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ttiustards. This is coiisisteiit with the observations of 
Chapman and JamsSa and of who reported that 
the bromo and iodo nitrogen mustards cyclize more 
rapidly than the corresponding chloro compounds. 

Accordingly, a series of bifunctional bromo and iodo 
sulfur mustards was synthesized. The bromo and iodo 
mustards contained the same fundamental amide 
skeletal structure as S,S'-ethylenebis[(2-~hloroethyl- 
thio)acetainide] (S-43) [-CH2CH,S(CHZ).COSHCH2- 
CHzSHCO(CH,),SCH,CH2-], which has shown good 
palliation of tumors in childrer1.6 Kinetic studies 
have; been carried out to determine the suitability of 
these new amido mustards for use in the intraarterial 
irifusion techriiques for cancer cheniotherapy. 

Results and Discussion 

The active species of sulfur mustards I is attributed 
to  a highly reactive three-inenibered ethylene sulfonium 
ion I1 (eq. 1)7 which reacts very rapidly with water as 
well as with other nucleophilic reagents, such as thio- 
sulfate, amines, proteins, thiols, arid nucleic acids.* 
The rates of these reactions are all essentially identical 
and depend only upon the rate of formation of the ethyl- 
ene sulfoniuni ion 11. Because of the extremely rapid 
reaction between I1 and nucleophilic substances, the 
identity of the iiucleophile is unimportant from a 
kinetic viewpoint. The rate of ethylene sulfoniuni 
ioii formation (the rat'e-controlling st,ep) of a particu- 
lar sulfur mustard t'hus defines its rate of reactiori 
with all nucleophilic reagents. In accordaiice with ecl. 
1, these reactioiis exhibit first-order kinetics and the 
reaction rates are gerierally iiideperident of pH over a 
n-ide rarige.Ya'b 

HnO 
r--+ HSCHaCHzOH + HC1 
fast 

i T- '-+ IISCHZCHSY + C1- 
fast 

CH, 
slow +/ 

\ 
ItSCHZCHaCI f 13s , + C1F-I (1) 

CHI 

I I1 
Y- = nucleophilic reagent 

111 Figure 1 are depicted typical curves showing the 
course of hydrolysis at 30' of the iodo mustard, K,X'- 
ethyleriebis [ (2-iodoethylthio)acetaniide] (111) , t'he 
bromo mustard, X ,K'-ethylenebis [ (2-bronioethy1thio)- 
acetaniide] (IT:), and for comparison the analogous 
chloro sulfur mustard, S ,N'-ethylenebis [(Zchloroethyl- 
thio)acetamide] (T'). As in the bifunctional chloro 
s e r i e ~ , ~  first-order kinetics are observed only during the 
initial phase of the hydrolysis. The extent of the re- 
action exhibiting first-order kinet'ics mas usually greater 
than GOYo in these studies. The rate of reaction for 
the latter phase of the hydrolysis was gerierally about 
t'wo times slower than that observed for t,hc initial 
phase. 
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Figure 1.-Hydrolysis of iodo (111, 0, scale 2 ) ,  bromo (I\', A, 
scale a), and chloro mustards (l', 0, scale 1) a t  30", pH 7,4,0.04 A1 
aqueous barbital buffer, 2yo D X 4 ;  Inustard coricentration, 
50 y/ml. 

Of significaiice is the rapid reaction rate of the bromo 
derivative IT.' (Figure 1). It is noted that neither the 
quality of thebroniine as a leaving group nor itselectron- 
withdrawing power can explain the greater reactivity 
of IV as coiiipared with that of the iodo derivative 111. 
However, this anomaly is not completely unprece- 
dented. It has been shown by RossSb that bronioethyl 
nitrogen mustards cyclize inore rapidly than the cor- 
responding iodoethyl nitrogen Inustards. 

Table I cotitains the first-order reaction coristants of 
the bromo arid iodo niustards a t  3.5', a convenient 
temperature for comparison. These rate constants 

TABLE I 

BROVO, BUD Iouo SLLFLR 1 1 ~  STARDS AT PH 7.4 
HIDROLY~IS DATA FOR A SERIES O F  BIFLN<TIOhAL CHLORO, 

XCHZCH,Y( CH,),,CONHCH?CH,KHCO( CH,),,SCHzCHzS --- 3 . 5 " - ,  7- 3 7 0 ~ - - - . - -  

No.  S n 

v c1 1 
VI11 c1 2 
XI c1 3 
XI11 c1 4 
11. Br 1 
1'11 Br 2 
s Br 3 
SI1 Br 4 
I11 I 1 
1'1 I 2 
IX I 3 

log k 

-1 567 
-0 241 

0 131 
0 393 

-2 ozx 
-0 826 
-0.380 

i l l ? ,  
mln. log k 

-1 393 
-0 242 

0 0762 
0 4S2 

25 55 0 399 
1 20 1 726 
0 31 2 097 
0 21; 2 35Y 

73 h -0 0%41 
4 63 1 178 
1 66 1 624 

--tu- 
min. 

17.1 
1 .21  
0 .58  
0.231 
0 28 
0.013 
0 .  006 
0.003 
0 .  73  
0.046 
0.018 

-- 
8ec. 

72.6 
34 .6  
13.7 
16 .6  
0 7s 
0 .38  
0 18 

2 . 7 5  
0.99 

43.9 

a 1.aliies 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 rioted from Table I that  
interposing inethylene groups between the sulfur atoni 
arid the electrori-\~-ithdr.a~~itig amide group results iii 



-1.1) . 

ratv acceleratioii. Thia iriflueiice refliccts the iiicrcascd 
relative nucleophilicity of the sulfur a tom 111 thew 
respects, the broiiio and iodo bulfur iiiustards parallel 
thc effects observed i i i  th r  chloro iiiustards \vhere tlic, 
rate of reaction was shown to  depeiid directly upoii thc 
relative nucleophilicity of the sulfur atoiii.3 

ltc>actioii coristarits for I11 arid TV ~ v c r c ~  ohtairied at 
!ivv tciiiperaturcs arid the mergies of' activatiori \v(w' 
caalculatd. The data used for these calculatioiis arc' 
showii iii Table 11. The ciicrgics of activation, 23.0 
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TABLE V 
SYNTHESIS OF BIFUKCTIONAL ~-BROMOETHTL AND ~-IODOETHYL SVLFLR ~IPSTARDS 

XCH&HzS( CHz)nCONHCHzCH2XHCO( CH2),SCHzCH2S 

so. I ,  s % " C .  Formula c H X b  c H x 
11- 1 Br 56 134-135 CloH18Br2S202S2 28 .4  4 . 3  37.9 28.7 4 . 4  37.8 
\'I1 2 Br 63 155-156 Cl2HZ2Br2K2O2S2 32.0 4 .9  32.4 4 . 9  
x 3 Br 37 128 CI4Hz6Br2S2O2S2 3 5 . 2  5 . 5  33.4  35 .5  5 . 6  33 .7  
XI1 4 Br 20 123-124 C16H30Br2N202S2 38.0 6 . 0  31 .5  38.1 5 . 8  31.0 
I11 1 1  is 121-124 CioHi8IzX202SZ 23.3 3 . 5  49.2 24.0 3 . 3  47 .5  
TI 2 1  50 140-141 Ci2H2212N202S2 26.5 4 . 1  27.1 4 . 3  
IX 3 1  62 124-125 Cl&sI&zO& 29.4 4 . 6  28.4 4 . 2  

Yield. &I .p. (01 7-- Calcd., %---- _-__- Found, ;?---- 

a ill1 melting points were determined on a Fisher-Johns hot stage melting point apparatus and are corrected. X is halogen atom. 

chlorine, bromine, or iodine atoms, provided resonance 
factors are minimal. 

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

Clinical studies are currently in progress with XI1 
(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 concoinitaxit bone marrow depression. 

Experimental 

Bromo Mustards.-The bifunctional 2-bromoethyl sulfur 
mustards described herein were prepared by treatment of their 
corresponding glycolsl1 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, elemental analyses, 
and physical properties obt,ained in the synthesis of these com- 
pounds are recorded in Table V. 

Preparation of Representative Compound, N,N'-Ethylenebis- 
[4-( 2-bromoethy1thio)butyramidel (X).-N,N'-Ethylenebis [4-( 2- 
hydroxyethylthio jbutyramide] (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 a t  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 X,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. (37y0) of pure X, m.p. 128". 

Iodo Mustards.-The synthesis of the chloro sulfur mustards 
has been reported previously.3811 These xere converted to 
the corresponding iodo compounds by treatment with sodium 
iodide in 2-butanone. 

The iodo mustard5 of this series are all crystalline solids ob- 
tained as white needles that melt with deconiposition. Although 

(11) B. Ki t t en ,  C .  E. Williamson, S. Sass, J. I. Ililler, R. Best, G. E. 
\Vicks, S. P. Kramer. T. Weinberg, R. D. Solomon, L. E. Goodman, and 
A. M. Selipman. Cancer, 15, 1041 (1962). 

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 a t  room temperature results in rapid 
deterioration of these compounds. They can, however, be stored 
successfully in a desiccator a t  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-iodoethylthio)acetamide]. 
-N,Nr'-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 a t  reflux for 10 hr. The mixture was filtered while 
hot and, upon cooling, a solid mateiial separated from the 
atrate .  The crude product (30 g., 78%) 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 j 
method for the determination of the hydrolytic 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 ser ie~.~,I l  The rates of hydrolysis of the carbon to bromine 
and carbon to iodine bonds in 0.04 X ,  pH 7.4 aqueous barbital 
buffer were determined by this method. As a solvent for the 
preparation of stock solutions, K,K-dimethylacetamide (DMA) 
was selected instead of Methyl Cellosolve because i t  contained no 
reactive hydroxyl groups and because i t  was the solvent of choice 
in clinical studies of these mustards.6 I n  the aqueous reaction 
medium, DMA was present to a maximum of 2% by volume, al- 
though an increase in D31.4 to 5% did not alter the rates. The 
concentration of mustard was varied from as high as 70 y/ml. to 
as low as 25 *!/nil. with no change in reaction rate. Most of the 
rates were determined a t  50 ?/nil. 

Due to the extremely rapid reaction a t  3T" in most instances, 
reaction constants could be obtained only a t  much lower tempera- 
tures. For low-temperature studies, aliquots were removed from 
the reaction medium using previously chilled pipets and added im- 
mediately t'o the S B P  reagent. With X,N1-ethylenebis[(2-bro- 
moethy1thio)acetaniidel ( I V )  and S,S'-ethylenebis[(2-iodoethyl- 
thio)acetamide] (I11 j, the half-lives were sufficiently long that 
reaction constants could be obtained a t  several temperatures. 
The experimental energy of activation E,  was calculated by use 
of the Arrhenius equation. l h e  extent of error in these studies 
was less than 8'3,.l2 
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(12) Maximum deviation from the mean in the experimental determina- 
tion of reaction rates. 


