ‘T Winship, Apn, Swrg., 182, 811 (1950).

itraarterial infusion, a large number of sulfur nustards
were synuthesized and evaluated.  Among these were
bifunctional sulfur mustards with half-lives as short as
14 sec. The reaction mechanism for these mustards
was studied in detail and the parameters controlling
reactivity were reported.?

In view of the short cireulation time in man, however,
furthier reduction in the half-lives of these agents was
considered necessary to prevent significant guantitios
of the agent from reaching scnsitive, nontunor areas
after intraarterial injection to the tumor site. Au
analysis of the quantitative data for the first-order
reaction rates of chloro sulfur mustards? indicates a
low probability of selecting substituents that would
further shorten the half-lives of these agents. There-
fore, an alternate approach was sought.

Because the bromine and iodine atons possess better
leaving properties than the chilorine atou,* the former
would be expeeted to vield sulfur mustards that eyclize
(aud react) more rapidly than the correspouding chloro

(3) €. L& Willilamson, J. 1. Miller, 8, Sass, J. Casaneva, =0 P Isramer
\. M, Seligmun, an/d B, Witlen, J. Nad. Cancer Inst., 81, 273 (1003).

(4) L. I". Tieser and M. Fieser, " Advanced Organic Chemistry,” Reinholt
Publishing Corp., New Vork, N. Y., 1962, p. 319,
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mustards. This is cousistent with the observations of
Chapinan and Jaies®® and of Ross®® who reported that
the bromo and iodo nitrogen mustards cyclize wore
rapidly thau the corresponding chloro compounds.

Accordingly, a series of bifunctional bromo and iodo
sulfur 1nustards was synthesized. The bromo and iodo
mustards contained the same fundaumental amide
skeletal structure as N, N'-ethylenebis[(2-chloroethyl-
thio)acetamide] (S-46) [—CH,CH,S(CH,),CONHCH-
CH,NHCO(CH,),SCH,CH,—], which has shown good
palliation of tumors in children.® Kinetic studies
have;been carried out to determiiue the suitability of
these 11ew amido mustards for use in the intraarterial
infusion techuiques for cancer chemotherapy.

Results and Discussion

The active species of sulfur mustards I is attributed
to a highly reactive three-membered ethyleue sulfoniuin
ion IT (eq. 1)7 which reacts very rapidly with water as
well as with other nucleophilic reageuts, such as thio-
sulfate, ainines, proteins, thiols, and nucleic acids.®
The rates of these reactions are all essentially identical
and depend only upon the rate of formation of the ethyl-
ene sulfonium ion II. Because of the extremely rapid
reaction between II aud nucleophilic substances, the
identity of the nucleophile is unimportant from a
kinetic viewpoint. The rate of ethylene sulfonium
ion formation (the rate-coutrolling step) of a particu-
lar sulfur nwustard thus defines its rate of reaction
with all nucleophilic reagents. Iu accordance with eq.
1, these reactions exhibit first-order kineties and the
reaction rates ave generally independent of pH over a
wide range.®®

H,0
slow +/ fast
RSCH,CH,C!l = RS ;, +Cl—+ (1)
N Y -
CH, ‘«f——) RSCH.CH,Y + Cl-
ast
1 1I
Y -~ = nuecleophilic reagent

In Figure 1 are depicted typical curves showiug the
course of hydrolysis at 30° of the iodo mustard, N,N'-
ethylenebis{(2-iodoethylithio)acetainide]  (III), the
brouo mustard, N,N'-ethylenebis[(2-bromoethylthio)-
acetamide] (IV), aud for coniparison the analogous
chloro sulfur mustard, N,N'-ethylenebis[(2-chloroethyl-
thio)acetamide] (V). As in the bifunctional chloro
series,? first-order kinetics are observed ouly during the
initial phase of the hydrolysis. The extent of the re-
action exhibiting first-order kineties was usually greater
than 609 in these studies. The rate of reaction for
the latter phase of the hydrolysis was generally about
two times slower than that observed for the initial
phase.

(6) (a) N. B. Chapman aud J. W. James, J. Chem, Soc., 2103 (1954);
(b) W. C. J. Ross, Adean. Cancer Res., 1, 397 (1953).

(6) (a) A. Schilling, L. IZ, Goodman, A, Ulfohn, 8. D. Gaby, D. Bakal,
0. Aybar, 8. P. Kramer, C. E. Williamson, 8. Sass, J. 1. Miller, B, Witten,
and A. M. Seligman, Cancer Chemotherapy Rept., 16, 527 (1962); (b) A,
Schilling, L. E. Goodman, A. Ulfohn, 8. D. Gaby, D. Bakal, O. Aybar, S.
P. Kramer, C. E. Williamson, 8. Sass, J. I. Miller, B. Witten, and A, M,
Seligman, Cancer, 16, 727 (1963),

(¥) C. C, Price and L. Wakefield, J. Org., Chem,, 12, 232 (1947).

(8) P. Alexander, Advan. Cancer Res., 3, 2 (1954).

(9) (a) R. A. Peters and E. Walker, Biochem J., 17, 260 (1023); (b)
. D. Bartlett and G. G. 8wain, J. Am. Chem. Soc., 71, 1406 (1949).
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Figure 1.—Hydrolysis of iodo (111, [, scale 2), bromo (IV, A,
scale 2), and chloro mustards (V, O, scale 1) at 30°, pH 7.4, 0.04 M
aqueous barbital buffer, 29, DMA; 1nustard colicentration,
50 ~v/ml.

Of significanice is the rapid reaction rate of the bromo
derivative IV (Figure 1). It is uoted that ueither the
quality of thebromine as a leaviug groupuior itselectron-
withdrawing power can explain the greater reactivity
of IV as compared with that of the iodo derivative III.
However, this anomaly is not completely unprece-
dented. It has been shown by Ross®® that bromoethyl
nitrogen niustards cyclize more rapidly than the cor-
responding iodoethyl nitrogen nustards.

Table I contains the first-order reaction coustaits of
the bronmio and ilodo mustards at 3.5°, a convenient
temperature for comparison. These rate coustauts

TaBLE 1
HyproLysis DaTa FOR A SERIES oF BiFuNcTioNaL CHLORO,
Broyo, axp Iovo SuLrUr Mustarps aT PH 7.4
XCH,CH,3(CH,),CONHCH.CH,NHCO(CH,),SCH,CH,X

3.5° 37°¢

[STEN — tir2 —
No. X n log % min, log k min, sec.
v Cl 1 —1.393 17.1
VIII Cl 2 —0.242 1.21 726
XI a3 0.0762 0.58 34.6
XTI1 Cl 4 0.482 0.231 13.7
IV Br 1 —1.567 25.55 0.399 0.28 16.6
VI Br 2 —0.241 1.20 1.726 0.013 0.78
X Br 3 0.131 .51 2,007 0.006 0.33
XI1 Br 4 0.393 0.28 2,359 0.003 .18
111 1 1 =2.028 75.8 —0.0241 0.73 43.9
VI 1 2 —0.826 4.65 1.178 0.046 2.75
IX 1 3 —0.380 1.66 1.624 0.018  0.9Y

@ Values for bromo and iodo sulfur mustards extrapolated from
rates at 3.5° (see text).

are derived from the initial slopes of the curves illus-
trated in Figure 1. It will be noted frou: Table I that
interposing methylene groups between the sulfur atom
and the electron-withdrawing amide group results in
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Figare 2.—Hydrolysis of 1odo (O), bromo (A), and chlaro ([(3)
mustards at 37°, pH 7.4, Lffect of palar substituelts on reaction
rates.

0.5 A \ \
0.8

rate acceleration.  This wfluence refleets the inercased
relative nucleophilicity of the sulfur atom. In these
respecets, the bromo and iodo sulfur mustards parallel
the effects observed in the chloro mustards where the
rate of reaction was shown to depeud divectly upon the
relative nucleophilicity of the sulfur atom.?

Reaction constants for I1I aud IV were obtained at
five temperatures and the energics of activation were
calculated. The data used for these caleulations arc
shown in Table II. The cuergics of activation, 23.9

TapLr 11
HyproLysis DaTa ror Lovo (III) axp Bromo (IV) Srievr
Muigrarps UseED as THE Basls ror CALCULATION OF £

~1— - Y
Tewnp., “C. Ko, mmin. ! [ITERRIITS Kuv, D1in. 71 fi0, il
10 0.051 2252 10,08 N4
1H 0. 066 1048 0174 508
20) (1. 136 5.1 0554 207
25 0.272 2.54 0.709 r.9s
30 0.5t 1.35 1.275 .54

« T'hese resalts are the average of at least five determinntions
at each temperature. All data were within 87, of the mean.
Hydrolysis was conducted at pH 7.4.

keal. /mole for 111 and 23.3 keal./mole for IV, were
assiied to be the same for the othier highly reactive
meutbers of the respective 1odo aud bromo series.  This
assuwinption appears reasonable in view of the fairly
constant activation cnergy obszcerved for a large scries
of sulfur mustards coutaining widely varied substit-
uents.?*  The analytical procedure utilized did ot
lend itself to measurement of the reaction rates of the
very reactive compounds at temperatures higher than
3.5°.  Accordiugly, reaction coustants and half-lives
at 37° were calculated for the brono and odo mustards,
extrapolating by means of the Arrhenius equation from
the data at 3.5° (Table 1), For comparison, the hv-

Vol 8

drolysis data [or the correspouding chiloro series are
imcluded m Table I

The ecaleulated hydrolysis data wdicate that at 577,
sobie of the hrouo and 1odo mustards possess half-lives
measured in fractions of 1 see.  Under comparable
conditions, the bromn mmstards hivdrolyze about three
tintes  more rapildly  than  the  corresponding  Jedn
mustards and about 100 times more rapidly than the
corresponding cflora mustards.

A re-examination ol the hydrolysiy data for the
antides previously reported? indicates that the assign-
ment of a o* value of 2.0 for the substituent -CONHUER
(where R 13 H or an alkyl group) agrees with the data
better than the previously assigned value (1.74). It
1s noteworthy that the vevised value s identical witl
the o* value reported for the ester fuuction, -COOCTH
The o* values tor the homologons anndes,  (CH.) -
CONHRER are calendated as ¢* 2,87 for » = 1, 2, and
3o As previously reported,t this method 13 not ap-
plicable when 1 = 4 ov higher.

I Prigure 2, log /o 1= plotted e, o for eacli series.
The dependener of the hydrolysis rates upon polar
effects 1s Hlustrated.  The linearity exhibited suggests
that sterie factors are unimportant for the compownds
given an observation that has been confirmed for the
chloro mustards."  Slopes obtaied from Figure 2 ave
recorded as thie p* values in Table 1.

Tapul 11
Caxsrants Derivien rros Frevne 2

Series p¥ log A
Chloro 200 0. 404
Branio -2 66 2521
Toda -2 N 1962

The nature of the haloger aton i the sulfur mustards
does not markedly influence the p* value, which varies
betweent —2.51 and —2.81.  Insufficient data are
available to determine whether this difference is sig-
nificant.

In Table 1V, the values of log (b k) ws. a®p™ arc
compared. The agreement between the experimentally
determined values and those calculated theoretically

TapLe IV
COMPARISON o1 Lo (A7ky) vs. o¥p*n
NCHCHoR(CH), CONHCH,CH NHCO(CHL),SCHLCHL X

Nao. W N oF Tow {h/ bn) o
v { (@ 0.71 —1.797 —1.7N2
v ! Br 0.71 —1.013 - .80
111 { [ 0.71 - 1,986 —1.995
VIIL 2 Cl 0).254 —0.646 --1), 638
VI 2 Br 0,254 —1).600 —1). 676
vV d 1 (1.204 -0.749 ~0.714
el 3 (& 0. 0o1 —10.325 1) 22N
X h Br 0. 041 -={) 235 —11.242
IX 3 1 0.0 ] ~¢) 2251 - 0,250
XIH 4 Cl SNV e 0078 0.078
N1 4 Br -0, 051" 0045 0082

S AUST pH T 7 Vilue obtained from ref. 5.

coufirnus that the Taft equation i its sinplitied foru,
log (k/ke) = a*p*, can be used to predict the hiydrolysis
rates of hifunetional sulfur mustards econtaiing either

RLOWL Tafo Jr sy UStere Blleers in Organie Clewasiey,”” ML~

Newpan, el dolin Wiley snd Sous, Tue,, New Yorko No YO 19534, e WA

nTa,
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TABLE V

SYNTHESIS OF BIFUNCTIONAL 2-BROMOETHYL AND 2-10DOETHYL SULFUR MUSTARDS
XCH,CH,S(CH,;),CONHCH,CH,NHCO(CH,),SCH,CH,X

Yield, M.p..* ~————=Calcd., % Found, 7
No. ) b A °C. Formula C H xb C H X
v 1 Br 56 134-135 CioHisBraN:0,8, 28.4 4.3 37.9 28.7 4.4 37.8
VII 2 Br 63 155-156 C12HpBr,N,O.S, 32.0 4.9 32.4 4.9
X 3 Br 37 128 CrH6Br.N0.8, 35.2 5.5 33.4 35.5 5.6 33.7
111 1 1 78 121-124 CioHis1o:N 20,8, 23.3 3.5 49.2 24.0 3.3 47.5
VI 2 1 50 140-141 CrH2IbN,O,8, 26.5 4.1 27.1 4.3
IX 3 1 62 124-125 C1aH261:N,0,8; 29.4 4.6 28.4 4.2

= All melting points were determined on a Fisher-Johns hot stage melting point apparatus and are corrected.

chlorine, broniine, or iodine atonis, provided resonance
factors are minimal.

The factors which influence the hydrolysis rates,
therefore, are (1) the electron-withdrawiug effect of
the substituent adjacent to the sulfur atou, and (2)
the type of halogen atoin on the carbon 8 to the sulfur
atom.

Clinical studies are currently in progress with XII
(half-life = 0.2 sec. at pH 7.4, 37°) utilizing regional
intraarterial infusion techniques. It is anticipated
that these studies will give an insight to the desired
hydrolysis rate for optimum anticancer activity
without the concoinitant bone marrow depression.

Experimental

Bromo Mustards.—The bifunctional 2-bromoethyl sulfur
mustards described herein were prepared by treatment of their
corresponding glycols!! with phosphorus tribromide.

The bromo mustards in this series were well-defined white
crystalline solids. Although readily prepared in a dry atmos-
phere, much difficulty was encountered in handling these com-
pounds in a humid atmosphere. The yields, elenental analyses,
and physical properties obtained in the synthesis of these com-
pounds are recorded in Table V.

Preparation of Representative Compound, N,N’-Ethylenebis-
[4-(2-bromoethyithio)butyramide](X).—N,N/-Ethylenebis[4-(2-
hydroxyethylthio)butyramide] (3.0 g., 0.0085 mole) was placed
in a test tube and an equal volume of phosphorus tribromide
(precooled to —40°) was added in one portion. The suspension
was stirred with a thermometer and allowed to warm slowly to
room temperature. After standing at room temperature for 1
hr., the suspension was heated to 75°, with stirring, for 10 min.
and then allowed to cool to room temperature. After anhydrous
ether was added, the mixture was stirred well and the solvent
was decanted. This process was repeated until the crude solid X
was suspended in almost pure ether, The solid was collected on a
filter and then dissolved in a minimum quantity of N,N-di-
methylformamide with mild heating. Acetonitrile was added
until the solution became faintly turbid. Upon cooling, the de-
sired compound crystallized as a fluffy white solid. Recrystalli-
zation from 2-butanone yielded 1.5 g. (379,) of pure X, m.p. 128°.

Iodo Mustards.—The synthesis of the chloro sulfur mustards
has been reported previously.®»!! These were converted to
the corresponding iodo compounds by treatment with sodium
iodide in 2-butanone.

The iodo mustards of this series are all crystalline solids ob-
tained as white needles that melt with decomposition. Although

(11) B. Witten, C. E. Willlamson, 8. Sass, J. I. Miller, R. Best, G. E.
Wicks, 8. P. Kramer, T. Weinberg, R. D. Solomon, L. E. Goodman, and
A. M. Seligman, Cancer, 15, 1041 (1962),

b X is halogen atom.

the chloro sulfur mustards reacted with sodium iodide as expected,
considerable difficulty was encountered in the purification of the
products. Even after repeated recrystallization from various
solvents, there was evidence of impurities remaining in the solid.
Exposure to the atmosphere at roon temperature results in rapid
deterioration of these compounds. They can, however, be stored
successfully in a desiccator at 0°,

The yields, elemental analyses, and physical properties ob-
tained in the synthesis of these compounds are recorded in Table
V.

Preparation of N,N’-Ethylenebis[2-iodoethylithio)acetamide].
—N,N’-Ethylenebis[(2-chloroethylthio )acetamide] (V, 25 g.,
0.075 mole) was dissolved in 100 ml. of 2-butanone contained in a
1-1. reaction flask equipped with a mechanical stirrer, reflux con-
denser, and thermometer. Sodium iodide (27.3 g., 0.150 mole)
in 700 ml. of 2-butanone was added, and the reaction mixture
was stirred at reflux for 10 hr. The mixture was filtered while
hot and, upon cooling, a solid material separated from the
filtrate. The crude product (30 g., 789 ) was recrystallized re-
peatedly from ethyl acetate and then benzene, The final prod-
uct was obtained as tiny white needles, m.p. 121-124°.

Kinetic Studies,—The 4-(4-nitrobenzyl)pyridine (NBP)
niethod for the determination of the hydrolvtic stability of the
carbon to chlorine bonds of sulfur mustards as a measure of
alkylating agent remaining, has been described in previous papers
of this series.®1t The rates of hydrolysis of the carbon to bromine
and carbon to iodine bonds in 0.04 M, pH 7.4 aqueous barbital
buffer were determined by this method. As a solvent for the
preparation of stock solutions, N,N-dimethylacetamide (DMA)
was selected instead of Methyl Cellosolve because it contained no
reactive hydroxyl groups and because it was the solvent of choice
in clinical studies of these mustards.® In the aqueous reaction
medium, DMA was present to a maximum of 29, by volume, al-
though an increase in DMA to 5% did not alter the rates. The
concentration of nmustard was varied from as high as 70 v/ml. to
as low as 25 +/ml. with no change in reaction rate. Most of the
rates were determined at 50 v/ml.

Due to the extremely rapid reaction at 37° in most instances,
reaction constants could be obtained only at much lower tempera-
tures. For low-temperature studies, aliquots were removed from
the reaction medium using previously chilled pipets and added im-~
mediately to the NBP reagent. With N,N‘-ethylenebis[(2-bro-
moethylthio)acetamide] (IV) and N,N'-ethylenebis|(2-iodoethyl-
thio)acetamide] (I11), the half-lives were sufficiently long that
reaction constants could be obtained at several temperatures.
The experimental energy of activation E, was calculated by use
of the Arrhenius equation. The extent of error in these studies
was less than 897.12

Acknowledgment.—Acknowledgment is due Walter
J. Culbreth, Alexander Janowski, Charles E. McCarroll,
Charles Burns, John Dopp, Daniel Raffeity, and G.
Robert Salvi for technical assistance.

(12) Maximum deviation from the mean in the experimental determina-
tion of reaction rates.



