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Phosphorus Mustards. I. 
A New Class of Potential Antineoplastic Agents’ 
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The marked cytotoxic action of a wide variety of nitrogen and sulfur mustards and the known chemical proper- 
ties of phosphorus as well as its position in the periodic table would indicate that the bis(2-haloethy1)phosphines 
may be useful compounds for cancer chemotherapy. This is the first attempted preparation of such compounds 
for this purpose. As a model compound bis(2-chloroethy1)phenylphosphine was synthesized and converted to 
the more stable bis(2-chloroethr1)phenylphosphine oxide. The instability of the former compound may be due 
to the high nucleophilic properties of the trivalent phosphorus atom. There are good indications that this is one 
of the more potent neighboring groups. The biological properties of the above phosphine oxide have been evalu- 
ated and there appears to he no “mustard-like” activity and no deleterious effect upon a subcutaneously trans- 
planted brain tumor. This is in contrast to the nitrogen mustards where such oxides are biologically active. 
Apparently the phosphine oxides are stable under in vivo conditions, whereas their nitrogen counterparts are re- 
duced to the parent bis( 2-haloethy1)amine. 

The niarked cytotoxic action of the sulfur and nitro- 
gen mustards and the dramatic effect of several of 
these compounds upon established tuiiiors has resulted 
in considerable chemical. pharmacological, and clinical 
study of these compounds over the past two decades. 
Regression of tumors by such agents, although nor- 
mally of a temporary nature, has provoked the synthesis 
of a multitude of sulfur and nitrogen n i u ~ t a r d s . ~  The 
known chemical properties of phosphorus and its position 
in the periodic table suggest that  bis(2-haloethy1)phos- 
phines should also shorn “mustard” activity, and might 
therefore prove useful in the treatment of neoplasms. 
There are few data on the toxicity of phosphines, but 
t,he reports available suggest that  tertiary phosphines, 
their quaternary salts, and oxides can be administered 
at moderate dose  rate^,^,^ and several have shown 
activity against various tumors. 4,6s7 This is corrobora- 
tive evidence that the bis(2-chloroethy1)phosphines 
niay have useful biological properties. 

Discussion and Results 
The present work relates to the synthesis of a phos- 

phorus mustard, information regarding its chemical 
properties, and the attempts made toward a general 
synthetic method applicable to the preparation of bis- 
(2-substituted ethy1)phosphines. Although the prepa- 
ration of 2-hydroxy- and 2-haloethylphosphines has 
been reported,a-ll only one compound which may be 
classified as a phosphorus mustard has been synthe- 
sized. This was prepared12 by the cleavage of bis(2- 
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ethoxyethy1)phenylphosphine with hydrogen bromide 
to give bis(2-bromoethy1)phenylphosphine hydrobro- 
niide as an impure gum. This cleavage of an ether to  
give either a hydroxy or a halo conipound would seem 
to be a promising approach, but the conipound used12 
required severe conditions to promote cleavage. How- 
ever, Beyerman, et al., have successfully developed 
the t-butyl group as a protective moiety for hydroxyl 
groups on ainino acids13 and steroids,14 and this group 
can be removed readily under acidic conditions to  
give the free hydroxy conipound in high yield. 

The necessary intermediate for preparing such ethers 
is 2-t-butoxyethyl chloride (I), which can be synthesized 
readily by allowing isobutylene to react with 2-hy- 
droxyethyl chloride. Interaction of phenylphosphine 
in liquid animonia with sodium, followed by the addi- 
tion of an equivalent of the chloro ether I, and repeti- 
tion of this whole process, gave bis(2-t-butoxyethy1)- 
phenylphosphine (11) in 70% yield. Treatment of I1 
with concentrated hydrochloric acid gave bis(2- 
hydroxyethy1)phenylphosphine hydrochloride (111) in 
essentially theoretical yield, as determined by its con- 
version to the dibenzoate of bis(2-hydroxyethy1)- 
phenylphosphine oxide (VI). The hydrochloride (111) 
itself was a gum which could not be induced to crystal- 
lize. It served, horever, as the starting material for 
the synthesis of bis(2-chloroethy1)phenylphosphine 
oxide (VII) via two routes. The first was by chlorina- 
tion of the alcohol with thionyl chloride followed by oxi- 
dation to VII. The second method was to oxidize 
the free base (IV) and to convert it to VI1 with thionyl 
chloride. Addition of alkali to a concentrated solu- 
tion of the salt (111) followed by ether extraction, gave 
the free phosphine (IV) in quantitative yield, as a 
colorless, dense oil. The bis-alcohol, especially in 
ethereal solution, was readily oxidized by air, corrob- 
orating the observation of Knunyants and SterlinI5 
that 2-hydroxyalkylphosphines and their acyl deriva- 
tives undergo facile oxidation. This free phosphine 
(IV) decomposed at elevated temperatures (120- 
140’ at 0.1 mm.) with the eliniination of water and the 
formation of a solid residue. This is in contrast to the 
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teiiiperature stability of the Lis- arid tris(2-hydi osy- 
ethyl)phosphines15 arid bis( 1-hydroxyethy1)phenylphos- 
phine.l6 

Treatiiient of a chloroforin bolutioii of bis(2-hydro 
ethy1)phenylphosphirie oxide (Tr) TT ith thioiiyl chloi 
gave bis(2-chloroethyl)phenylphosphnic~ oxide (VII) . 
Reaction between the bis-alcohol hydrochloride (IIT) 
arid thionyl chloride was exotherniic arid requii ed 
cooling to  ininiiiiize the production of iiiipiu ities Tlic. 
product (VIII), a partially erystalliiic pabtv, ab cliai - 
actcwzcd by conversioii to tlw oxidc ( \ T I )  i i i  hie11 
vield. iiidicating a iiiodei,atc dcgrcc. of pui’ity for his- 

(2-cchloroet1iyl)pheiiylphospliiiir hydiochlorid(1 (VIIT) 

CsHjPH? $- ~(CHB)&OCH,CH~CI --+- 
\a i l l  

I iili \ ri? 
(’oH,P( CHzCH,OC( CIfj JdJ: 

IP 
1h.t 4% 

111 I 
C~HF,P(CHICHIC)H). f- - C~H,~’(C’H~CH-OH)L .H(’l 

I IT’ 

J.’ 
C,Hjr(O)(~H,CH,oCoC,HS)I 

T’I 

(2-Bro nioet hyl) ethylpheiiylphosphirie undergoes 
spontaneous dimerization a t  rooin temperaturc,,’? 
and, as has beeri stated. bis(2-bronioethyl)pheiiyl- 
phosphine hydrobroinide has orily been obtained in 
inipure for 1 1 1 . ~ ~  l7  Siiiiilarly, the pudication of thr. 
hydrochloridc TI11 has not as yet been possible, aiitl 
although the free base can be formed by reaction of 
the salt with cold sodiuiii bicarbonate solution, no 
crystalliiic derivative such a b  a iiiethiodide has bwti 
obtained. This apparent instability of halogens 13 
to the tiivalerit, phosphorus and the rcceiit observa- 
tion” that dialky1-2-acetoxycthylphospliiiles wlf- 
cluatcrnize spontaneously at temperatures in  rxcoss of 
80 ’, hilo di-n-butyl-3-acc~toxypropylpho~phitlc I o- 
itiaiiis unchanged a t  temperatures up to 300 O, indicatcx. 
a possible coninioii iiiechanisiii. The high nucleophi1ic~- 
itp of phosphines, showii by tht+ ready cluateiiiim- 
tiori arid the high stability of their oxides, points to thcl 
probable dfectiveness of trivalent phosphorus as a 
ricighhot~ing group in c.litiiiiiatiiig substitiicnti 0 to i t  

It, noiild appcxar that this cwtity \rould hc> iiioro ( i t -  
twtive thaii thosc considered aiid listed hp C’apoii’ ! 
<itid 1)v Wiiistriii and Giuii\vald.?o This hypotlic>si* 
i’i suppot ted by the fact that these B-substituted pho+ 
phiiies arc’ stabilized by thrii coin-m,ion t o  the plios- 
phine oxidw. 
N,n’-Bis(~-chloioettiyl)ariilit~c~ has only iliild activity 

as a tumor growth inhibitor,21 and so for direct bio- 
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marrow in CaH micez6 at doses of 500 nig./kg. A t  
these levels and above, definite toxic symptoms to the 
CXS were observed. At comparable doses there was 
no alteration in the growth pattern of transplanted 
murine ependyniobla~toiiias~~ compared with un- 
treated controls. The lack of useful biological activity 
of such phosphorus coinpounds is in marked contrast 
to  that of their nitrogen counterparts. This is 
undoubtedly due to  the fact that coinpounds as bis- 
(2-chloroethy1)iiiethylamine oxide (Kitromin) are re- 
duced under in viLio conditions to  the corresponding 
tertiary amines, whereas the high stability of the phos- 
phine oxides probably preclude their biological reduc- 
tion to trivalent phosphorus. The impurity of the 
mustard hydrochloride (VIII) to date has prevented 
its biological evaluation. Further studies are now un- 
derway t o  synthesize other trivalent phosphorus 
compounds with a variety of different leaving groups 
to determine whether such compounds are biologically 
active. 

Experimental 28 

Phenylphosphine was prepared from phenylphosphonous chlo- 
ride according to the method of Pass and Schindlbauer*3 and had 
b.p. 40-42" (10 mm.). 

2-t-Butoxyethyl Chloride (I).-This compound was prepared 
by suit,able modification of the procedure of Beyerman and 
Bontekoe.13 2-Chloroethanol (32.2 g., 0.4 mole) was placed in a 
pressure bottle (tested to  8.79 kg./cm.2), and the bottle was 
flushed with nitrogen, stoppered, and cooled to  -20'. Iso- 
butylene (200 ml., 2.1 moles) and concent'rated HZSOI (1 ml.) 
were then added and the mixture was shaken overnight a t  room 
temperature. The pressure was then slowly decreased via a 
release valve, and nitrogen was bubbled throughout the remain- 
ing liquid until it had attained a const,aiit level. The crude 
product was washed with five 100-ml. portions of 5y0 NaHC03 
solution and dried over K2COI. Distillation through a 20-cm. 
S'igreux column gave I (33.8 g., 62%), b.p. 135-137' (lit. 135- 

Bis(2-t-butoxyethyl)phenylphosphine (II).-Phenylphosphine 
(5.0 g., 0.045 mole) was added to liquid ammonia (ea. 100 ml.), 
and to  the stirred mixture sodium (1.05 g., 0.045 g.-at,om) was 
added in portions to give a permanent blue-black color. After 
stirring for 15 min. the chloro ether ( I )  (6.2 g., 0.046 mole) in 
et,hyl ether (6 ml.) was added over 10 min. and the yellow mix- 
ture was stirred for an additional 30 min. A further quantity 
of sodium (ca. 1 g.) was then added until the blue-black coloration 
produced was again permanent. The suspension was then 
stirred for 1 hr. and to this mixture was added over a 15-min. 
interval 6.2 g. of t,he chloro ether in 6 ml. of ethyl ether. The 
mixture was again stirred for another hour. Ethyl ether (100 
nil.) was added, the ammonia was permitted to boil off, and 25 
ml. of ice-cold, oxygen-free water was added carefully. The 
ether layer was separated and dried (XazS04). Upon removal 
of the solvent and distillation of the product, 10.3 g. of the bis- 
ether I1 (737c),  b.p. 113-115" (0.2 mm.), was obtained as a color- 
less, viscous, liquid which oxidized moderately slowly in air; n%, 
1.508. 

Anal.  Calcd. for C,SHOIO?P: C, 69.6: H, 10.1. Found: 
C, 69.7; H, 10.1. 

The bis-ether was charackrized as the methiodide which 
was prepared in methanolic solution and separated by adding this 
mixture to an excess of ethyl ether. The product had m.p. 
146-147' (ether-ethaiiol). 

1 ~ ~ ) . 2 9  
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Anal. Calcd. for ClgH3J02P: C, 50.4; H, 7.6; P, 6.8; I, 
28.0. 
Bis(2-hydroxyethy1)phenylphosphine (IV).-The bis-ether I1 

(6.2 g., 0.02 mole) was placed in a separatory funnel previously 
flushed with nitrogen, and 23 ml. of concentrated HCl (ca. 0.2 
mole) was added with shaking.30 The mixture became warm 
with the formation of a white emulsion. Hydrolysis waa es- 
sentially complete when two clear layers had formed (within 
4-6 hr.), but normally it was more convenient to have the re- 
action mixture stand overnight. The t,op layer was tbutyl  
chloride (3.7 g., 0.04 mole), b.p. 50-51". The bottom acid layer 
\vas concent,rat,ed to constant weight on a rotary evaporator 
in a water bath a t  45-50'. The residue, bis(2-hydroxyethy1)- 
phenylphosphine hydrochloride (111) (4.65 g., 99% by weight), 
was a viscous, slightly cloudy gum w-hich could not be induced 
to crystallize. It wm soluble in wat'er, methanol, ethanol, 
:tnd dioxane; less soluble in acetone; and insoluble in chloroform, 
benzene, and ether. 

The bis-alcohol hydrochloride ( T . O  g., 0.03 mole) was dissolved 
in oxygen-free water and, upon basification with 167, NaOH, 
the free phosphine separated out as an oil. The mixture was 
extracted with three 80-ml. portions of ethyl ether, and the com- 
bined extracts were dried (Sa2SO4). The solvent was removed 
under reduced pressure to give 11- (5.6 g., 9570 by weight) as a 
viscous oil which was oxidized readily by air especially in an 

Found: C, 50.6; H, 7.8, P, 6.9; I, 27.9. 

. .  
ethereal solution. 

Distillation of the ohosohine (IT) a t  0.1 mm. was unsuccessful. 
1.igorous decomposiGon occurred a t  a temperature of 120-140" 
and only a small amount of liquid distilled. The distillat,ion 
temperature was entirely dependent upon the bath temperature, 
and no homogeneous fraction was obtained. The residue was 
a brit,tle, pale brown glass, and represented, by weight,, ca. 607, 
of the t<Jtal phosphine taken. 

The alcohol IV was characterized by conversion, in ethereal 
solution, to the oxide followed by its esterification with benzoyl 
chloride in an aqueous sodium hydroxide solution. The crude 
dibenzoate (VI),  after t'rituration with ether and recrystalliza- 
tion from ethyl acetate, had m.p. 141-142' (preliminary shrink- 
ing). 

Anal. Calcd. for Cz4H2306P: C, 68.2; H, 5.5;  P, 7.3. Found: 
C, 68.1; H, .5.8; P, 7.6. 

Bis( 2-chloroethy1)phenylphosphine Oxide (VII).-The bis- 
alcohol I V  (5.6 g., 0.028 mole) was dissolved in chloroform (160 
ml.) and a slow stream of air was bubbled through for 1.5 hr. 
The clear and colorless solution was then cooled in ice-water, 
and thionyl chloride (13.3 g., 0.112 mole) in chloroform (60 ml.) 
was added dropwise with stirring. An emulsion was formed on 
mixing and HC1 was evolved immediately. After standing 
overnight at  room temperatmure, the clear, yellow solution was 
taken down to dryness under reduced pressure and this pro- 
cedure was repeated with successive portions of chloroform 
until no thionyl chloride remained. The yellow solid residue 
was ext,racted with three 120-ml. portions of boiling ether, and 
the combined extracts were taken to  dryness to  give the crude 
bischloroet,hyl oxide (1-11) (6.4 g., 90%). This was dissolved in 
a minimum volume of boiling cyclohexane and the hot solution 
was decanted from a yellow oil. This process was repeated 
until a white, crystalline product was obtained, m.p. 94". Further 
extraction of the oil gave more oxide, but complete separation of 
the two components required several crystallizations. 

Anal. Calcd. for C10H&120P: C, 47.8, H,  5.2; C1, 28.2;  
P, 12.3. Found: C,48.0; H,5.5; C1,28.1; P, 12.1. 

The bischloroethyl oxide was also purified by subliniation at, 
75-80' (0.1-0.2 mm.); the white, microcrystalline product 
had m.p. 94-95". 

,4naZ. Found: C1, 28.6. 
Bis(2-ehloroethy1)phenylphosphine Hydrochloride (VIII).- 

The his-alcohol hydrochloride (111) (3.4 g., 0.0145 mole) was 
suspended in chloroform (100 1111.) and cooled in an ice bath. 
Thionyl chloride (6.9 g., 0.058 mole) in chloroform was added 
dropwise at  such a rate that the temperature did not rise more 
than 2'. After completion of the addition, stirring was continued 
for 2 hr. and then the reaction mixture was refrigerated overnight. 
The clear yellow solution was taken to  dryness under reduced 
pressure without heating and t,his procedure, using additional 
vhloroform, was repeated twice more to remove the last traces 
of thionyl chloride. The residue after t,his treatment was a 
yellow, semicrystalline paste, which could not be induced to  

(30) J. F. Sorr i s  and G. 1%'. Rigby, J. Am. Chem. Soc., 64. 2088 (1932). 




