
404 ( I . GoUCill, M . IT. M.-UHIlRE, AM) F. M.ICHAI. Vol. 12 

Discussion 

As anticipated the 2-methyl- and 2,6-dimethyl-
benzoates of 4-[N,N-bis(2-chloroethyl)amino]phenol (21 
and 22, Table V) and 4-[N,X-bis(2-bromoethyl)amino]-
phenol (2 and 3, Table V) were less toxic than the 
unsubsti tuted compounds (1 and 20, Table V), particu
larly dramatic decreases being observed with the 2,6-
dimethyl analogs. Tha t these decreases in toxicity may 
be due to increased resistance to hydrolysis is suggested 
by the data of Table IV which ' reveal that the 2,6-
dimethylbenzoate of 4-(N,N-diethylamino)phenoF is 
hydrolyzed only very slowly by the crude liver esterase 
preparation. These results are paralleled by the anti
tumor activities (Table V) which show that the 2.6-
dimethylbenzoates (3 and 22) are active only at markedly 
higher dose levels. These findings are thus consistent 
with the previously expressed hypothesis2 that hydrol
ysis of esters of 4-[N,N-bis(2-haloethyl)amino]phenol is 
a prerequisite for significant anti tumor activity. 

Examination of the enzyme and animal data for the 
series of meta- and /;«ra-substituted benzoates of 
4-[X",X-bis(2-halogenoethylJaniino]phenol shows that , 
as anticipated," hydrolysis is facilitated by electron-

(8) Enters of 4-(N,NT-dir.'tby!;unino)phpnol WCIT ibfit ;b appropr i a t e mode! 
compounds in tlie enzyme studies to avoid the complication of using the 
a lkyla t ing agents in this system.-

fy) J. Hine. "Phys ica l Organic C h c m i s m ," McGraw-Hi l l Book Co., Inc . . 
New York, N . Y.. 1902, C h a p t e r 12. 

Adenosine, adenosine o'-phosphate (AMP), and 
adenosine 5'-diphosphate (ADP) are physiologically 
active in a number of in vivo and in vitro preparat ions. 
For example, adenosine on intravenous administration 
in the cat1 caused a transitory drop in blood pressure, 
and in the anesthetized open-chested dog adenosine. 
AMP, and A D P have been found to have brief coronary 
vasodilator effects.2 A D P in concentrations as low as 
10"~e M causes mammalian platelets in plasma to aggre
gate reversibly,3 a phenomenon which is believed to 
play a key role in hemostasis.4 Adenosine and A M P 
have been shown to inhibit the ADP-mediated aggrega-

(1) D. A. Clarke, J . Davol l , F . S. Phil ips, and G. B . Brown, / . Pharmacol 
Jixp. Ther., 106, 291 (1952). 

(2) XI. M . Winbury , D . H . Papierski , M . L. Hcmmer , and W. E . H a m -
hourger, ibid., 109, 255 (1953). 

(3) G. V. E . Born a n d M . J . Cross, / . Phyeiol. (London) , 16S, J 78 (1903). 
(4) S. A. Johnson in "Blood Clot t ing Enzymology , " W. H . Seegers, Ed. , 

Academic Press , New York, N . Y., 1967, p 393. 

withdrawing substituents and decreased by electron-
releasing substituents. However, these substituents did 
not exert a large effect upon the sensitivity of the com
pounds to enzymatic hydrolysis (Table IV). In view 
of this finding, large differences in the biological 
activities of these compounds would not be expected. 
In fact, the toxicities and anti tumor activities of the 
esters of 4-[\\N-bis(2-bronioethvl)ainiiio]phenol 11, 
6 16, Table V) are not significantly different from those 
of the parent phenol iB. Table V). Similarly, there is 
little difference in the biological activities of the mem
bers of the chloro series (19, 22 29, Table V: 23 appears 
to be an exception), although because of their lower 
reactivity these compounds are significantly less toxic 
than their bronio analogs. 

Finally, it will be; observed that the more favorable 
therapeutic indices las measured by LD5»/EU9o) are 
found with the esters of 4-(N,N-bis(2-chloroethyl)-
amino]phenol. This is. in part , probably due to the 
fact that the derived phenol, A (Table X), has a more 
favorable; activity than the bromo analog (B). 
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tion of platelets,3 although their inhibitory effects are of 
short duration. The analog 2-chloroadenosine has more 
potent effects than adenosine, both on the vascular1-" 
and platelet-aggregation systems,6 and its action in both 
systems is of greater duration than that of adenosine. 
The ready deamination of adenosine to inosine by 
adenosine deaminase is thought to explain the transient 
nature of the adenosine effect, since inosine is without 
activity either as a vasodilator1 or as an inhibitor of 
platelet aggregation.3 2-Chloroadenosine is not de-
aminated by adenosine deaminase,1 '7 and this resistance 
to deamination may explain the greater duration of 
action of 2-chloroadenosine: it does not, however, ex-

(5) H. H . T h o r p and I,. H. Cobbin, Arch. Int. Pharmacodyn. Ther., 118, 95 
(1959). 

(6) G. V. R. Born, Nalure, 202, 95 (1964) ' G. V. R. B o m , A. J . Honour , anil 
.1. I t . A. Mitchel l , ibid., 202, 761 (1964). 

(7) M . 'Rockwell and M . H . Magui re , Mol. Pharmacol., 2, 574 (1966). 
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2-Chloroadenosine o'-phosphate and diammonium 2-chloroadenosine 5'-diphosphate have been synthesized, 
and isolated analytically pure. Their effects on the in vitro aggregation of sheep platelets in platelet-rich plasma 
and on rat arterial blood pressure were compared with those of adenosine, 2-chloroadenosine, adenosine diphos
phate (AMP), and adenosine 5'-diphosphate (ADP). 2-Chloroadenosine o'-phosphate (2-chloro-AMP) inhibited 
the ADP-mediated aggregation of sheep platelets and was initially equipotent with AMP and was longer acting; 
2-ehloro-AMP was a more potent and longer acting vasodepressor than AMP. 2-Chloroadenosine 5'-diphosphate 
(2-chloro-ADP) was of similar potency to ADP as a vasodepressor and was longer acting; 2-chloro-ADP re
versible aggregated sheep platelets and was nine times as potent as ADP. 
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plain the greater potency of the analog compared to 
adenosine. 

In order to investigate the influence of similar 
2-chloro substitution on the pharmacological activity 
of A M P and A D P we have synthesized 2-chloro-
adenosine 5'-phosphate (2-chloro-AMP) and 2-chloro-
adenosine o'-diphosphate (2-chloro-ADP) and com
pared the effects of these analogs with those of A M P 
and A D P on the arterial blood pressure of rats and on 
the aggregation of sheep platelets. In addition, a pre
liminary study has been made of the substrate speci
ficity of these analog nucleotides for the enzyme 
adenylate kinase (E.C. 2.7.4.3) which catalyzes the 
reaction 

2ADP3 AMP2" ATP4" 

Adenylate kinase is present in many tissues8 and in 
plasma9 and could conceivably be responsible for the 
interconversion of 2-chloro-AMP and 2-chloro-ADP 
in vivo. 

Chemistry.—2-Chloro-AMP was prepared from 
2-chloroadenosine by the two routes outlined in 
Char t I. In the first, 2-chloroadenosine (I) was aceton-

CHART 

HOH;C 0 . 1 

°X° 
n 

POCI, 

I 

0 
(HOl^OH.C/O 

HO OH 

Khorana.13 Purification of the crude reaction product 
by ion-exchange chromatography followed by prepara
tive paper chromatography resulted in a 3 2 % yield of 
pure diammonium 2-chloro-ADP. 

Pharmacology.—Arterial blood pressure was mea
sured in ra ts anesthetized with sodium pentobarbital . 
A cannula was inserted into the left common carotid 
artery and the blood pressure was recorded via a 
S ta tham pressure transducer on a Grass polygraph. 
Compounds dissolved in normal saline were injected 
into the jugular vein. 2-Chloro-AMP caused a fall in 
arterial blood pressure which was greater than tha t 
caused by A M P , and which lasted considerably longer. 
2-Chloro-ADP was found to be slightly more potent 
than A D P but its effect on ra t arterial blood pressure 
was of much greater duration. These results and those 
obtained with 2-chloroadenosine are compared in 
Table I with the effects of adenosine. 

TABLE I 

EFFECTS OF NUCLEOSIDES AND NUCLEOTIDES ON 

RAT BLOOD PRESSURE 

Av duration of blood press. 
Compd Molar potency ratio0 fall, min 

Adenosine 1.0 0.7 
2-Chloroadenosine 8.2 ± 0.7 15 
AMP 1.1 ± 0.13 0.5 
2-Chloro-AMP 6.6 ± 0.4 6 
ADP 23.5 ± 4.9 1 
2-Chloro-ADP 30.7 ± 4.8 10 

" Mean results (±SE) obtained by comparing the effectiveness 
of the compound with that of adenosine on four or more animals. 
Doses used were such as to cause a 30% fall in arterial blood 
pressure. 

O 0 

HOPOPOH2C ^ 0 . 

o" cr 

O'DCC 

°4 0 , g 
: C | 7 H J 2 N ] 0 ; * ^ 0 OH 

atcd by the method of Hampton,1 0 and the resulting 
cyclic ketal (II) was phosphorylated by the procedure 
of Tener11 to give pure crystalline 2-chloroadenosine-5'-
monophosphoric acid (III) in 6 1 % yield from I. 

2-Chloro-AMP was also obtained by the direct phos
phorylation of 2-chloroadenosine with P0C1 3 in tri-
methyl phosphate, a procedure based on tha t reported 
recently by Yoshikawa, et al.12 2-Chloroadenosine was 
only partially phosphorylated under the reaction condi
tions described by Yoshikawa, et al., for the synthesis 
of A M P from adenosine, and it was found necessary to 
use a large excess of P0C1 3 and a prolonged reaction 
time in order to obtain complete phosphorylation of the 
analog. In this way 2-chloro-AMP was isolated in 
4 2 % yield. 

2-Chloro-ADP (V) was synthesized from 2-chloro-
A M P by the morpholidate procedure of Moffatt and 

(8) L. Noda, Enzymes, 6, 139 (1962). 
(9) R. J. Haslam and D. C. B. Mills, Biochem. J., 103, 773 (1967). 
(10) A. Hampton, J. Amer. Chem. Soc, 83, 3640 (1961). 
(11) G. M. Tener, ibid., 83, 159 (1961). 
(12) M. Yoshikawa, T. Kato, and T. Takenishi, Tetrahedron Lett., 5065 

(1967). 

The aggregation of platelets in citrated sheep platelet-
rich plasma was studied by a turbidimetric technique14 '16 

in which the changes in the optical density of the 
platelet suspension caused by added A D P were recorded 
on a potentiometric recorder. Inhibitors of the A D P -
mediated aggregation were incubated in the platelet-
rich plasma at 37° for varying periods of time prior to 
the addition of ADP. Initial rates of aggregation were 
measured and compared to the rate of the control re
sponse to 1.5 ixM ADP. 

In Table I I the potencies of the inhibitors AMP, 

TABLE II 

EFFECTS OF NUCLEOSIDES AND NUCLEOTIDES ON THE 

AGGREGATION OF SHEEP PLATELETS 

ADP aggregates 
2-Chloro-ADP aggregates 
Adenosine inhibits aggregation 
2-Chloroadenosine inhibits aggregation 
AMP inhibits aggregation 
2-Chloro-AMP inhibits aggregation 

Molar potency ratio 

1.0 
9.0 
1.0" 
4.0" 
0.1" 
0.1a 

" Inhibitors preincubated for 2 min prior to the addition of 
ADP. 

2-chloro-AMP, and 2-chloroadenosine are compared to 
tha t of adenosine. The preincubation period was 
2 min. A M P and 2-chloro-AMP were of similar 
potency and were only one-tenth as active as adenosine 

(13) J. G. Moffatt and H. G. Khorana, J. Amer. Chem. Soc, 83, 649 (1961). 
(14) G. V. R. Born, Nature, 194, 927 (1962). 
(15) M. H. Maguire and F. Michal, ibid., 217, 571 (1968). 
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and one-fortieth as active as 2-chloroadenosine. With 
increasing periods of incubation the inhibitory effect of 
adenosine in sheep platelet-rich plasma has been shown 
to reach an opt imum value after 2 min of incubation 
and then to diminish sharplj-.16 hi contrast, the 
potency of 2-chloro-AMP was found to increase with 
incubation, so that after 30 min the inhibitory activity 
of 2-chloro-AMP was four times that of adenosine at 
its optimum. Figure 1 shows the effect of increasing 

5 
a. 

I 

0 10 20 30 

Minutes pre-incubation 

Figure 1. -Effect of preincubation on the potency of inhibitors* 
of ADP-mediated platelet aggregation. Initial rates of aggrega
tion induced by 1.5 fi.M ADP were measured; adenosine 
(O - - ' - •— •— O), 2-chloroadenosine ( • • • - • -•- • • - • ) , A.MP 
( • - -G), and 2-chloro-AMP ( • • ) concentra
tions are those which caused 5 0 ' c inhibition. 

periods of preincubation on the inhibitory potencies of 
adenosine, 2-chloroadenosine, A M P , and 2-chloro-AMP. 

2-Chloro-ADP has been found to be a very powerful 
aggregator of sheep and human blood platelets with 
nine times the aggregating potency of ADP. The 
aggregation caused by 2-chloro-ADP is reversible. 
These findings have been reported in detail elsewhere.1" 

Adenylate Kinase.—-2-Chloro-AMP and 2-chloro-
A D P were substrates for adenylate kinase. When the 
enzyme from rabbit muscle was incubated with 
2-chloro-AMP and A T P and the resulting mixture ex
amined by paper chromatography, three adenine nucleo
tide components, the monophosphate, diphosphate, and 
triphosphate, were found to be present. Similarly 
2-chloro-ADP when incubated with adenylate kinase 
gave tin equilibrium mixture of 2-chloro-AMP, 2-chloro-
ADP, and 2-chloro-ATP. 

after 2 min, but on further incubation this value in
creased until after 30 min it was 3.8, almost equal to 
that of 2-chloroadenosine. These findings suggest thai 
AMP and 2-chloro-AMP are gradually hydrolyzed by a 
plasma phosphatase with the release of adenosine and 
2-cliloroadenosine. 2-Chloroadenosine is a potent and 
long-lasting inhibitor of ADP-mediated platelet, aggre
gation, and if it were gradually produced from 2-chloro-
AMP in platelet-rich plasma a concomitant increase in 
the inhibition caused by 2-chloro-AMP would he 
expected. The effect of adenosine produced by similar 
hydrolysis of AMP would be masked by its simultaneous 
deamination to inosine, with the result that the inhibi
tory effect of AMP would be further decreased. 

On arterial blood pressure 2-chloro-AMP was six 
times as potent as AMP which was equipotent with 
adenosine. It. is possible that the effect that is measured 
in this way is not the direct effect of the nucleotide on 
the vascular system, but the effect of the free nucleoside 
produced by hydrolysis of the nucleotide by phospha
tases or 5'-nucleotidase in the blood or associated with 
the walls of the blood vessels. This possibility is sup
ported by the work of Baer and Drummoiid1 ' who 
found thai AMP was converted to inosine during a 
single passage through isolated perfused rat hearts. 
2-Chloro-AMP has been shown to be a substrate for 
•"('-nucleotidase purified from rat heart.'^ 

To summarize. 2-chloro substitution in adenosine 
leads to tin increase in potency and in duration of action 
both on arterial blood pressure and on the platelet 
system. 2-Chloro substitution of AMP does not produce 
an increase in potency compared to A M P in the platelet 
system, unless it is preincubated for a considerable time 
in platelet-rich plasma, but 2-chloro substitution docs 
produce tin increase in the vasodepressive potency of 
AMP. In both physiological systems the duration of 
action of 2-chloro AMP is prolonged compared to that 
of AMP. 2-Chloro substitution of ADP gives tin 
analog of equivalent potency to ADP in producing an 
effect on arterial blood pressure, but having almost ten 
times the potency of ADP as an aggregator of platelets. 

TABI.K III 

P.U'KU ClIKOMATOCili APIIY AND lij Y A L I ' K * 

It, 

( ' ompd 

2-Chloroadenosine (1 i 
2-Chloro-2',3'-0-

isopropylideneadenosine (11 i 
2-Chloroadenosine 5'-

monophosphate (III I 
2-Chloroadenosine 5'-

phosphoromorpholidate (IV; 
2-Chloroadenosine 5'-

diphosphate (Yj 

- -.-
A 

0.47 

0.S2 

0.10 

olvent syst 

B 
0.75 

o.tt:; 

0.22 

0.05 

cms 

(' 
0.S4 

0.5S 

0.S2 

0.40 

Discussion 

Compared to adenosine at its opt imum potency 
(2 min preincubation) the molar potency ratio of A M P 
as an inhibitor of ADP-mediated platelet aggregation 
was 0.1 after 2 min preincubation; this value decreased 
to 0.04 after 30 min preincubation (cf. Figure 1). 
2-Chloro-AMP also had a molar potency ratio of 0.1 

l.IB) |.'. .Michal and R. H . Thorp , Suture, 209, 208 (1966). 

Experimental Section 

Paper chromatography unless otherwise stated was carried out 
by the ascending technique on Whatman No. 1 paper in the 
following solvent svstems: (A) «-BuOH-H20 (86:14), (B) 
i-PrOH-0.25 .1/ XHUHCOs (2:1), and (C) isobutyric aeid-1 .1/ 
XH4OH (100:60). Purine derivatives were located on paper by 

Ba • and (I . 1. D r u m m o n d , Proc. Hoc. Exp. Biol. Med., 127. (17) H . 
(,19(58). 

(18) M . E d w a r d s and M. U. Magnin-, unpubl ished. 
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observation under uv ligiu, and phosphates were detected by 
spraving with molybdate-HClCV9 Relevant Rt values are shown 
in Table I I I . 

Melting points were determined on a Reichert apparatus and 
are uncorrected. Uv spectra were measured on a Perkin-Elmer 
350 spectrophotometer. Where analyses are indicated only by 
symbols of the elements, analytical results obtained for those 
elements were within ± 0 . 4 r c of the theoretical values. Evapora
tions were carried out under reduced pressure at temperatures 
less than 35°, and solids were dried in vacuo over P2O5 at room 
temperature, unless otherwise noted. 

Reagent purity pyridine was rendered anhydrous by storing 
it over CaH>. Commercial grade trimethyl phosphate was dis
tilled and the fraction of bp 192-193° was stored over Linde 
Molecular Sieve (Type 4A). 2-Chloroadenosine was synthesized 
in this institute by a modification of the procedure of Mont
gomery and Hewson,20 in which 2,6-dichloropurine was fused with 
l-0-acetyl-2,3,5-tri-0-benzoyl-(3-D-ribofuranose21 without a cata
lyst and the product was treated with methanolic NH3. 

Adenylate kinase (2 mg/ml of solution, Eoehringer Corp.) was 
used undiluted. 

2-01iloro-2',3'-0-isopropylideneadenosine (II) was prepared 
in 85'/f: yield from 2-chloroadenosine (I) by the method of 
of Hampton.10 The product (mp 238-241°) was ehromato-
graphically homogeneous in solvent systems A and B and was used 
for the synthesis of I I I without further purification. A small 
amount was recrystallized once from Me2CO and three times 
from H2O to give the analytical sample, mp 238-241°. Anal. 
(C13H16CL\604) C, H, X. 

2-Chloroatlenosine 5'-riiosphate (III), (i) A solution of II 
(2.74 g, 8 mmoles) in pyridine (50 ml) was treated with pyridinium 
(3-cyanoethyl phosphate (32 ml of a 1 mmole/ml of pyridine stock 
solution)11 and the resulting mixture was evaporated to an oil. 
Traces of moisture were removed by three additions and evapora
tions of anhydrous pyridine (each 30 ml). The residue was then 
dissolved in anhydrous pyridine (50 ml), treated with dicyclo-
hexylcarbodiimide (16 g), and allowed to stand at room tempera
ture for 18 hr. H 2 0 (10 ml) was then added and after 1 hr the 
reaction mixture was concentrated to dryness. Following a 
further addition and evaporation of H 2 0 (50 ml), the white solid 
residue was suspended in 0.4 M LiOH (320 ml) and refluxed for 
1 hr. The mixture was cooled and filtered. The filtrate was 
applied to a column (3.2 X 25 cm) of Bio-Rad AG50W-X4 (H+) 
ion-exchange resin and washed through with H>0 until the effluent 
was neutral. The eluate was adjusted to pH 2.8 with aqueous 
Ba(OH)2, heated under reflux for 1.5 hr, then concentrated to 
ca. 400 ml. Aqueous Ba(OH)2 was added to pH 7.5 and the pre
cipitated barium phosphate was removed by centrifugation. The 
supernatant was treated with twice its volume of EtOH and, 
after 1 hr at room temperature, the white precipitated barium 
salt of III was collected by centrifugation and washed with 
EtOH, Me2CO, and Et 2 0 to give 4.69 g of the dry salt. Paper 
chromatography in solvent system B revealed the presence of a 
minor unidentified contaminant (Rt 0.07). 

The Ba salt (400 mg) was dissolved in H20 (ca. 10 ml) with 
the aid of a little Bio-Rad AG50W-X4 (H~) and passed through 
a column (1 X 20 cm) of the same resin. The combined effluent 
and washings were neutralized with NH4OH, evaporated to a 
glass, and dissolved in 3 ml of solvent B. This solution was 
applied to a column (2.5 X 35 cm) of Whatman cellulose powder 
packed in solvent B and the column was eluted with the same 
solvent. Fractions of 20 ml were collected; I I I emerged in 
fractions 12-16. These were pooled and concentrated to dryness. 
Repeated evaporations of H 2 0 removed residual XH4HCO3 and 
the glasslike XH4 salt was dissolved in H 2 0 (5 ml) and converted 
to the free acid by passage through the 1 X 20 cm cation-exchange 
column (H + form). Evaporation of the eluate yielded a white 
crystalline residue of I I I (199 mg, 72',f from II) which was 
chromat ((graphically pure and free from inorganic phosphate in 
solvent systems B and C. It was recrystallized twice from H 2 0 
to give the analytical sample as white needles, mp 159-160° dec, 
\m a x (0.1 A' HC1) 265 mM (e 14,200). Anal. (C,„H13C1N507P • 
1.5H20) C, H, X. 

(ii) I (755 mg, 2.5 mmoles) was dissolved with stirring in an 
ice-cold solution of POCl3 (2.28 ml, 25 mmoles), H 2 0 (0.045 ml, 
2.5 mmoles), and 30 ml of dry trimethyl phosphate. After 24 hr 

(19) C. S. Hanes and F . A. Isherwood, Nature, 164, 11(17 (1949). 
(20) J. A. Mon tgomery and K. Hewson, J. Heterocycl. Chem., 1, 213 (1964). 
(21) E . F . Reeondo and H. Rinderknech t , Hete. Chim. Acta, 42, 1171 (1959). 

at 3°, the clear solution was poured over ice (100 g) with stirring 
and the pH was brought to 9 with concentrated aqueous LiOH. 
The mixture was kept at room temperature for 2 hr and the pH 
was maintained at 9 by further additions of LiOH. Lithium 
phosphate was removed by centrifugation and washed (H20) 
until no further uv-absorbing material could be extracted. The 
combined supernatants {ca. 180 ml) were extracted twice with 
100 ml of CHCL, to remove (MeO)3PO, diluted to 300 ml, treated 
with Ba(OAc)2 (1.28 g, 5 mmoles), then allowed to stand over
night at room temperature. The resulting precipitate of Ba3(P04)2 
was removed by centrifugation and washed (H20), and the 
supernatant and washings were concentrated to ca. 50 ml. Two 
volumes of EtOH were added and the precipitated nucleotide 
Ea salt was collected by centrifugation and washed once with 
EtOH-H-,0 (2:1, 30 ml"), then with EtOH, Me2CO, and Et20 
to give 1.57 g of product. Paper chromatography in solvent B 
showed two uv-absorbing spots, one corresponding in Rt to I I I 
and the other at Rt 0.05. The two spots were eluted with H20 
and shown to have identical Xmax values, 264 m/j-

The Ba salt (300 mg) was subjected to column chromatography 
in a manner identical with that described in (i) above. Fractions 
12-17 from the cellulose column were pooled and worked up to 
give 82 mg (42f{ yield) of a white crystalline solid, which was 
chromatographically homogeneous and had the same Rt value 
as I I I in solvent systems B and C. 

2-C'liloroadenosine 5'-phosphoromorpholidate (IV) was prepared 
on a 0.25-mmole scale from II I by the general method for syn
thesis of nucleoside 5'-phosphoromorpholidates described by 
Moffatt and Khorana.13 It was obtained in 8 3 % yield as the 
4-morpholine-X',X"'-dicyelohexylcarboxamidinium salt and ap
peared as a single blue fluorescent spot on chromatography in 
solvent systems A and B. Anal. (C3iH5iClXaOsP-6.5H..O) 
C, H, X. 

2-C'hloroadenosine 5'-Diphosphate (V).—The phosphoro-
morpholidate (IV) (120 mg, 0.14 mmole) was dried by three 
successive additions and evaporations of 10 ml of anhydrous 
pyridine. A mixture of 89% orthophosphoric acid (0.03 ml, 
0.48 mmole) and (ra-Bu)3X" (0.11 ml, 0.48 mmole) in pyridine 
(10 ml) was prepared and dried in the same way to give a residue 
which was dissolved in pyridine (10 ml) and added to the phos-
phoromorpholidate. Two further evaporations were carried out 
to free the reaction mixture from residual traces of H 2 0. The 
residue was dissolved in 5 ml of pyridine and allowed to stand at 
room temperature for 3 days with exclusion of moisture. Pyridine 
was removed in vacuo and H 2 0 (10 ml) was added. The resultant 
cloudy yellow solution was applied to a column of DEAE cellulose 
(2 x" 20 cm, H C O r form) and followed by 100 ml of H 2 0. 
Stepwise elution was then begun with 0.025 M XH4HC03 (100 ml) 
and continued with ten successive 100-ml aliquots, each increas
ing in concentration by 0.025 M; 100-ml fractions were collected 
and examined by paper chromatography in solvent C. Uv-
absorbing material with an Rt identical with that of I I I emerged 
in fractions 5 and 6. 

Fractions 7 and 8 which contained V together with an unidenti
fied fluorescent contaminant (Rt 0.62) were pooled and evaporated 
to dryness. XH4HCO3 was removed by three evaporations with 
H 2 0 (each 30 ml). The oily residue was dissolved in H 2 0 (0.25 ml) 
and applied to the origin line of two 15-cm wide sheets of washed 
Whatman X*o. 3 chromatography paper. After ascending develop
ment in solvent C the uv-absorbing band was cut out and eluted 
with i-PrOH to remove ammonium isobutyrate. Subsequent 
elution with H2O extracted the nucleotide material. The aqueous 
extract was filtered, evaporated to ca. 20 ml, and lyophilized to 
yield (after drying) 26 mg (32%) of the diammonium salt of V 
as a white fluffy powder, Xmax (0.1 A* HC1) 266 mM (e 14,000). 
Anal Calcd for d0H.20ClX7O10P2-2.5H2O: C, 22.21; H, 4.62: 
X, 18.12; P, 11.45. Found: C, 22.45; H, 4.98; X, 17.81; P, 11.25. 

Adenylate Kinase—Adenylate kinase (10 ,ul) was added to a 
solution of V (0.5 mg) in 0.15 ml of 0.1 .1/ Tris-HCl buffer pH 8 
containing 0.01 .1/ MgCl2. The solution was incubated for 30 min 
at 37°, and an aliquot was chromatographed by the descending 
technique in solvent C together with markers of I I I and ATP. 
The incubation mixture gave three uv-absorbing spots, cor
responding in Rs to I I I , Y, and 2-chloro-ATP.22 A similar experi
ment was carried out using I I I (1 mg) and sodium ATP (1.5 mg) 

(22) In solvent C the Rt values of A M P and I I I are identical, as are the 
Rt values of A D P and V. 2-Chloro-ATP was not available for use as a marker 
but has since been synthesized and shown to have the same Rt as A T P in 
solvent C. 
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in 0.4 ml of buffer. Chromatography of the incubation mixture 
showed the presence of a third uv-absorbing spot corresponding 
in lit to ADP and 2-chloro-ADP. 
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The preparation of the anomeric 9-(2-deoxy-D-enyi/u'0-pentofuranosyl)-2-nuoroadenines and 9-D-arabinofur-
anosyl-2-fluoroadenines from 2,6-dichloropurine is described. The cytotoxicity of these compounds, and also 
of 3'-deoxy-2-fluoroadenosine and 9-/3-D-xylofuranosyl-2-fluoroadenine, to a number of HEp-2 cell lines in cul
ture has been determined. The data permit certain conclusions concerning the probable metabolism and mech
anism of action of these nucleosides. 

2-Fluoroadenosine2 is readily anabolized3~° but not 
catabolized6-9 in cells in culture or in vivo. It is highly 
cytotoxic,2 highly toxic to rodents,"1 and has broad-
spectrum antibacterial activity.11'12 It has a synergistic 
effect on the antimicrobial action of actinobolin13 and is 
an inhibitor of blood-platelet aggregation.14 The broad 
and high-level biologic activity of 2-fluoroadenosine has 
made the study of other nucleosides of 2-fluoroadenine 
desirable. 

The preparation of 2-amino-2'-deoxyadenosine (/3-6) 
in 1.7% over-all yield and its a anomer in 1.5','c over-all 
yield from 2-amino-6-chloropurme by the conventional 
chloromercuri procedure has been reported.15 In an 
effort to improve the yields of both anomers of 6 and to 
obtain analytical samples of these compounds, their 
preparation from the chloromercuri derivative of 
2-benzamido-N-benzoyladenine16 and 3,5-di-0-(p-chlo-
robenzoyl)-2-deoxy-D-er!/rtro-pentofuranosyl chloride17 

was investigated and found to give 4 as an approxi
mately 1:1 mixture of a and /3 anomers in a total yield 
of 36% (Scheme I). Treatment of 4 with NaOMe in 
the usual manner resulted in decomposition of the 
nucleoside, whereas treatment with methanolic NH3 at 
o° removed only the j)-chlorobenzoyl groups. The 

( !) Th is work was suppor ted by funds from the Southern Research I n s t i t u t e , 
the 0 . F . Ket te r ing Founda t ion , and the Cancer Chemothe rapy Na t iona l 
Service O u t e r , Nat iona l Cancer Ins t i tu t e . National Ins t i tu tes of Hea l th , 
Con t rac t No. PH43-64-51. 

(2) J . A. Mon tgomery and K. Hewson, ./. Amer. Chejn. Sue, 79, 4559 (1957). 
(3) B. Lindberg, H . Klenow, and K. Hansen . J. Biol. Chem,, 242, 350 (1967). 
(4) H. P . Schnebli, D . L. Hill, and L. L. Benne t t , Jr . , ibid., 242, 1997 (1967). 
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(6) 0 . P . Chilson and J . R. Fischer, ibid., 102, 77 (1963). 
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530 (1965). 
(8) J. (1. Cory and R. .1. Suhadolnik. Biochemist:-//, 4, 1729 (1U6.">). 
(!!) S. Frederiksen. Arch. Biochem. Biophys., 113, 383 (1966). 
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Jr . , Cancer Res., 19, 425 (1959). 
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205, 678 (1965). 
(15) R. H. Iwamoto , E. M. Acton, ami 1.. Goodman , J. Med. Chem., 6, 684 

(1903). The hydrogen analysis reported for the d i h y d r a t e of the a anomer was 
0 .75% low and t ha t repor ted for the fi anomer was 1.06% low, raising some 
quest ion about the pur i ty of these samples . 

(16) J. Davol l and B . A. Lowy, J. Amer. Chem. Hoc, 73, 1650 (1951). 
(17) J. J. Fox, N. (.'. Yung, I. Wempen . and M. Hoffer. ibid., 83, 4066 (196 I). 

anomeric mixture of 9-(2-deoxy-D-ribofuranosyI)-2-
aminoadenine (6) was finally obtained in 31f,, yield by 
heating 4 with methanolic NH3 at 100° for 6 hr in a 
bomb. The a and j3 anomers of 615 were separated by 
fractional crystallization; about 8 parts a to 1 part. jS 
were isolated. Treatment of a-6 with NaNOo in 48' , 
fluoroboric acid resulted in replacement of the 2-amino 
group by fluorine but also in cleavage of the glycosyl 
linkage giving only 2-fluoroadenine (7),18 a result not 
too unexpected in view of the known acid lability of 
purine 2'-deoxyribonucleosides.1'' 

SCHEMI; 1 

p - C l C f t C O O C t b / - 0 

1. R = NHBz;R' = HgCl 
2 ,R=C1;R ' = H 

P-C1QFUCOO 

3 

CI 

p-ClC t i H 4 C00CH^/° HOCH, 

P-C1C6H4C00 

4.R = NHBz 
5. R = CI 

Because of the acid lability of 6 and because of the 
difficulties in obtaining pure /3-615 from the reaction of 
1 and 3, another route20 to 2-fiuoro-2'-deoxyadenosine 

( 18) J. A. Montgomery and K. Hewson, ibid., 82, 463 (1960). 
(19) J. A. M o n t g o m e r y and H . J. Thomas , Advan. Carbohydrate Chem., 

301 (1962). 
(20) J. A. Montgomery and K. Hewson, J. Org. Chem., 33, 432 (1968). 


