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C=C); 1475, 1430, 1420, 1365, 835, 810, 640, 600 (unassigned); 
T in ppm: 7.43 (SCHa), 2.94 d and 1.8 d (HE and He), 1.7 (Hz). 
Anal. Calcd for CTH;PU'~S.~/~H~O: C, 46.48; H, 4.88; K, 

23.23. Found: C, 46.43; H, 4.76; N, 23.26. 
3-@-~-Ribofuranosyl-3H-imidazo[4,5-b]pyridine (XV).6-A 

solution of 7-chloro-3-p-~-ribofuranosyl-3H-imidazo[4,5-b]pyri- 
dine (XII, 70 mg, 0.25 mmoles) in ethanol-water (5: 10 ml) was 
hydrogenated at  atmospheric pressure in the presence of RfgO 
(9.8 mg, 0.2 mmole) and 5% Pd-C catalyst (10 mg). Sfter 
the theoretical amount of hydrogen had been consumed, the 
catalyst and hIgO were removed by filtration, and the filtrate was 
evaporated to dryness in oacuo. The residue was dissolved in 
water (1 ml) and filtered through dry Celite and the filtrate was 
refrigerated overnight. The crystals that formed were collected 
by filtration, washed, and dried in vacuo; yield 28 mg (45%), mp 

methanol). Thin layer chromatography using chloroform- 
226" (lit.' 220-222'), [ a ] ' * D  -78.0 zk 0.5" (0.99 g/100 Id O f  

methanol (9:l) as the eluent showed one spot which gave a 
positive Schiff-metaperiodate test: Amax in mp (E X 
pH 1-236 (5.0), 274 (9.9), 281 (8.7); pH 7-244 (5.1), 277 (sh), 
281 (8.5), 287 (6.6); pH 13-246 (4.8), 277 (sh), 281 (8.2), 286 
(sh); [lit.5 Amax in mp ( E  X 10-3): pH 0.5-236 (5.6), 275 (lO.l), 
281 (8.6); pH 5.66-243 (4.9), 281 (8.5), 287 (6.6)]; Lax in 
cm-1: 3340, 3240, 3125, 2980, 2940, 2920, 2860 (OH, CHI; 
1595, 1580 (C=C, C=N); 1130, 1115, 1105, 1075, 1050 (co-). 
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Two fluoro analogs of cyclophosphamide, 2- [bis( 2-fluoroethyl)amiiio]-2H-1,3,2-o.uaaaphosplio~i1iane 2-oxide 
These com- and 2-[(2-chloro-2'-fluorodiethyl)amino~-2H-1,3,2-oxaznphosphorina1ie 2-oxide, were syntheaized. 

pounds and their precursors displayed little, if any, antitumor activity agaiiist rodent tumors. 

Cyclophosphaniide (IIIa) is one of the most effective 
biological alkylat'ing agents for treating certain ex- 
perimental rodent malignancies. However, rather 
disappointing results were reported in treating neo- 
plastic diseases in man with Ohis agent.4 Xany 
structural modifications3 of this compound have not 
produced any superior antitumor agents against animal 
tumors. 

Recently a number of Russian investigators6 have 
reported that some fluoroanalogs of nitrogen mustard 
derivatives exhibit ant'itumor properties (e.g., 5-(2- 
chloro-2'-fluorodiethylamino)-6-n~ethyluracil, see also 
ref 7).  Also, Pettit and Smith* found that bis(2- 
fluoroethy1)amine hydrobromide inhibited the growth 
of Walker 256 carcinosarcoma (40% by 0.6 nig/kg, 
but the therapeutic index mas less than 1). Our in- 
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vestigation on the mechanism of action of fluoroethyl- 
amines demonstrated that these compounds act, in 
uitro, like the corresponding chloroethylamines through 
the formation of an aziridinium intermediate but a t  a 
slower rate.g It mas therefore of interest to  examine 
if the oxazaphosphorinane moiety of cyclophosphamide 
(IIIa) could act as a carrier of the cytotoxic fluoro 
nor-nitrogen mustards Ib  and c in transporting IIIb, 
IIIc, or an activated product derived from themlo to 
the tumor site. Hydrolysis, catalyzed by phosphanii- 
dase, could then produce the active biological alkylating 
agents Ib  and c. 

XCH2CH2, 
POCl, ,KPOCI, 

XCH,CH;, 
,NH __t 

YCHlCHL Y CH,CH, 

I I1 

" 
XCHzCHZ, t ,NHCHz, 

,CHz 
Y CHZCH, ONP\ OCH, 

I11 
a ,  X = Y = C1 
b , X = Y = F  
c, X = C1;Y = F 

Straight-chain w-fluoroalkylamines with an even 
number O f  carbon atonis are Very toxic because thev 
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fluoroacetic acid." Sirice most tumor5 are unable i o  
utilize fluoroacetate in  a "lethal" syrithesir of fluoro- 
citrate a5 the liver does,12 any antitumor cffed of ITIh 
:ind c could have been attributed l o  their 1:itcnt bio- 
logical alkylating nction. On the other Iinnd, liiglt 
t oxicitg to the 1io.t and absenco of :iny :intituniur 
act ion c~ouIt1 support the hgpothc*is that iplitting of 
tlic niu5tar.d iiioiely occuri 1 1 1  tlie l i b w  a.; tlic ~ti idies o f  
I'olcy and eo-worliers' j have indiratecl for t~yc~lo~)l io~-  
phnmide IIIa  (bee also ref 14) The :intit 1111101' art lvity 
of the conipound': i z  >unimarizctl ill Tnble I ,  

IC.lIC1 28 
111, Nh XA 501 4 s.1 
1Ic 1 t i  N , i  S.\ IO S.\ 

I I I h  N.i  N.1 5O*b :10 N1\ N.\ K . i  
I I I r  31 NA s.i 1.10'1 30 

The compounds were evaluated for the Cancer Ctiemotherapy 
National Service Center and complete da ta  will be published in a 
f l i t  lire Cancer Chemotherapy S(*reeiiiiig Data Siipplement t o  
Cancer Research (for a dezcriptioii of the atititrimor assays used, 
see ref 3). We wiqh to thank lh. Philip S. Thayer and 111.. I. 
Wodirieky, Arthur 1). Little, Inc. ,  for cc~eeiiirig the conipouiitl~, 
xnd I h .  (ieorge R. Pettit for permitting 11.5 to qiiote the screeriing 
resiilts of I b  (see also ref 8j .  * IDEO, 
&g/rril. Lymphoid leukemia L1210. Adenocarcinoms 755 
t umor reight, (treated/coritrol x 100); BDFl mice given eleven 
tlsily iiitraperitorieal iiijectioiis starting 1 tis? after tumor implau- 
tation; the aiiimals were sacrificed on the twelfth day. e LDj" 
values are approximate doses in tumor-bearing animal$. f Driii- 
riing leukemia (ascites) survival time (treated/coiitrol X 100); 
Fisher rats were given five daily intraperitoneal injeciioiis start- 
iiig 1 day after tumor imp1:tiitaiioii. Q I)iuining leukemia (Cy- 
toxan resistaiit). h Walker 35(i (intrnmuscular). i At o.(i 
mg/kg. Over a raiige of 0.25.- 
3 mg/kg. Over n r:tiigc 
of 0.!14-lS5 nig/kg. 

N.1 n i m x  i i o  activity. 

j Over a range of 1-8 rng/kg. 
2 Over a range from 0.16 -2.,j rng/kg. 

At 12.5 nig/kg. 

It. is interesting to  riot^ that, all fluorochloro niustnrds 
(IC, IIc, and IIIc) are cytot'oxic in the KB cell culture 
[cyclophosphamide (IIIa) is inxt ive in this test 
systein] and tyTo of them exhibit some n-eak acti\.ity 
against Dunning leukemia, :L tumor very sensitive to 
111:~. The difluoro must,artls (Ib, IIb,  and IIIb) 
shon  some weak but not reproducible activity i n  
C'a755 and no activity in the K H  cell culture. Sur- 
prisingly, the one-armed ff uoro iniistard (FCH&H,- 
NIIr.HC1) is very active wit,h an IDjo of 4 pg/riil i l l  

t l i e  133 cell culture system ; I R  aincac :iziridinc display- 
a siniilni* activity :uid nietliyl fluoroncetatc or pot:\-- 
siuni fluoride :m iriactive i n  t1ii.q 
:I possible explanation for tlic activ 
vt liylaniinc~ is its conversioii t o  uiridine. On the other 
Ii:ind, our iinir studiesg iiidivntc that  only the expected 
t \vofoltl Fitiitistiixl diffcrcnc*c exists in the rate of cycli- 
z i t  ion of 2-fluoroethylamiti(! and bis(2-fluoroethyl i- 
:imine to t'hc corresponding :uiridiniuiii salts. 

( 1  1 ,  1:. I,. AI .  Pattison, "'l'oxic . \ l ~ p l m t ~ c  I 

f 12) .\. ('. . \ isenl)~i p. "Tiit .  (:lyri,lybis alii1 tirspiratiori of 'I'ritIiurs;' 

(I:{) G .  I:. 1:oIr~. 0. A I .  F r iu lu ia l~ ,  i i i i l i  13. 1'. 1 ) s o I  

(1  4) II. 31. I tui le~i ,  .i. Jteisch. all11 11. .Sciiriewer, .1 

; I  .j) l h .  l ' l~ i l i i ,  h. l ' l inyer ,  pr ivnte  I.uiiiiiiuuii.ati,,Ii. 

1'til)iidiing ( 'o. ,  Nt*w \ '<Irk ,  K. Y., l95$l. 

.\<.adrini<, I'rc~s I r iv . ,  New Y o r k .  N. Y., I i i t i l ,  1) i l .  

( l $ l ( i l ) .  

lTCi  ( IU64).  

(', -2 1.'. y = 

of tiles(> c~ollipouflti-. title to i30tii I ~ F - H  allti ,gIi)--iI 
,pin-spiri splitting. a s  well as the H-H iplitting. The  
:horption of the  haloethyl group in compoundi 11 
:uicl 111 is quite similar to that  reporteds for I. In- 
cv~nsistencies, perhap5 due to diamagnet iv ihiclding 
cflrrts, in the clifferencc of 6 values for the -1 a i d  13 
protons in the Iialoethylaniine, its hydrochloritlr \all, 
:ind the phosphoraniidates I1 and I11 make it  dif- 
ficult to assess the inductive effect of thc dichloro- 
phosphoryl and ox:ixaphosphor.inane groups. 
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Experimental Section16 
N,N-Bis( 2-fluoroethyl)phosphoramidic Dichloride (IIb). A.- 

A suspension (10 g, 0.069 mole) of Ib  .HC1' in 49 ml of redistilled 
POC13 was stirred and heated in an oil bath at  reflux temperature 
for 40 hr. Excess POcl3 was removed in a rotary evaporator and 
the product was distilled under vacuum through a IO-cm Vigreux 
column to give, after a forerun, two fractions: 5.2 g, bp 100-110" 
(1.5 mm), 7 2 2 5 ~  1.4535; and 8.2 g, bp 110-120" (1.5 mm), n Z 5 ~  
1.4670. 

The same experiment was repeated but heating of the mixture 
was stopped after 18 hr. The product (15 g) was distilled at  
110-125" (1.5 mm), giving two fractions (of about equal weight), 
n z 5 ~  1.4590 and 1.4696. The products obtained from the two 
runs were combined and redistilled in a Podbielniak Series 3400, 
Mini-cal Whirling Heli-band distillation apparatus a t  ca. 1-mm 
pressure and a reflux ratio of 50:l. The following fractions 
were obtained: ( a )  bp 73-86' (4  g), nZ5D 1.4225; (b)  bp 86-89" 
(8 g), n z 5 ~  1.4545; (c) bp 89-92" (4  g), ?L*~D 1.4580; (d)  bp 92- 
96" (5  g), nZ5D 1.4595; (e) bp 96-98' (5  g), n Z 5 ~  1.4845. Assay 
by nmr spectroscopy indicted that fractions c and d were mostly 
the desired compound IIb:  Y ~ P '  2970-2990, 1275, 1020 cm-'. 

Anal. Calcd for C ~ H S C ~ Z F ~ N O P :  C, 21.26; H, 3.57; N, 
6.20. Found: C, 21.39; H,3.90; N, 6.56. 

B.-To 16.86 g (0.11 mole) of POC& in 25 ml of dry tetra- 
hydrofuran was added 11.13 g (0.11 mole) of triethylamine in 
25 ml of dry tetrahydrofuran and 11.94 g (0.11 mole) of Ib' 
in 25 ml of dry tetrahydrofuran a t  0-5', and the mixture was 
stored in the refrigerator overnight. The mixture was filtered 
under nitrogen through a sintered-glass funnel to remove tri- 
ethylamine hydrochloride. The tetrahydrofuran was evapo- 
rated under vacuum and the product was vacuum distilled to give 
23.8 g of a colorless liquid, bp 81-83" (0.25-0.20 mm). A small 
amount of white solid formed in the receiving vessel and this 
was removed from the colorless product by filtration through a 
sintered-glass funnel. The liquid was redistilled through a 20-cm, 
vacuum-jacketed column packed with glass helices. After a fore- 
run, 20.1 g (817,) of I Ib  was obtained, bp 75-78" (0.25 mm), 
T L ~ D  1.4593. The nmr and infrared spectra were identical with 
those of the product obtained from the previous experiment. 

Anal. Found: C, 21.40; H, 3.60. 
2- [Bis( 2-fluoroethyl)amino] -2H-1,3,2-oxazaphosphorinane 2- 

Oxide (IIIb).-A solution of 6.7 g (0.089 mole) of 3-aminopro- 
panol and 26.5 ml (0.178 mole) of triethylamine in 120 ml of dry 
dioxane was added with stirring and cooling to 20.12 g (0.089 
mole) of I Ib  in 600 ml of dry dioxane. An exothermic reaction 
occurred with the formation of insoluble triethylamine hydro- 
chloride, which was filtered after the mixture had been stirred 
overnight a t  room temperature. The filtrate was evaporated in a 
rotary evaporator to give a colorless, nearly clear syrup which 
was dissolved in 150 ml of dry benzene. The solution wa- stirred 
with decolorizing charcoal and filtered, and the filtrate was 
evaporated in a high-vacuum rotary evaporator a t  3 X 
mm to give 10.63 g (527,) of clear, pale yellow syrup: nZ5D 
1.4702; YZ."' 3200, 2960-2900, 1225, 1050 cm-I. 

(16) All starting materials and solvents were carefully purified before use 
The  microanalyses were performed b y  Dr. S. &I. Kagy of the Massachusetts 
Insti tute of Technology and b y  the  Schwarzkopf hlicroanalytical Labora- 
tory. The  nmr spectra were obtained on a Varian Associates A-60 spectrom- 
eter equipped with a V-6040 variable temperature controller and prohe. 
T h e  infrared spectra were obtained with a Perkin-Elmer 237 spectrophotom- 
eter. 

Anal. Calcd for CiH15FzN~OzP: C, 36.84: H, 6.63; F, 
16.65; S, 12.28. Found: C, 36.81; H, 6.90; F, 15.71; N, 
12.14. 

A 1.9-g portion of crude product was chromatographed through 
a Florisil column in benzene. Evaporation in a rotary evaporator 
gave 0.4 g of clear, colorless syrup, nZ5D 1.4760. 

Anal. Found: C, 36.21; H, 6.54. 
N-(2-Chloroethyl)-N-(2-fluoroethyl)phosphoramidic Dichlo- 

ride (IIc).-A mixture of 18.2 g (0.11 mole) of Ic.HC1' and 100 
ml (1.1 moles) of POC13 was stirred and heated a t  reflux in an 
oil bath for 18 hr. The resulting light brown solution was 
concentrated in a rotary evaporator to remove the excess Poc13. 
The residual oil was filtered through a sintered-glass funnel to 
remove a small amount of solid, presumably unreacted amine 
hydrochloride. Vacuum distillation of the filtrate gave a distil- 
late boiling a t  100-107" (0.5 mm), which was a mixture of a 
liquid and solid. The mixture was triturated with dry ether and 
filtered from about 0.5 g of solid. The filtrate was redistilled 
through a 10-cm Vigreux column, yielding 20.9 g (777,) of color- 
less liquid product: bp 97-99' (0.4-0.5 mm); n Z 5 ~  1.4870; 
YZ,"' 2970-2900, 1280, 1020 cm-'. 

Anal. Calcd for C4HsC13FNOP: C, 19.81; H, 3.32; C1, 
43.87; F, 7.84; N, 5.78; P, 12.78. Found: C, 19.51; H, 3.19; 
C1, 43.23; F, 7.61; N, 6.02; P, 12.64. 

In  subsequent preparations in which we attempted t o  repeat 
the above synthesis, repeated vacuum distillations through a 10- 
cm Yigreux column gave fractions which varied widely in re- 
fractive indices ( n Z 5 ~  1.4782-1.4877) but which boiled within a 
4' range [89.5-93.5" (0.4 mm)]. A small portion of the product 
was successfully fractionated, however, yielding a fraction, bp 
104-106" (1 mm), n Z 6 ~  1.4860. 

Anal. Found: C ,  19.94; H, 3.56. 
2- [( 2-Chloro-2'-fluorodiethyl)amino] -2H-1,3,2-oxazaphos- 

phorinane 2-Oxide (IIIc).-A solution of 3 ml (0.04 mole) of 3- 
aminopropanol and 15 ml (0.1 mole) of triethylamine in 40 ml 
of dry dioxane was added to a solution of 9.7 g (0.04 mole) of 
I I c  in 100 ml of dry dioxane. The precipitated triethylamine 
hydrochloride which formed overnight was removed by suction 
filtration and the filtrate was evaporated in a rotary evaporator. 
The remaining oil, containing a small amount of solid, was 
triturated with dry benzene, treated with charcoal and Celite, 
and filtered. The filtrate was evaporated to a colorless, viscous 

1050 cm-1. A portion of the product was chromatographed in 
benzene on a Florisil column to give a colorless, viscous oil, 

Anal. Calcd for CiHlsClFX202P: C, 34.33; H, 6.18; C1, 
14.49; F, 7.77; N, 11.45; P, 12.66. Found: C, 34.87; H, 
6.37; C1, 14.57; F, 7.82; K, 10.64; P, 12.20. 

Additional preparations resulted in crude yields which were 
nearly quantitative. However, low recoveries were obtained 
after chromatography (307,). Better analytical results were 
obtained when the chromatographed product was evacuated at 
3 X 10-4 mm pressure in a rotary evaporator a t  room tempera- 
ture for 3 hr, n Z 5 ~  1.4925. 

O i l :  8.7 g (89%); nZ9D 1.4900; Y::,"' 3200, 2960-2900, 1225, 

?LZ5D 1.4907. 

Anal. Found: C, 34.60; H, 6.25; N, 11.10. 
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