
J .  Med. Chem. 

(1 H, d, H6), 6.10 (1 H, m, OH-3”),5.85 (1 H, d, Hl‘), 5.60 (3 H, 
m, H5, H3”, OH-2’), 4.60 (1 H, d, H4’), 4.45 (1 H, m, H2’), 3.95 
(2 H, s, H5’), 2.85 (1 H, t, H3’); MS m / z  257 (M + H)+, 279 (M 
+ Na)+. Anal. (C10H12N206) C, H, N. 

1-( 3-Deoxy-3-C-formyl-~-D-lyxo -pentofuranosyl)thymine 
3’,5’-O-Hemiacetal(34). 22 (0.16 g, 0.315 “01) was deprotected 
following the general procedure with a reaction time of 7 min. 
The crude product was flash column chromatographed with 
chloroform-ethanol6:l on silica, to give 34 as a white solid (50 
mg, 59%). A sample was recrystallized from methanol: UV A, 
267 nm ( t  9395); Amin 233 nm (c 1140); ‘H NMR 6 11.29 (1 H, s, 

5.53 (2 H, m, H3”, OH-2’),4.59 (1 H, m, H4’), 4.44 (1 H, m, H2’), 
3.96 (2 H, m, H5’), 2.83 (1 H, t,  H3’), 1.74 (3 H, s, CH,); MS m / z  
271 (M + HI+. Anal. (ClIH14N20& C, H, N. 

145- 0 -( tert -Butyldiphenylsilyl)-2,3-epoxy-~-~-lyxo - 
pentofuranosyl]uracil (35). Dry 5’-O-(tert-butyldiphenyl- 
silyl)uridineS (6.46 g, 13.39 mmol) was dissolved in dry pyridine 
(81 mL) and cooled to 0 “C. Methanesulfonyl chloride (2.28 mL, 
29.4 mmol) in dry pyridine (26 mL) was then added with stirring 
over a period of 1 h, with exclusion of moisture. The orange 
solution was stored at 4 “C for 48 h and then poured into ice water 
(400 mL). The solid was filtered, washed well with water, and 
taken up in ethyl acetate. After washing several times with water, 
the mixture was dried (MgSO,), filtered, and evaporated to an 
off-white foam (7.75 g, 91%): UV A, 258 nm (t 9500); ‘H NMR 
6 11.50 (1 H, s, NH), 7.75-7.40 (11 H, m, H6, Ph,), 6.00 (1 H, d, 
Hl’), 5.80-5.30 (3 H, m, H5, H2’, H4’), 4.30 (1 H, m, H3’), 3.95 
(2 H, m, H5’), 3.35 (6 H, 2 s, S02CH3), 1.00 (9 H, s, tBu). This 
was dissolved in the minimum amount of acetone, and sodium 
hydroxide (1 M, 43 mL) was slowly added with stirring, while the 
solution was maintained by prudent additions of acetone. Stirring 
was continued at room temperature overnight, giving rise to a 
slightly less polar nucleoside as indicated by TLC. The orange 
solution was neutralized with hydrochloric acid (1 M), causing 
some precipitation. The whole was then partitioned between ethyl 
acetate and water and the organic layer dried (MgSO,) and 
evaporated to an off-white foam. A sample was chromatographed 
on a silica column with diethyl ether-hexane 4 1  to give 35 as a 
white solid (4.06 g, 72%): UV A,, 259 nm (c 10590); Xmin 236 
nm ( C  5180); ‘H NMR 6 11.40 (1 H, bd, NH), 7.75-7.35 (11 H, m, 

NH), 7.34 (1 H, S, H6), 6.13 (1 H, d, OH-3”), 5.80 (1 H, d, Hl‘), 
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H6, Ph,), 6.10 (1 H, s, Hl’), 5.60 (1 H, d, H5), 4.30-3.70 (5 H, m, 
H2’, H3’,H4’, H5’), 1.00 (9 H,s , tBu);MS m/z:  465 (M + H)+, 
487 (M + Na)+. Anal. (CSHzeN2OSSi) C, H, N. 
Antiviral Assay Procedures. The human immunodeficiency 

virus (HN)  assay was based on the ability of compound to reverse 
HIV-mediated growth inhibition in MT-4 cells infected with the 
HTLV-IIIB strain grown in T-cell line H9. The test involved 
infection of cells (1 h at 37 “C with 10 TCIDm HIV) followed by 
immediate exposure to the candidate drug at concentrations of 
100,10,1, and 0.1 fiM, Mock infected cells were used as controls 
for all drug concentrations on the same 96-well dish, allowing a 
simultaneous assessment of toxicity (by growth inhibition). 
Triplicate wells were used for infected or uninfected cells at each 
drug concentration. After 5 days cell number was assessed by 
the uptake of a tetrazolium dye M’IT into viable cells, extraction 
with acidified propan-2-01, and spectrophotometric determination. 

For the cytomegalovirus assay, monolayers of MRCd cells were 
formed in 24-well tissue culture panels. After 24 h the wells were 
infected and overlaid with 0.5% indubiose A37 medium. The 
candidate drug was dissolved in a suitable solvent and incorpo- 
rated into the overlay medium a t  10 and 100 rM. After 5 days 
giant cells (plaques) were visualized by methylene blue stain and 
examined by microscope. 

The other antiviral assays were based on plaque reduction. 
Confluent monolayers of the appropriate cells in 50-mm diameter 
plastic petri dishes were infected with a suspension of the virus 
and overlaid with nutrient agarose in which the candidate drug 
was dissolved in doubling dilutions. After 5 days plaques were 
counted and estimated as a percentage of the control and plotted 
against the logarithm of the compound concentration. From this 
the IC,, was determined. 
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A reinvestigation of the radiation protection activity of S-[2-[ (2’-carbamylethyl)amino]ethyl] lithium hydrogen 
phosphorothioate (4a) revealed that this compound possessed good (70% protection a t  a dose of 600 mg/kg) activity. 
The thione and imino bioisosteres of 4, S- [2-(2’-thiocarbamylethylamino)ethyl] lithium hydrogen phosphorothioate 
(13a) and S-[2-(2‘-amidinoethylamino)ethyl] phosphorothioic acid (18b) showed 100% protection a t  doses of 300 
and 150 mg/kg, respectively. The N-methyl (4b) and tert-butyl(4c) analogues of amide 4a, the N-methyl (13b) 
analogue of the thioamide 13a, the N-methyl (18a) analogue of amidine (18b), and the cyclic amidine S-[2-[[2’- 
(4,5-dih~droimidozo~l)eth~llaminoleth~ll lithium hydrogen phosphorothioate (21) all showed 80% protection a t  - .  - _ .  
the highest dose tested. 

In 1959 the US. Army Medical Research and Develop- 
ment  Command initiated a program of drug development 
for chemoprophylactic agents that would protect personnel 
against ionizing radiation. The most  effective radiopro- 
tective agent developed in  the 1959-1972 U S .  Army 
Program was S- [ 2- [ 3-aminopropylamino] ethyl] dihydrogen 
phosphorothioate (1, WR2721).1-3 This compound is the 

(1) Piper, J. R.; Stringfellow, C. R.; Elliot, R. D.; Johnston, T. P. 
J .  Med. Chem. 1969, 12, 236. 

0022-2623/90/1833-2501$02.50/0 

phosphorothioate  derivative of 2-[ (3-aminopropy1)- 
aminolethanethiol (2, WR1065). Compound 2 has been 
shown to be active in  radioprotection,2 and i t  is believed 
tha t  1 serves as a prodrug which releases 2 in tissue 

(2) Sweeney, T. R. A Survey of Compounds from the Antiradia- 
tion Drug Development Program of the U.S. Army Research 
and Development Command, Walter Reed Army Institute of 
Research, 1979. 

(3) Foye, W. 0. In Burger’s Medicinal Chemistry, 4th ed.; Wolff, 
M. E., Ed.; Wiley: New York, 1981; Part 3, Chapter 37, p 14. 
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through the action of phosphatase  enzyme^.^ 
Some years ago we reported that 2-[ (2’-carbamoyl- 

ethy1)aminolethanethiol (3, WR2529) showed good ra- 
dioprotective a~t iv i ty .~  In fact, compounds 2 and 3, which 
differ only in the oxidation state of the carbon next to the 
terminal NH2 group, have essentially the same radiopro- 
tective activity. However, whereas conversion of 2 to its 
phosphorothioate, 1, resulted in a less toxic and more 
active compound, derivatization of 3 gave phosphoro- 
thioate 4 (WR6458) which was more toxic and therefore 

0 
II 

H ~ N ( C H Z ) ~ N H C H ~ C H ~ S P O ~ H ~  H2NCCHZCHzNHCHZCH2SH 
1 3 

0 
I1 

H2NCH&H2CH2NHCH2CH*SH HzNCCH~CH~NHCH~CH~SPO,H~ 
2 4 

could not be tested a t  dose levels comparable to 1.2 Even 
though Sweeney has pointed out that “neither antiradia- 
tion activity nor toxicity necessarily progressed in a simple 
way with logical structural variation but could be highly 
specific”,Z the above results seem rather surprising. On 
the basis of the excellent antiradiation activity of 3, the 
close similarity of the backbone structure of 3 with 1 and 
2 and the fact that the synthesis of 4 has only been re- 
ported in the patent literature! we decided to prepare and 
reevaluate 4, as well as other amide, thioamide, and am- 
idine analogues of 4, as radioprotective agents. 

Results 
Chemistry. Scheme I outlines the synthesis of 4a as 

well as its N-methyl and N-tert-butyl analogues 4b and 
4c, respectively. Initially the key intermediate, @-[ (2- 
chloroethoxy)carbonyl]-P-alanine amide @a), was prepared 
from the known carbobenzoxy-p-alanine amide (51.’ Thus 
subjection of 5 to catalytic hydrogenation to remove the 

(4) Knizner, S. A.; Jacobs, A. J.; Lyon, R. C.; Swenberg, C. E. J .  
Pharm. E x p .  Ther. 1986, 236,37 and references cited. 

( 5 )  Carroll, F. I.; Wall, M. E. J. Pharm. Sci. 1970, 59, 1350. 
(6) Brois, S. J. U.S. Patent 3,501,557, March 17, 1970. Assigned 

to Esso Research and Engineering Company. 
(7)  Hanson, H. T.; Smith, E. L. J .  Bioi. Chem. 1948, 275, 833. 

4a R H. X = O,Z= H, M Li 
b. R CH3, X = 0 , Z  = t i ,  M - Li 
rY R - (CH3)&, X =  0 . 2 -  M - Li 

13a, R = H, X = S, Z = H, M = Li 
h, R - CH3, X =  S. 2- H, M Li 

carbobenzoxy protecting group followed by treatment of 
the liberated amine with chloroethyl chloroformate gave 
the intermediate 8a. Subsequently, we found that 8a as 
well as the N-methyl and N-tert-butyl analogues 8b and 
8c was more efficiently prepared from P-alanine. Thus 
p-alanine (6) was condensed with chloroethyl chloro- 
formate to give the p-[ (2-chloroethoxy)carbonyl]-/3-alanine 
(7). Reaction of 7 with thionyl chloride followed by 
treatment of the intermediate acid chloride with the ap- 
propriate amine or ammonia gave the amides 8a-c. The 
next step in the sequence involved base-catalyzed cycli- 
zation ‘of 8a-c using sodium hydride in DMF to give the 
3-substituted-2-oxazolidinones 9a-c. Treatment of 9a-c 
with hydrogen bromide in acetic acid under conditions 
similar to those used by Piper and co-workers8 for other 
3-substituted-2-oxazolidinone gave the desired bromo hy- 
drobromides loa-c. 

Treatment of an aqueous solution of 10a with trilithium 
thiophosphate followed by dilution of the aqueous reaction 
mixture with dimethylformamide and thorough washing 
of the resulting precipitate with dimethylformamide and 
ether yielded a solid which gave a good elemental analysis 
for 4a as well as the expected 31P and ‘H NMR resonances. 
Similarly, treatment of 10b with trilithium thiophosphate 
followed by a dimethylformamide-ether workup and 
washing gave a pure sample of 4b. In contrast, attempts 
to prepare 4c by a similar rocedure yielded a product 
which showed the expected and ‘H NMR spectra but 
gave elemental analyses that indicated the sample was 
contaminated with excess bromide. However, if 1 equiv 
of lithium hydroxide were added to the reaction mixture 
and dicyclohexylamine were added before workup, 
water-insoluble dicyclohexylamine hydrobromide could be 
removed by filtration. Dilution of the filtrate with ace- 
tonitrile provided 4c as the pure dilithium salt. 

Scheme I also gives the procedure used to prepare the 
thioamide compounds. Thiation of 9a-b with 2,4-bis(4- 
methoxypheny1)- 1,3-dithia-2,4-dithiophosphetane 2,4-di- 
sulfide (Lawesson’s reagent)gJO in THF a t  25 O C  gave 

(8 )  Piper, J. R.; Stringfellow, C. R., Jr.; Elliott, R. D.; Johnston, 
T. P. J .  Med. Chem. 1971, 14, 345. 

(9) Fieser, M. In Reagents for Organic Synthesis; John Wiley and 
Sons: New York, 1980; Vol. 8, p 327. 
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thioamides 1 la-b, respectively. Treatment of 1 la-b with 
hydrogen bromide in acetic acid yielded the bromo hy- 
drobromides 12a-b. Phosphorothiation of 12a-b with 
trilithium thiophosphate gave the target compound 13a-b. 

The amidino analogues of 4a were prepared as outlined 
in Scheme 11. Subjection of N-(2-cyanoethyl)oxazolidi- 
none (14) to dry hydrogen chloride in a mixture of meth- 
ylene chloride and methanol afforded the imino ester hy- 
drochloride 15-HC1. Compound 15.HC1 was converted to 
N-[2-(N-methylamidino)ethyl]oxazolidinone (16a) with use 
of methanolic methylamine. When 16a was dissolved in 
acetic acid saturated with hydrogen bromide, the desired 
bromo dihydrobromide 17a was obtained. Treatment of 
17a with trilithium thiophosphate in aqueous DMF gave 
S- [ 2- [ [ 2’-(N-methylamidino)ethyl]amino]ethyl] dihydrogen 
phosphorothioate. 

In order to prepare the unsubstituted amidino target 
compound 18b and the cyclic amidino compound 21, the 
imino ester hydrochloride 15.HC1 was first converted to 
its free base 15. The imino ester 15 was converted to 
N-(2-amidinoethyl)oxazolidinone (16b) by treating 15 with 
ammonium chloride in methanol. When 16b was dissolved 
in acetic acid saturated with hydrogen bromide, the desired 
bromo dihydrobromide 17b was obtained. Phosphoro- 
thiation of 17b with trilithium thiophosphate using con- 
ditions similar to that used for 17a gave S-[2-[(2’- 
amidinoethyl)amino]ethyl] dihydrogen phosphorothioate 
(18b). 

Treatment of 15 with ethylenediamine in ethanol pro- 
vided N-[2-(4,5-dihydroimidazoyl)ethyl]oxazolidinone (19). 
When 19 was dissolved in acetic acid saturated with hy- 

(10) Petersen, B. S.; Scheibye, S.; Clausen, K.; Lawesson, S.-0. Bull. 
Soc. Chim. Belg. 1978, 87, 293. 
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drogen bromide, the desired bromo dihydrobromide 20 was 
obtained. Treatment of 20 with trilithium thiophosphate 
using conditions similar to those used to prepare 18a-b 
gave S-  [2-[ [2’-(4,5-dihydroimidazoyl)ethyl]amino]ethyl 
lithium hydrogen phosphorothioate (21). 

Radiation-Protective Evaluation. Results for the 
radiation-protective properties of 4a-c, 13a-b, 18a-b, and 
21, along with WR2721 and WR6458 for comparison, are 
listed in Table I. Test results were carried out a t  A. D. 
Little, Boston, MA, or the University of Louisville School 
of Medicine, Louisville, KY, according to a previously 
described method.” Test results were provided by H. A. 
Musallam of the Walter Reed Army Institute of Research. 
Tests were performed by whole-body y-irradiation of mice 
30 min after administration of the test compound intra- 
peritoneally. 

The toxicity of 4a is in sharp contrast to the previously 
reported toxicity of WR6458.2 Whereas 4a prepared in this 
study showed no toxic deaths in five mice at  doses of 600 
mg/kg, WR6458 possessed an LD,, of 130 mg/kg. 
Moreover, 4a was 70% protective at  600 mg/kg. 

Two of the compounds showed 100% protection at  the 
highest administered doses. Compound 13a, the thioamide 
analogue of 4a, gave 100,40, and 10% survival a t  300,150, 
and 75 mg/kg, respectively, whereas compound 18b, the 
amidine analogue of 4a, led to 100,70, and 10% survival 
at 150, 75, and 37.5 mg/kg, respectively. The analogues 
4b, 4c, 13b, 18a, and 21 all gave 80% protection at  the 
highest dose tested. 
Discussion 

Early reports (before 1959) showed that 2-amino- 
ethanethiol [mercaptoethylamine (MEA)] and derivatives 
of this structure such as AET constituted the most ef- 
fective class of radiation-protective compounds.2~3J2-14 
However, since MEA and AET, as well as all other com- 

HZNCHZCHZSH HzNCH&HZSC(O)NHz 
MEA AET 

pounds available a t  this point, had serious limitations for 
potential use in man, the U.S. Army Medical Research and 
Development Command initiated a program of drug de- 
velopment for chemoprophylactic agents that could protect 
troops against ionizing radiation. Between 1959 and 1973, 
approximately 4400 compounds were tested in m i ~ e . ~ J ~  
The program was highly successful, and very substantial 
progress was made toward the development of a useful 
drug for military use. S-[2-[ (3-Aminopropyl)amino]ethyl] 
dihydrogen phosphorothioate (1, WR2721) was the most 
interesting of the radioprotective agents As 
a part of the US .  Army program we developed and re- 
ported that 2-[ (2’-carbamoylethyl)amino]ethanethiol (3, 
WR2529) was also an interesting radioprotective agent.5 
This compound at  a maximum tolerated dose (MTD) of 
900 mg/kg protected 100% of mice when administered ip 
15 min before i r radiat i~n.~~,  At  half MTD (450 mg/kg) 
survival was 90%, and at one-quarter MTD there was 70% 
survival. 3 has a dose-reduction factor (DRF) of 2.6 and 

(11) Klayman, D. L.; Grenan, M. M.; Jacobus, D. P. J. Med. Chem. 
1969, 12, 510. 

(12) Klayman, D. L.; Copeland, E. S. In Drug Design; Ariens, E. J., 
Ed.; Academic Press: New York, 1975; Vol. VI, Chapter 2. 

(13) Foye, W. 0. In Medicinal Chemistry; Burger, A., Ed.; Wiley: 
New York, 1970; p 1669. 

(14) Thomson, J. F. In Radiation Protection in Mammals; Rein- 
hold: New York, 1962. 

(15) Grant, G. A,; Leach, K. Search for Radioprotective Com- 
pounds, Part XIX. Report 827 to Defense Research Estab- 
lishment, Ottawa, Ottawa, Ontario. 
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Table I. Radiation-Protective ProDerties in Mice" 

Carroll et al. 

approximate drug dose, vehicle of radiation 30-day 
compd structure LD,, mg/kg mg/kg administration dose, GY survival, % 

4a 

4b 

4c 

13a 

13b 

18b 

18a 

21 

WR2721d 

WR6458d 

0 
II 

H$JCCH&H,NHCH&H,SPO,HLi 

0 
II 

CH,NHCCH&H,NHCH&H,SPO,HLi 

0 
II 

(CH&CNHCCH&H,NHCH&HzSP03Li, 

s 
II 

H$4CCH&H2NHCH&H,SP0,HLi 

S 
I1 

CH,NHCCH&H,NHCH&H,SPO,HLi 

NH 
I I  

H$JCCH&H,NHCH&H,SPO,H, 

NH 
I1 

CH,NHCCH&H,NHCH~H,SW,H, 

[ >kCH&H,NHCH&HfiPO,HLI 

I 
H 

H2NCH2CH2CH2NHCH2CH2SPOsHz 

0 
II 

H$JCCH&H,NHCH&H,SPO,H, 

>600b 

> 600 

> 300 

>300 

>250 

>I50 

>150 

> 100 

1000 

130 

600 
300 
150 
600 
300 
300 
150 
75 

300 
150 
75 

150 
75 
37.5 

150 
75 
37.5 

150 
75 
37.5 

100 
75 
37.5 

600 
300 
150 
75 
50 
25 

80% HzO 
20% CzH50H 

H20 

H20 

H20 

80% HzO 
20% CzH50H 

85% HzO 
15% CZH5OH' 

85% HZO 
15% C2H50Hc 

H2O 

10 

10 

9.5 

9.5 

10 

9.5 

9.5 

9.5 

10 

10 

70 
10 
0 

80 
20 
80 
60 
40 

100 
40 
10 
80 
0 
0 

100 
70 
10 
80 
50 
30 
80 
20 
0 

100 
100 
40 
40 
0 
0 

"Antiradiation tests in groups of 10 mice against lethal y-radiation: 9.5 or 10 GY from B°CO source 30 min after intraperitoneal dosing. 
bNo toxic deaths observed in five mice at  this dose. cContains 0.3% of methyl cellulose. dTaken from ref 2. 

is second only to 1 in terms of this indicator of protective 
activity.16 Both monkeys and miniature swine were 
protected with 3." 

In the introduction we pointed out that WR2721 is the 
phosphorothioate derivative of the parent thiol, 2 
(WR1065), which is active in radioprotection. It is believed 
that 1 serves as a prodrug which releases 2 in tissue 
through the action of phosphatase e n z y m e ~ . ~  A compar- 
ison of 2 with its amide analogue 3 showed the two com- 
pounds to have essentially the same radioprotective ac- 
tivityS2 However, whereas conversion of 2 to its phos- 
phorothioate, 1, resulted in a less toxic and more active 
compound, surprisingly, derivatization of 3 gave a phos- 
phorothioate, 4 (WR6458), with no activity and high tox- 
icity. These unexpected results led us to synthesize and 
reevaluate 4 as a radiation protective agent. 

The results shown in Table I show that in contrast to 
the earlier data,2 compound 4 was not toxic at the highest 
dose level when tested as its lithium salt 4a and that the 
compound was 70% protective at  600 mg/kg. Since it is 
unlikely that there would be any difference in the toxicity 
of the free acid 4 and its lithium salt 4a, this data implies 
the original sample of 4 was either contaminated with toxic 
impurities or does not have the structure shown. More- 
over, the amide analogs 4b and 4c both showed 80% 
protection at  600 and 300 mg/kg, respectively. Thus the 
activity of 4a is retained when either small (CH,) or large 

(16) Yuhas, J. M. Radiat. Res. 1970,44, 621. 
(17) Davidson, D. E.; Grenan, M. M.; Sweeney, T. R. In Radiation 

Sensitizers. Their Use in the Chemical Management of 
Cancer; Brady, L. W., Ed.: Mansson Publishing USA Chicago, 
IL, 1980; p 309. 

- 

[ (CH,),C] substitutions are made on the terminal nitrogen. 
These results suggested that 4a-c represent a new lead 
structure for the design of potential useful radiation pro- 
tection agents. 

Because of the highly specific nature of the activity and 
toxicity of the phosphorothioates,2 the classical medicinal 
chemistry methods such as the Hansch approach is not 
very useful for optimization of the lead compounds. In 
cases like this, bioisosterism can be an aid in the process 
of developing lead compounds.1g24 The amide carbonyl 
of 4a provides a site for introducing isosteric groups while 
retaining the complete sulfur-carbon-nitrogen backbone 
structure of 4a as well as 1 and 2. Compound 1 and 2 differ 
from 3 and 4 in that they contain a basic terminal NH2 
function whereas 3 and 4 possess a neutral amide NH2 
group. 

Since the thione sulfur (=S) and the imino nitrogen 
(=NH) are well precedented as isosteres of carbonyl ox- 
ygen (=O), we chose to synthesize and evaluate the sulfur 

(18) Burger, A. In Medicinal Chemistry, 3rd ed.; Wiley-Intersci- 
ence: New York, 1970; p 201. (b) Schatz, V. B. In Medicinal 
Chemistrv, 2nd ed.: Burger, A., Ed.; Wiley-Interscience: New 
York, 1970; p 201. 

(19) b i n s k i .  C. A. Ann. R e a  Med. Chem. 1986.21. 283. 

- 

(20) Fdye, W: 0. In Principies of Medicinal Chhmis'try; Lea and 
Febiger: Philadelphia, 1970. 

(21) Korolkovas, A. In Essentials of Molecular Pharmacology: 
Background for Drug Design; Wiley: New York, 1970. 

(22) Ariens, E. J. In Drug Design; Ariens, E. J., Ed.; Academic 
Press: New York, 1971; Vol. I. 

(23) Rudinger, J. In Drug Design; Ariens, E. J., Ed.; Academic 
Press: New York, 1971; Vol. I1 Chapter 9. 

(24) Thornber, C. W. Chem. SOC. Rev. 1979,8, 563. 
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isosteres 13a-b and the imino isosteres 18a-b, and 21. The 
terminal amino in 13a-b would be neutral similar to 4a. 
In contrast, t h e  terminal amino in Ma-b and 21 would be 
strongly basic and more like 1. The thioamide congeners 
13a-b would possess greater lipid solubility than their  
amide counterparts (4a-b). As a result of t h e  size, elec- 
tronegativity and other properties of sulfur, the double 
bond tautomers  such as 13aA will make a greater con- 
tr ibution t o  t h e  s t ructure  than their  amide analogues. 

HN=C( SH)CH2CH,NHCHZCH2SPO3H2 
13aA 

Examination of t h e  data in Tab le  I shows that t h e  
conversion of 4a to the thione analogue 13a and the imino 
analogue 18b provide compounds which are  more protec- 
tive than t h e  lead compound 4a. Conversion of 4b to its  
thione and imino analogues 13b and Ma, respectively, gave 
compounds that showed protection equal to 4b at one-half 
t h e  dose level used for 4b. T h e  cyclic amidine analogue 
21 showed activity similar to 18a. 

Conclusion 
A reexamination of the  radiation protection activity of 

S-[ 2-[ (2'-carbamoylethyl)amino]ethyl] dihydrogen phos- 
phorothioate (4) revealed that in contrast  t o  a previous 
report2 this compound showed good radiation protection 
activity. Bioisosteric replacement of the carbonyl oxygen 
of 4a with sulfur or nitrogen led t o  compounds 13a and 
18b, respectively, which were highly protective. T h e  N- 
methyl derivatives of 4b, 13b, and Ma, respectively, all 
showed good activity. In addition the N-tert-butylamide 
analogue 4c and the  cyclic amidine derivative 21 show good 
radiation protective activity. 

T h e  high activity of 13a and 18b in the s tandard assay 
indicates that these compounds have potential  as radia- 
tion-protective agents and should be evaluated in larger 
animals. In addition the good activity of all the remaining 
amide, thioamide, and amidine analogues of 4a suggest 
that further bioisosteric modification of 4a might lead t o  
more useful compounds. 

Experimental Section 
Melting points were determined on a Koffler hot stage. Infrared 

(IR) spectra were recorded on a Perkin-Elmer 457 spectropho- 
tometer. Ultraviolet spectra were run on a Varian model 2290 
spectrophotometer. Proton magnetic resonance ('H NMR) spectra 
were obtained on a Bruker 250 spectrometer. Chemical shifts 
were reported in 6 values relative to tetramethylsilane (Me4Si). 
Carbon and phosphorus magnetic resonance spectra were de- 
termined at  22.4 and 36.2 MHz, respectively, on a JEOL FX-9OQ 
spectrometer. Microanalyses were performed by Galbraith 
Laboratories, Knoxville, TN and Atlantic Microlab Inc., Atlanta, 
GA. Where analyses are indicated only by symbols of the ele- 
ments, analytical results obtained for these elements were within 
0.4% of the calculated values. 

8-[ (2-Chloroethoxy)carbonyl]-~-alanine (7). Chloroethyl 
chloroformate (7.15 g, 0.5 mol) and a solution of NaOH (20 g, 0.5 
mol) in 100 mL of HzO were added simultaneously over a period 
of 1 h to a stirred solution of 8-alanine (6) (44.5 g, 0.5 mol) and 
NaOH (20 g, 0.5 mol) in 500 mL of HzO. The pH of the reaction 
mixture was maintained between 7-8 during the addition. After 
stirring for 4 h a t  room temperature, the reaction mixture was 
extracted with ether. The mixture was extracted with ethyl acetate 
after acidification of the aqueous layer to pH 2-3 with 6 N HC1. 
The ethyl acetate solution was washed with NaCl solution and 
dried over Na2S04. The residue after removal of the solvent was 
recrystallized from ethyl acetate-hexane to give 92.9 g (93%) of 
7: mp 69-70 "C; 'H NMR (CDClJ 6 2.46 (t, 2, CH2CO2), 3.47 (m, 
2, NCH,), 3.67 (t, 2, CH,Cl), and 4.34 (t, 2, 0CH.J. Anal. 

N-Methyl-&[ (2-chloroethoxy)carbamoyl]-~-alanine Amide 
(ab). A solution of 7 (50 g, 0.26 mol) in 350 mL of CHC1, was 

(C6HloCINO4): C, H, C1, N. 
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heated to reflux with SOCl, (61 mL) for 1 h. The solvents were 
removed under reduced pressure, and the residue was dissolved 
in 50 mL of toluene and again evaporated to dryness under re- 
duced pressure to provide the acid chloride of 7. A solution of 
methylamine (15.9 g, 0.52 mol) in 200 mL of CHC1, was added 
dropwise to a solution of the acid chloride in 350 mL of CHC1, 
a t  dry ice-acetone temperature over a period of 1.5 h. When the 
addition was complete, the mixture was allowed to come to room 
temperature and was stirred overnight. The precipitated me- 
thylamine hydrochloride was removed by filtration and washed 
with CHCl,. The combined CHC1, solution was washed with 
saturated NaCl solution and evaporated to dryness. The resulting 
solid was recrystallized from CHC1,-hexane to give 35.2 g (66%) 
of 8b: mp 125-126 "C; 'H NMR (CDCl,) 6 2.42 (t, 2, CH,CO), 
2.81 (d, 3, NCH,), 3.46 (m, 2, NCH,), 3.66 (t, 2, CH,Cl), and 4.29 
(t, 2, OCHz). Anal. (C7H13C1N203): C, H, C1, N. 
N-[2-(N'-Methylcarbamoyl)ethyl]oxazolidinone (9b). To 

a suspension of hexane washed NaH [(50% suspension), 6.8 g, 
0.16 mol] in 200 mL of dry DMF was added a solution of 8b (33.28 
g, 0.16 mol) in 100 mL of DMF over a period of 1 h. The pre- 
cipitated NaCl obtained after stirring overnight was separated 
by filtration, and the solution was evaporated to an oil under 
reduced pressure. The product was purified by silica gel column 
chromatography using 20% MeOH-CH2C12 as the eluant to give 
16.5 g (94%) of 9a: 'H NMR (CD,OD) 6 2.44 (t, 2, CH,CO), 2.71 
(s, 3, NCH,), 3.51 (t, 2, NHCH,), 3.62 (t, 2, NCHz oxazolone), and 
4.31 (t, 2, CHzO). Anal. (C7HlzNz03.0.25Hz0): C, H, N. 

A 25.4-g (0.12 mol) run gave 16.2 g (77%) of 9b. 
2-Substituted-ethyl Bromide Hydrobromides. General 

Procedure. A solution of the oxazolidinone in excess acetic acid 
saturated with HBr was stirred at  room temperature overnight. 
The excess HBr and some acetic acid was removed under reduced 
pressure. Dilution of the remaining solution with 10 mL of MeOH 
followed by careful addition of 100 mL of ether gave the desired 
product. The final purification was achieved by recrystallization 
from the appropriate solvent. 
2-[ N- [ 2'- (Met hylcarbamoy1)et hyl]amino]et hyl Bromide 

Hydrobromide (lob). Recrystallization from MeOH-ether gave 
32% of lob: mp 124-126 "C; 'H NMR (CD30D) 6 2.67 (t, 2, 

and 3.72 (t, 2, CH2Br). Anal. (C6H14BrzN20): C, H, Br, N. 
2 4  (2-Carbamoylethyl)amino]ethyl Bromide Hydro- 

bromide (loa). Recrystallization from MeOH-ether gave 60% 
of loa: mp 144-145 OC; 'H NMR (CD,OD) 6 2.72 (t, 2, 
CH2CH,CO), 3.34 (t, 2, NHCH,CO), 3.52 (t, 2, NHCH2CH2Br), 
and 3.72 (t, 2, NHCHzCH,Br). Anal. (C5HlzBrzNz0): C, H, Br, 
N. 

2-[N-[2'-( tert-Butylcarbamoyl)ethyl]amino]ethyl Bromide 
Dihydrobromide (1Oc). Recrystallization from MeOH-ether 
gave 65% of 1Oc: mp 131-132 "C; NMR (MeOH-d,) 6 1.34 [s, 
9, C(CH,),], 2.68 (t, 2, CH,CO), 3.55 (t, 2, BrCH,CH,N), and 3.76 
(t, 2, BrCH2CH2). Anal. (CBHZ1Br3N20): C, H, Br, N. 

2-[ (2'-Thiocarbamoylethyl)amino]ethyl Bromide Hydro- 
bromide (12a). Recrystallization from MeOH-ether gave 64% 
of 12a: mp 116-118 "C; 'H NMR (DMSO-d,) 6 2.92 (t, 2, 
CH,CHzCS), 3.3 (t, 2, NCHzCH2CS), 3.48 (t, 2, CHzCH,N), and 
3.71 (t, 2, CH,CH,Br). Anal. (C5H12Br2N2S): C, H, Br, N, S. 
2-[N-[2'-(Methylthiocarbamoyl)ethyl]amino]ethyl Brom- 

ide Hydrobromide (12b). Recrystallization from MeOH-ether 
gave 65% of 12b: mp 166-169 "C; 'H NMR (CD,OD) 6 3.1 (s, 
3, CH,), 3.15 (t, 2, CHzCH2CS), 3.54 (m, 4, CHzN+HzCHz), and 
3.75 (t, 2, CH,CH,Br). Anal. (C6H14Br2N2S): C, H, Br, N. 
2-[N-[2'-(Methylamidino)ethyl]amino]ethyl Bromide 

Dihydrobromide (17a). Recrystallization from MeOH-ether 
afforded 80% of 17a as colorless crystalx mp 155 "C dec; 'H NMR 

(m, 4, CH,CHz), and 3.8 (t, 2, CH2CH2Br). Anal. (C6HI6Br3N3): 
C, H, Br, N. 
2-[(2'-Amidinoethy1)aminolethyl Bromide Dihydro- 

bromide (17b). Recrystallization from CH,OH-ether afforded 
78% of 17b as colorless crystals: mp 158-160 "C; 'H NMR 

3.79 (t, 2, CHzBr), 8.8 (br s, NH), and 9.23-9.65 (br s, NH). Anal. 
(C5Hl,Br,N3): C, H, Br, N. 
2-[N-[2'-(4,5-Dihydroimidazoyl)ethyl]amino]ethyl Brom- 

ide Dihydrobromide (20). Recrystallization from methanol 

CHZCO), 2.75 (s, 3, NCH,); 3.31 (t, 2, CHZN), 3.53 (t, 2, NCHZ) 

(CDSOD) 6 2.96 (s, 3, NCH,), 3.05 [t, 2, CH,CH,C(NH)], 3.49-3.64 

(DMSO-de) 6 2.96 [t, 2, -CHzC(NH)-], 3.5 (b, 4, -CH,NHCHz-), 
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afforded 71% of 20 as colorless crystals: mp 169-173 "C; 'H NMR 
(DMSO-d,) d 3.04 [t, 2, CH2(C=N)J, 3.44 (m, 4, CH2NHCH2), 
3.79 (t, 2, BrCH,), and 3.85 (s, 4, =NCHzCH2NH). Anal. 
(C7HI6Br3N3): C, H, Br, N. 
5424 [2'4 N-Methylcarbamoy1)et hyl]amino]ethyl] Lith- 

ium Hydrogen Phosphorothioate (4b). To a stirred solution 
of trilithium t h i ~ p h o s p h a t e ~ ~  (0.696 g, 3 mmol) in 3 mL of H20  
was added bromo compound 10b as a solid. After all the solid 
dissolved, 1.5 mL of DMF was added, and stirring was continued 
for 3.5 h. At this point a 31P NMR spectrum indicated that all 
the trilithium thiophosphate had reacted. A small amount of solid 
was removed by centrifugation. The clear supernatant was diluted 
with 30 mL of DMF while maintained in a water bath a t  20 "C. 
The mixture was stirred for 30 min and again centrifuged. The 
supernatant was separated by decantation. The solid was stirred 
with DMF-ether (1:l) and centrifuged. The residue obtained was 
stirred with 200 mL of ether and separated by filtration. This 
solid was dried under a stream of Nz to give 0.47 g (63%) of 4b: 
'H NMR (D20) d 2.67 (t, 2, CHzCH2CO), 2.75 (s, 3, NCH3), 2.96 
(m, 2, CH2CH&9, 3.24 and 3.27 (d t, 4, CH,NCH2); 31P NMR (D20) 
16.11 ppm (t, J = 13 Hz). Anal. (C6Hl,LiN20,PSJ/3 H20): C, 
H, N, P,  S. 

This experiment was repeated at  0.1 mol scale three times giving 
yields of 60, 80, and 88%. 
~-[(2-Chloroethoxy)carbonyl]-/?-alanine Amide (8a). 

Method A (from 7). Compound 8a was prepared by a procedure 
similar to that described for 8b. Thus, acid 7 (65 g, 0.33 mol) was 
converted to the acid chloride and treated dropwise with a solution 
of NH3 (11.3 g, 0.66 mol) in 30 mL of THF and stirred overnight. 
The mixture was diluted with water, and the organic layer was 
separated and washed with saturated sodium chloride solution 
and dried (NazS04). The residue obtained after removal of the 
solvents was recrystallized from EtOAc to give 38.5 g (60%) of 
8a: mp 67-68 "C; 'H NMR (CD30D) b 2.44 (t, 2, CH2CH2CO), 
3.41 (t, 2, NCH2CH2CO), 3.68 (t, 2, ClCH2CH20), and 4.28 (t, 2, 
ClCHzCH20). Anal. (C6H,,C1N203): C, H, C1, N. 

Method B (from 5 ) .  A solution of 5' (33 g, 0.015 mol) in 50 
mL of MeOH and 50 mL of THF was hydrogenated over 5% 
Pd/C for 1 h at which time the hydrogenolysis was complete. The 
catalyst was removed by filtration, and the filtrate was evaporated 
to dryness. The resulting residue was suspended and stirred in 
50% MeOH-H20, and chloroethyl chloroformate (2.12 g) and a 
solution of NaOH (0.6 g in 4 mL HzO) were added simultaneously 
over a period of 20 min. After 2 h, the mixture was extracted with 
EtOAc. The organic layer was washed with NaCl solution and 
dried (Na2S0,). The residue, after removal of the solvent, was 
recrystallized from EtOAc to give 2.2 g (75%) of 8a: mp 67-68 
OC; 'I4 NMR (CD30D) identical with a sample prepared by 
method A. 
N-(2-Carbamoylethyl)oxazolidinone (sa). Compound 9a 

was prepared by a procedure analogous to that described for 9b. 
Thus, 20.1 g (0.1 mol) of 8a was treated with 4.8 g (0.15 mol) of 
NaH suspension (50% oil suspension) in DMF. Workup and 
recrystallization from a CHC13-hexane mixture gave 12.6 g (77%) 
of 9a: mp 105-106 OC; 'H NMR (CDC13) d 2.55 (t, 2, CHzCH2CO), 
3.57 (t, 2, NCH2CH2CO), 3.70 (t, 2, OCH2CH2N), and 4.33 (t, 2, 
OCH2CH2N). Anal. (C6HloN203): C, H, N. 

S-[2-[ (2'-Carbamoylethyl)amino]ethyl] Lithium Hydrogen 
Phosphorothioate (4a). Compound loa (0.31 g, 0.0012 mol) was 
added to a stirred solution of trilithium thiophosphate (0.23 g, 
0.001 mol) in 1 mL of water. After dissolution, 0.5 mL of DMF 
was added, and the mixture was stirred for 2 h. After successive 
addition of 5 mL of DMF and 4 mL of ether, the mixture was 
stirred for another 30 min. The solution was filtered, washed first 
with a mixture of DMF and ether (l:l,  50 mL) and finally with 
150 mL of absolute ethanol. On drying in vacuo overnight 180 
mg (76%) of 4a was obtained as a white solid: 'H NMR (DzO) 
6 2.77 (t, 2, CH CHzCO), 3.5 (m, 2, SCH2CH2), and 3.4 (m, 4, 
CH2N+HZCH2); "P NMR (H,O) 15.63 ppm (t, J = 13 Hz). Anal. 
(C5HI2LiN2O4PS): C, H, N, P, S. 

A 0.024-mol run gave an essentially quantitative yield of 4a. 

Carroll et al. 

(25) We thank Dr. J. R. Piper, Southern Research Institute, for 
providing information on the synthesis, stability and storage 
of LiSP03. 

N-tert -Butyl-@-[ (2-c hloroethoxy )carbamoyl]-B-alanine 
Amide (8c). A solution (19.6 g, 0.1 mol) of 7 in 200 mL of CHCl, 
was heated to reflux with SOC1, (26 mL) for 1 h. The solvents 
were removed under reduced pressure. The residue was dissolved 
in 50 mL of dry toluene and again evaporated to dryness under 
reduced pressure to provide the acid chloride of 8c. The acid 
chloride dissolved in 25 mL of CHC13 was added to a solution of 
8 g (0.11 mol) of tert-butylamine and 8.8 g (0.11 mol) of pyridine 
in 80 mL of CHCl, at  dry ice-acetone temperature over a period 
of 30 min. The reaction mixture was stirred overnight, and the 
temperature was allowed to reach 23 "C. The resulting precipitate 
was separated by filtration, and the solution was washed with 
saturated NaCl solution and dried (Na2S04). The residue obtained 
on evaporation was crystallized from EtOAc-hexane to give 17.16 
g (69%) of 8c: mp 46-48 "C; 'H NMR (CDCI,) b 1.34 [s, 9, 

2, OCH2CH2N), and 4.32 (dd, 2, OCH2CH2N). Anal. 

This experiment was repeated two times on a 0.4-mol scale to 
give 78-81% yield. 
N-[2-(N'-tert-Butylcarbamoyl)ethyl]oxazolidinone (Sc). 

To a stirred hexane-washed suspension of NaH (0.25 g, 0.005 mol) 
in 5 mL of DMF was added a solution of 1.25 g (0.005 mol) of 
8c in 5 mL of DMF. After 16 h the reaction was diluted with 
CH2Clz. The precipitated NaCl was removed by filtration and 
washed with CH2C12. The filtrate and washings were evaporated 
under reduced pressure, and the resulting oily residue was 
chromatographed on silica gel (100 g) with 10% MeOH-CH2C12 
as eluent. The pure fraction was evaporated to dryness and the 
solid obtained recrystallized from CHzClz-hexane to give 0.68 g 
(64%) of 9c: mp 118-119 "C; NMR (CDC13) 6 1.35 [s, 9, C(CH,),], 

OCHzCH2N), 4.30 (dd, 2, OCH2CH2). Anal. (CIoHl8N2O3): C, 
H, N. This experiment was repeated twice on a 0.25-mol scale 
to give 65% and 78% yields. 
S-[2-[[2'-(N'-tert-Butylcarbamoyl)ethyl]amino]ethyl] 

Dilithium Phosphorothioate (4c). To a stirred solution of 20.43 
g (0.05 mol) of 1Oc and 2.12 g (0.05 mol) of LiOH.H20 in 60 mL 
of HzO at 25 "C was added 8.24 g (0.045 mol) of Li3PSO3.4.2H20. 
When a clear solution was obtained, the mixture was diluted with 
30 mL of DMF and stirring was continued for 4 h. Dicyclo- 
hexylamine (40 g) was added, and the mixture was stirred an 
additional 2 h. The mixture was filtered, and the filtrate was 
diluted successively with CH3CN (600 mL) and ether (1 L). The 
resulting precipitate was collected, redissolved in 30 mL of H20 
and diluted with 300 mL of DMF followed by ether (600 mL). 
The precipitate was collected by filtration and washed thoroughly 
with ether and dried to give 9.25 g (67%) of 4c: mp >295 "C dec; 
'H NMR (D20) b 1.32 [s, 9, C(CH,)], 2.38 (t, 2, CH2CO), 2.83 (m, 
6, CH2NHCH2CH2S); 31P NMR (D20) 16.42 ppm (t, J = 10 Hz). 
Anal. (C9H19N2Li204PS.0.5H20). 
N-(2-Thiocarbamoylethyl)oxazolidinone (lla). A mixture 

of 25 g (0.17 mol) of 9a and 36.8 g (0.09 mol) of Lawesson's 
reagentgJO was stirred with 790 mL of freshly distilled THF for 
2 h a t  which time the mixture became clear. This mixture on 
partial concentration under reduced pressure followed by dilution 
with hexane and cooling gave a precipitate which was collected 
by filtration and washed with cold ether. Recrystallization from 
MeOH-ether gave 14.5 g (54%) of loa: mp 141-142 "C; 'H NMR 
(DMSO-&) b 2.69 (t, 2, CHzCH2CS), 3.52 (m, 4, CH2NHCHz), and 
4.2 (t,  2 ,  CH2CH20). Anal. (CsHloN202S): C, H, N, S. 

S-[2-[ (2'-Thiocarbamoylethyl)am1no]ethyl] Lithium Hy- 
drogen Phosphorothioate (13a). To  a stirred solution of 5.46 
g (0.026 mol) of Li3SP03.4.2H20 in 130 mL of water was added 
8.58 g (0.0294 mol) of 12a. Dimethylformamide (65 mL) was 
added to the solution, and the mixture was stirred for 2.75 h, 
diluted with 280 mL of CH3CN and placed in the refrigerator (4 
" C )  for 6 days. The pale yellow crystals were separated by fil- 
tration, washed with CH3CN (420 mL) and ether (420 mL), and 
dried under vacuum for 6 h to give 5.1 g (65%) of 13a: mp 73-83 
"C; 'H NMR (DzO) 6 2.94-3.09 [m, 4, CH2CHzC(S)], 3.39-3.53 
(m, 4, -SCH2CH2NH-); 31P NMR (D20) d 15.63 (J = 13 Hz). Anal. 
(C6HlzLiNzO3PS2.3H20): C, H, N, P, S. 
N-[ 2- ("-Met hylthiocarbamoyl)ethyl]oxazolidinone (1 lb). 

Compound l l b  was prepared by a procedure similar to that 
described for lla. Thus, a solution of 9b (13.1 g, 0.08 mol) in 

CICH,),], 2.68 (t, 2, CHZCO), 3.56 (t, 2, NCHzCH2CO), 3.70 (dd, 

(C,,Hi,ClN20,): C, H, C1, N. 

2.42 (t, 2, CHZCO), 3.54 (t, 2, NCH2CH2CO), 3.65 (dd, 2, 
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freshly distilled THF (300 mL) under Nz was stirred for 2 h with 
Lawesson's reagent (16.8 g, 0.04 mol) to give 9.0 g (62%) of l l b ;  
mp 138-139 "C; 'H NMR (CDC13) 6 2.99 (t, 2, CHZCHZCS), 3.16 

and 4.32 (t, 2, NCHzCHzO); mass spectrum calculated for C7- 
Hl2NZOzS m/e 188.0620, found 188.0622. Anal. (C7H12Nz02S): 
C, H, N, S. 

5 4 2 4  [2'-(N-Methylthiocarbamoyl)ethyl]amino]ethyl] 
Lithium Hydrogen Phosphorothioate (13b). To a stirred 
solution of 0.12 g (0.001 mol) of trilithium thiophosphate in 5 mL 
of water was added 0.340 g (0.0012 mol) of 12a at  room tem- 
perature. When all the solid was dissolved, DMF (2.5 mL) was 
added and stirring was continued for 2 h. The mixture was diluted 
with DMF ( 5  mL) followed by ether (20 mL). The thick jelly-like 
precipitate was stirred for 1 h. The partially granulated precipitate 
was washed with a 1:l mixture of DMF and ether (50 mL) followed 
by ether (250 mL). The white solid was dried for 40 min to give 

3.02 (t, 2, CH2CH2S), 3.39 (t, 2, NCH2CHzCS), and 3.49 (t, 2, 
CH2CHzS); 31P NMR (DzO) 15.57 ppm (t, J = 13 Hz). Anal. 
(C6H14LiN203PSz-1.5 HzO): C, H, N, P, S. 

This experiment was repeated on a 0.24 molar scale to give 94% 
of 13a. 
N-(2-Cyanoethyl)oxazolidinone (14). The title compound 

was prepared by modification of a reported procedure.26 To a 
vigorously stirred mixture of 2-oxazolidinone (87 g, 1 mol), 50% 
sodium hydroxide (w/w, 4 g), and toluene (250 mL) maintained 
at  55-60 "C; acrylonitrile (106 g, 2 mol) was added dropwise over 
a period of 30 min. The mixture was then stirred at  80 "C for 
1 h and refluxed for 3 h. Additional acrylonitrile (50 mL) was 
added towards the end of the reaction to drive it to completion. 
Excess acrylonitrile was removed by distillation, and the residue 
was left at room temperature overnight. The mixture was filtered, 
cooled in an ice bath, and acidified with concentrated HzS04 to 
pH -1. The salt was removed by filtration, and the filtrate was 
dried over anhydrous MgSO,. The residue obtained after removal 
of the solvent under vacuum was dried under high vaccum ov- 
ernight to give 117 g (84%) of 14 as a colorless oil: 'H NMR 

2, NCHzCH20), and 4.39 (t, 2, CHzCHzO). 
The product obtained was sufficiently pure to be used in the 

next step. 
N-[2-(N-Methylamidino)ethyl]oxazolidinone Hydro- 

chloride (16a). A stirred solution of 14 (10 g, 0.07 mol) in dry 
CHzClz (20 mL) and dry methanol (4.6 mL, 114 mmol) was 
saturated with dry HCl at -10 to -5 "C. After saturation, the 
mixture was stirred at  -5 to 2 "C for 6 h and concentrated to 
dryness to give 15.HC1 as a white solid. Compound 15.HC1 was 
dissolved in dry methanol (90 mL) and cooled in a dry ice bath. 
To the stirred mixture at -40 "C (partial precipitation occurred) 
was added in one portion methylamine (5.6 g, 0.18 mol). Dry 
methanol (10 mL) was added to facilitate stirring, and stirring 
was continued for 30 min at  -30 to -10 "C. The mixture was 
evaporated, and the resulting white solid was recrystallized from 
methanol-ether to give 10.7 g (72%) of 16a as colorless needles: 
mp 169-172 "C; 'H NMR (DMSO-d6) 6 2.6 [t, 2, -CH,C(NH)-], 

OCHzCHz), 4.26 (t, 2, OCHz), 8.7 (br s, NH), 9.5 (br s, NH), and 
10.1 (br s, NH). Anal. (C7Hl,C1N3Oz): C, H, C1, N. 

S -[ 2-[ [ 2'-(N-Methylamidino)ethyl]amino]ethyl]- 
phosphorothioic Acid (18a). To a stirred solution of Li3SP- 
0,-4.7HZO (7.7 g, 0.036 mol) in water (167 mL) was added com- 
pound 17a (13.9 g, 0.038 mol). After dissolution, DMF (83.5 mL) 
was added, and the stirring was continued for 2 h. After re- 
frigeration overnight, the product was filtered and washed first 
with DMF (300 mL) and then ether (1.6 L). The solid was 
dissolved in water (120 mL) and treated with acetonitrile until 
crystals separated. After the mixture was cooled in an ice bath 
for 5 h, the colorless crystals were separated by filtration, washed 
with acetonitrile (330 mL) and ether (330 mL), and dried in vacuo 
overnight to give 7 g (67%) of 18a: mp 111-113 "C; 'H NMR 

(s, 3, NCH,), 3.61 (t, 2, NCHzCH2CS), 3.71 (t, 2, NCHzCHzO), 

0.280 g (96%) of 13b: 'H NMR (DZO) 6 2.86 (t, 2, CHZCHZCS), 

(CDCl3) 6 2.68 (t, 2, CHZCHZCN), 3.57 (t, 2, NCHZCHZ), 3.75 (t, 

2.78 (s, 3, NHCH3), 3.52 [t, 2, -CHzCH&(NH)-], 3.65 (t, 2, 

(26) Lynn, J. W. US. Patent 2,975,187, March 14, 1961; Chem. 
Abstr. 1961, 55, 16568. 

(DzO) 6 2.95-3.05 [m, 7, CHzCHzC(N=)NCH3], and 3.39-3.46 (m, 
4, SCH&HzNH); 31P NMR (DzO) 6 15.57 ( J  = 13 Hz). Anal. 

N-[2-(Methoxyimino)ethyl]oxazolidinone (15). A stirred 
solution of 14 (100 g, 0.68 mol) in a mixture of dry CHzClz (200 
mL) and dry methanol (46 mL, 1.14 mol) was saturated with dry 
HCl at  -10 to 5 "C and was stirred at  0 to 2 "C for 6 h. The 
mixture was poured into an ice-cold solution of KzCO3 (300 g in 
1 L of HzO) along with stirring and cooling. After stirring for 
10 min, the mixture was extracted with chloroform. The dried 
(NaZSO4) chloroform extract was evaporated. The residue was 
dried under high vacuum overnight to give 100 g (82%) of 15 as 
a pale yellow oil. This product was sufficiently pure to use in 
the next step. An analytical sample was prepared by column 
chromatography (SiOz, 5% CH30H-CH2C12): 'H NMR 

3.58 (m, 5, OCH,, NCH2CHzO),4.23 (br m, 2, OCH2), and 8.1 (9, 
1, NH). Anal. (C,HlzN2O3): C, H, N. 
N-(2-Amidinoethyl)oxazolidinone Hydrochloride (16b). 

To a stirred solution of 15 (12.2 g, 0.071 mol) in dry methanol 
(40 mL) was added 3.8 g (0.071 mol) of NH4Cl. The reaction was 
slightly exothermic. After the reaction was stirred for 1 h, ethyl 
ether was added to the point of turbidity, and the mixture was 
left in the refrigerator overnight. After filtration, the mother liquor 
was diluted with more ether (crystals separated) and cooled in 
an ic-alt bath for 4 h. The crystals were separated by filtration, 
washed with ether, and dried to give 9.3 g (62%) of 16b as colorless 
crystals: mp 161-164 "C; 'H NMR (DMSO-d6) 6 2.65 [t, 2, 

4.6 (t, 2, OCHz), and 8.6-9.4 (br s, NH). Anal. (C&12C1N30z): 
C, H, C1, N. 

S -[ 2- [ (2'- Amidinoet hy 1 )amino]et hy 11 p hos phorothioic Acid 
(18b). To a stirred solution of Li3SP03-4.7H20 (8.05 g, 0.037 mol) 
in water (175 mL) was added 17b (14 g, 0.039 mol). After dis- 
solution, DMF (87.5 mL) was added, and the mixture was stirred 
for 2 h. Most of the product had precipitated during that time. 
The mixture was refrigerated overnight, filtered, and washed f i i t  
with DMF (350 mL) and then with ether (2 L). After the mixture 
was dried in vacuo overnight, 8 g (86%) of 18c was obtained as 
a colorless solid mp 177 "C dec; 'H NMR (DzO) 6 2.95-3.05 [m, 
4, -CHzCHzC(N=)-], 3.4-3.49 (m, 4, -SCHzCHzNH-); 31P NMR 
(DzO) b 16.11 (J = t, 11 Hz). Anal. (C5Hl4N,O3PS.0.5Hz0): C, 
H, N, P, S. 
N-[2-(4,5-Dihydroimidazolyl)ethyl]oxazolidinone (19). A 

mixture of 25.8 g (0.15 mol) of N-[2-(methoxyimino)ethyl]oxa- 
zolidinone 15 and 9 g (0.15 mol) of ethylenediamine in 50 mL of 
absolute ethanol was refluxed for 30 min. After cooling to room 
temperature, the mixture was treated with ether until crystals 
separated and then was refrigerated for 3 days. The colorless 
crystals were filtered and dried to give 19.9 g (73%) of 19: mp 

4,=NCH2CH2-NH), 3.62 (m,4,CHzNCHz),4.32 (m, 2, OCHz), 
4.57 (b, NH). Anal. (C8Hl3N3OZ): C, H, N. 

S -[ 2-[ [ 2'-( 4,5-Dihydroimidazolyl)et hyllaminolet  hyl]  
Lithium Hydrogen Phosphorothioate (21). To a stirred so- 
lution of 16.8 g (0.044 mol) of 20 was added 8 g (0.039 mol) of 
Li3SPO3.4.1HZO in 195 mL of water. The mixture was cooled in 
an ice bath, and DMF (97.5 mL) was added. The ice bath was 
removed, and stirring was continued for 30 min. Dicyclohexyl- 
amine (30 mL) was added, and the resulting mixture was stirred 
for another 30 min. The mixture was filtered, and the filtrate 
was added dropwise over a period of 20 min to 1.17 L of well- 
stirred DMF. After 20 min of stirring, the precipitate was filtered, 
washed first with DMF (700 mL) and then with ether (1.8 L), and 
dried in vacuo overnight to afford 9 g (73%) of 21 as a white 
powder: mp >150 "C dec; 'H NMR (DzO) 6 2.65-3.04 (m, 8 H), 

Hz). Anal. (C7H15LiN303PS.H20): C, H, N, P, S. 
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Synthesis and Evaluation of Novel Electrophilic Nitrofuran Carboxamides and 
Carboxylates as Radiosensitizers and Bioreductively Activated Cytotoxins 
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A series of 5-nitrofuran-2- and 3-carboxamides bearing alkylating side-chains has been synthesized and tested for 
their ability to radiosensitize selectively hypoxic Chinese hamster cells (V79) to the lethal effects of ionizing radiation 
and also for their ability to act directly and selectively as cytotoxic drugs on hypoxic V79 cells. The compounds 
were extremely efficient radiosensitizers of such cells in vitro and were more efficient than known nitroimidazoles 
of similar type. Their efficiencies as radiosensitizers correlated with their high electron affinity (E:) as measured 
by pulse-radiolysis. However the compounds showed little radiosensitizing activity towards KHT sarcomas in C3H 
mice. The compounds in this series of nitrofurans were generally more toxic towards hypoxic cells than towards 
oxic cells in vitro but were less effective upon the basis of a differential effect than were similar nitroimidazoles 
reported previously. 

Nitroheterocyclic compounds can act as radiosensitizers 
of hypoxic cells and as bioreductively activated cytotoxins.' 
Radiosensitization is a fast, free-radical process, and a 
correlation has been observed between the one-electron 
reduction potentials (E:) of a large number of chemically 
diverse nitroheterocycles and their ability to act as ra- 
diosensitizers of hypoxic  cell^.^*^ Nitro compounds can 
be reductively metabolized to form highly potent cyto- 
toxins. Since bioreductive activation occurs more readily 
in hypoxic tissue, there is a sound basis for a high degree 
of specificity in poorly oxygenated solid tumors. 

Both the bioreductive activity and radiosensitizing ef- 
ficiency of 2-nitroimidazoles can be greatly increased by 
incorporating monofunctional alkylating groups into the 
molecule. One of the first examples of such a compound 
was a-( l-aziridinylmethyl)-2-nitro-lH-imidazole-l-ethanol 
(RSU-1069, 1 ) , * 1 5  a 2-nitroimidazole bearing an aziridine 
(Figure 1). This compound is about 5-10-fold more ef- 
ficient than misonidazole (a related nitroimidazole noL 
containing an alkylating group) as a radiation sensitizer 
of experimental tumors and shows considerably more cy- 
totoxicity when reductively metabolized under hypoxic 
conditions. Preliminary clinical investigation of RSU- 1069 
has revealed gastrointestinal toxicity which restricts doses 
to levels not likely to produce significant radiosensitiza- 
tion.6 Various analogues have been synthesized and 
evaluated in attempts to reduce toxicity towards normal 
tissues without a corresponding reduction in  radiosensi- 
tization of tumors. Examples include compounds in which 
the aziridine group is deactivated by substitution.' Lower 
toxicity can also be achieved by using a prodrug of RSU- 
1069 such as the new and recently reported compound 
cy- [ [ (2-bromoethyl)amino]methyl]-2-nitro-l~-imidazole- 
1-ethanol hydrobromide (RB-6145, 2).s 

Increasing therapeutic benefit can also be achieved by 
increasing radiosensitizing potency. One possible way of 
obtaining this is to raise the redox potential of the nitro- 

+ Present address: School of Pharmacy, University of Bath, 
Bath, BA2 7AY, U.K.  

heterocycle. For example 5-nitrofurans are generally more 
electron affinic than 2-nitroimidazoles and both 5-nitro- 
2-furaldehyde semicarbazone (nitrofurazone, 3) and 5- 
nitro-2-furaldoxime (nifuroxime, 4) have been found to be 
very effective radiosensitizers of hypoxic cells in tissue 
culture s y s t e m ~ . ~ J ~  We have investigated nitrofurans 
bearing alkylating side-chains, and with E: values of be- 
tween -210 and -350 mV (ie; both higher and lower E: 
than the known nonalkylating sensitizer nitrofurazone, 3) 
by altering the patterns of substitution. Of particular 
importance is the position of the nitro group on the furan 
ring and possible conjugation with electron withdrawing 
substituents. Changes in the nature of the substituents 
likely to have an effect on electron affinity have also been 
investigated. This paper describes studies with the ni- 
trofurans having the highest (most positive) electron af- 
finities of those synthesized, namely the 5-nitrofuran 
carboxamides and propenamides bearing side chains of 
varying electrophilic reactivity. 
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