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NMR (CDC13) 6 2.42 (d, 8 H, 2- and 3-aziridinyl), 3.45 (s, 3 H, 
S03CH3), 7.59 (d, 1 H, 6-H), 7.66 (m, 1 H, 7-H), 8.06 (d, 1 H, 8-H). 
Anal. (C15H14N?05S) C, H, N. 

2,3-Diaziridinyl-5-[ (butylsulfonyl)oxy]-1,4-naphtho- 
quinone (22): isolated as a glass; NMR (CDC1,) 6 1.02 (t, 3 H, 
4’-CH3), 1.59 (m, 2 H, 3’-CH,), 2.05 (m, 2 H, 2’-CH2), 2.38-2.39 
(2 s, 8 H, 2- and 3-aziridinyl), 3.59 (m, 2 H, 1’-CH2), 7.57 (d, 1 
H, 6-H), 7.62 (m, 1 H, 7-H), 8.02 (d, 1 H, 8-H). Anal. 

2,3-Diaziridinyl-5-[ (hexadecylsulfonyl)oxy]-l,4-naphtho- 
quinone (23): mp 71-73 “C; R, 0.49 (EtOAc/C6H14, 1:1, v/v); 
NMR (CDCI,) 6 0.89 (t, 3 H, 16’-CH3), 1.27-1.30 (m, 22 H, 5’- to 
15’-CH2), 1.40 (m, 2 H, 4’-CH2), 1.54 (m, 2 H, 3’-CH2), 2.07 (m, 
2 H, 2’-CH2), 2.40 (s, 4 H, 2-aziridinyl), 2.41 (s, 4 H, 3-aziridinyl), 

(d, 1 H,  8-H). Anal. (C30H44N205S) C, H, N. 
2,3-Diaziridinyl-5-[ [ (3-chloropropyl)sulfonyl]oxy]-l,4- 

naphthoquinone (24): mp 115-117 “C; Rr 0.22 (EtOAc/C6H14, 
1:1, v/v);  NMR (CDC1,) 6 2.41 (s, 8 H, 2- and 3-aziridinyl), 2.61 
(m, 2 H, 2’-CH2), 3.81 (m, 4 H, 3’- and 1’-CH2), 7.60 (d, 1 H, 6-H), 
7.65 (t, 1 H, 7-H), 8.06 (d, 1 H, 8-H). Anal. (Cl7Hl7C1N2O5S* 
0.5EtOAc) C, H, N. 

2,3-Diaziridinyl-5-[ (0-styrylsulfonyl)oxy]- l,4-naphtho- 
quinone (25): mp 171-173 “C dec; R, 0.24 (EtoAc/C6Hl4, 1:1, 
v/v); NMR (CDC1,) 6 2.37 (2 s, 8 H, 2- and 3-aziridinyl), 7.21 (d, 
1 H, styrene-Ha), 7.43-7.47 (m, 3 H, 6-, 3’-, and 5’-H), 7.25-7.56 
(m, 3 H, 2’-, 6’-, and styrene-Hg), 7.62-7.65 (m, 3 H, 4‘- and 7-H), 
8.03 (4, 1 H, 8-H). Anal. (C22H18N205S) C, H, N. 

2,3-Diaziridinyl-5-[ (a-tolylsulfonyl)oxy]-l,4-naphtho- 
quinone (26): isolated as a glass; R 0.24 (EtOAc/C6H14, 19, v/v); 
NMR (CDCl,) 6 2.42 (s, 4 H, 2-aziridinyl), 2.45 (s, 4 H, 3-aziridinyl), 
4.91 (s, 2 H, a-CH2), 7.43 (m, 3 H, 3’-, 4’-, and 5’-H), 7.51 (d, 1 
H, 6-H), 7.60 (m, 2 H, 2’- and 6’-H), 7.61 (t, 1 H, 7-H), 8.02 (d, 
1 H, 8-H). Anal. (C21H18N205S) C, H, N. 

2,3-Diaziridinyl-5-[ ( d  - l0-camphorylsulfonyl)oxy]- 1,4- 
naphthoquinone (27): mp 121-123 “C; R, 0.33 (EtOAc/CsHl4, 

8’-CH3), 1.47 (m, 1 H, 4’-H, a or e), 1.77 (m, 1 H, 4’-H, a or e), 

(C~~H~,- ,N~O~S*O.~E~OAC) C, H, N. 

3.60 (t, 2 H, l’-CHz), 7.60 (d, 1 H, 6-H), 7.64 (t, 1 H, 7-H), 8.04 

1:1, v/v); NMR (CDC1,) 6 1.00 (s, 3 H, 9’-CH3), 1.21 (s, 3 H, 

1.97 (m, 1 H, 5’-H, a or e), 2.11 (m, 1 H, 2’-H, a or e), 2.16 (m, 
1 H, 3’-H), 2.41 (9, 8 H, 2- and 3-aziridinyl), 2.47 (m, 1 H, 5’-H, 
a or e), 2.55 (m, 1 H, 2’-H, a or e), 3.78 (d, 1 H, 10’-H~ or HB), 
4.05 (d, 1 H, 10’-HA or HB), 7.60 (d, 1 H, 6-H), 7.65 (m, 1 H, 7-H), 
8.04 (d, 1 H, 8-H). Anal. (C24H24N206S) C, H, N. 

Biological Test Procedures. Transplantation of L1210 ascites 
cells was carried out by withdrawing peritoneal fluid from donor 
CDF, female mice bearing 7-day growths. The suspension was 
centrifuged for 2 min (1600 g), the supernatant peritoneal fluid 
was decanted, and a 10-fold dilution with isotonic saline was made. 
The cell number was determined with a Coulter particle counter 
and the cell population was adjusted to lo6 cells/mL. One-tenth 
milliliter of the resulting cell suspension (containing approximately 
lo5 cells) was injected intraperitoneally into each animal. The 
drug was administered by intraperitoneal injection beginning 24 
h after tumor implantation, once daily for 6 consecutive days. Test 
compounds were injected intraperitoneally as fine suspensions 
in isotonic saline in a volume of 0.25 mL. For any one experiment, 
animals were distributed into groups of five mice of comparable 
weight and maintained throughout the course of the experiment 
on Laboratory Chow pellets and water ad libitum. Controls given 
injections of a comparable volume of vehicle (saline) were included 
in each experiment. Mice were weighed during the course of the 
experiments, and the percentage change in body weight from onset 
to termination of therapy was used as an indication of drug 
toxicity. 

The same methodology was used for the testing of compounds 
against B16 melanoma bearing mice. 
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Azathioprine [Imuran; 6-[ (l-methyl-4-nitro-1H-imidazol-5-yl)thio]-1H-purine] is a widely used immunosuppressive 
and antiarthritic drug. For the sake of comparison, the riboside, the 2‘-deoxyriboside, and the arabinoside of 
azathioprine and its 2-amino congener, thiamiprine, were prepared by an enzymatic method. In vitro, the cytotoxicities 
of these aglycons and their nucleosides were similar (EDSo = 0.8-2 pM), except for the arabinosides, which were 
nontoxic (ED,, >lo0 pM). In vivo, their activities were compared in the rat adjuvant arthritis model. The ribosides 
and 2’-deoxyribosides were less potent than their corresponding aglycons. The safety indexes of these nucleosides 
were comparable to those of the corresponding aglycons except for the 2‘-deoxyriboside of azathioprine, which had 
an appreciably lower safety index than did azathioprine. Both arabinosides were inactive and nontoxic. All of the 
aglycons tested (6-mercaptopurine, azathioprine, 6-thioguanine, and thiamiprine) were of similar potency. However, 
azathioprine had a more favorable therapeutic index than did 6-mercaptopurine. Similarly, thiamiprine was safer 
than was 6-thioguanine. In this model, the S-( l-methyl-4-nitro-1H-imidazol-5-yl) moiety imparted greater safety 
to these thiopurines by decreasing toxicity but not affecting potency. 

6-Mercaptopurine (1) and 6-thioguanine (6) are  anti-  
leukemic agents of long-standing clinical usefulness. These 
agents are  also immunosuppressive. Not completely un- 
derstood is t h e  superiority of their  S-(1-methyl-4-nitro- 
1H-imidazol-5-yl) derivatives a s  immunomodulators.’ 
Early studies showed that azathioprine [2; 6-[ (l-methyl- 
4-nitro-1H-imidazol-5-yl)thio]-1H-purine; Imuran]  was 
particularly effective in preventing rejection of kidney 
transplants in dogs.2 Consequently, i t  was developed in 

t h e  clinic a s  a chemotherapeutic adjunct  to kidney 
transplant protocols. In time, the clinical use of this agent 
was extended to autoimmune disorders that are associated 
with chronic inflammation. Currently, t h e  widest use of 
azathioprine is in t h e  t reatment  of rheumatoid arthritis. 
T h e  2-amino congener of azathioprine, thiamiprine [7; 
6-[ (l-methyl-4-nitro-1H-imidazol-5-yl)thio]-lH-purin-2- 
amine; Guaneran], was evaluated in man  as  an antitumor 
agent3 b u t  has not been clinically assessed as  either a n  

(1) Nathan, H. C.; Bieber, S.; Elion, G. B.; Hitchings, G. H. Proc. 
SOC. E x p .  Biol. Med. 1961, 107, 796. 

(2) Calne, R. Y.; Alexander, G. W.; Murray, J. E. Ann. N.Y. Acad. 
Sci. 1962, 99, 743. 
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Table I. Evaluation of Some Thiopurines and Their Nucleosides against Adjuvant Arthritis in the Rat 

I H I 1  
RQ CH3 

mg/kg/day in diet safety index 
highest highest nontoxic 

no. generic or common name R2 R6 X, Y EDNa nontoxic doseb dose/ED, LDWc CId 
1 6-mercaptopurine H H  H (20)' (20) (1) (25) (1.2) 
2 azathioprine H C4H4N302 H 21 f 2 48 2.3 150 7.1 

200 2.9 3 azathioprine riboside H C4HkN302 C5Hg04 H,OH 6 8 f 6  180 2.6 
4 azathioprine 2'-deoxyriboside H C4H4N302 C5H903 H, H 64 f 3 (100) (1.6) >270 >4.2 
5 azathioprine arabinoside H C4H4N302 C5Hg04 OH, H I at 100 I a t  100 
6 thioguanine NH2 H H (10) (10) (1) (20) (2.0) 
7 thiamiprine NH2 C4H4N302 H 19 f 3 (30) (1.6) (60) (3.2) 
8 thiamiprine riboside NH2 C4H4NBOp C5Hg04 H,OH (36) (50) (1.4) (50) (1.4) 
9 thiamiprine 2'-deoxyriboside NHp C4H4N302 C5H903 H, H (38) (50) (1.3) (100) (2.6) 

10 thiamiprine arabinoside NH2 C4H4N302 C5H904 OH, H I a t  100 I at  100 
ODose at  which there was a 50% reduction in arthritic score relative to untreated animals. *Highest dose at which there was no significant 

weight loss at day 16. CLD60 = dose (mg/kg/day in diet) producing 50% lethality at  day 16. dChemotherapeutic index = ratio of LDN to 
EDso. e Values in parentheses are approximate; two dose levels. 

immunosuppressive or antiarthritic agent. I t  is, however, 
immunosuppressive in animal models.'-4 

In this study, the riboside, the 2'-deoxyriboside, and the 
arabinoside of azathioprine and thiamiprine were syn- 
thesized and evaluated both in vitro and in vivo. In the 
rat adjuvant arthritis model,5 these nucleosides were 
compared to the aglycons 6-mercaptopurine, azathioprine, 
6-thioguanine, and thiamiprine. 

Results and Discussion 
Chemistry. Some of the nucleosides of azathioprine 

and thiamiprine have been previously synthesized (3: 8,6J 
98) by conventional procedures. In this study, all six nu- 
cleosides listed were prepared by an adaptation of an en- 
zymatic method previously applied to purines: pyrazolo- 
[3,4-d]pyrimidines,l0 pyrimidines," and imidazo[4,5-c]- 
pyridines.12 The synthesis is outlined in Scheme I and 
involves the coupling of two enzyme-catalyzed phospho- 

Rundles, R. W.; Fulmer, T. E.; Doyle, R. T.; Gore, T. W. 
Cancer Chemother. Rep. 1960,8,47. 
Filitis, L. N.; Sorkina, Y. A.; Pershin, G. N.; Pevnitskii, L. A.; 
Solovev, V. V.; Fontalin, L. N. Farmakol. Toksikol. (Moscow) 
1971, 34, 708. 
Vinegar, R.; Truax, J. F.; Selph, J. L. In Future Trends in 
Inflammation; Velo, G. P., Willoughby, D. A.; Giroud, J. P., 
Eds.; Piccin Medical Books: Padua, London, 1974; pp 435-447. 
Hitchings, G. H.; Elion, G. B. U.S. Patent 3176005, March 30, 
1965. 
Noell, C. W.; Robins, R. K. J .  Med. Pharm. Chem. 1962, 5 ,  
10'74. 
Martinez, A. P.; Lee, W. W.; Henry, D. W. J .  Med. Chem. 1977, 
20, 341. 
Krenitsky, T. A.; Koszalka, G. W.; Tuttle, J. V. Biochemistry 
1981, 20, 3615. 
(a) Krenitsky, T. A.; Rideout, J. L.; Koszalka, G. W.; Inmon, 
R. B.; Choa, E. Y.; Elion, G. B. J .  Med. Chem. 1982,25,32. (b) 
Rideout, J. L.; Krenitsky, T. A,; Koszalka, G. W.; Cohn, N. K.; 
Chao, E. Y.; Elion, G. B.; Latter, V. S.; Williams, R. B. J .  Med. 
Chem. 1982,25, 1040. 
Krenitsky, T. A.; Freeman, G. A.; Shaver, S. R.; Beacham, L. 
M.; Hurlbert, S.; Cohn, N. K; Elwell, L. P.; Selway, J. W. T. 
J .  Med. Chem. 1983,26, 891. 
Krenitsky, T. A.; Rideout, J. L.; Chao, E. Y.; Koszalka, G. W.; 
Gurney, F.; Crouch, R. C.; Cohn, N. K.; Wolberg, G., Vinegar, 
R. J .  Med. Chem. 1986, 29, 138. 

Scheme I 

O i N p  N 

8 X i H,Y = OH 

10 X i OH,V i H 

3 X i H,V = OH 

5 X i OH,V i H 

rolytic reactions via an a-D-pentose 1-phosphate inter- 
mediate (not shown in Scheme I). The net effect is the 
transfer of the pentosyl moiety stereospecifically from a 
pyrimidine nucleoside to the 9-position of a purine. In all 
cases, the reaction of a-D-pentose 1-phosphate with the 
purine was catalyzed by purine nucleoside phosphorylase 
(EC 2.4.2.1). The phosphorolysis of the donor pyrimidine 
nucleoside was catalyzed by uridine phosphorylase (EC 
2.4.2.3) for the synthesis of ribosides (3,8) and arabinosides 
( 5 ,  10) and by thymidine phosphorylase (EC 2.4.2.4) for 
2'-deoxyribosides (4,9). The respective pentosyl donors 
were uridine, uracil arabinoside, and thymidine. 

In previously described applications of this enzymatic 
method for nucleoside synthesis,"12 most of the reactions 
were in an aqueous buffered milieu. In cases where the 
pentosyl acceptor had poor water solubility, some ethanol 
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or 1-propanol was added to the reaction mixtures. With 
azathioprine or thiamiprine, alcohol addition did not im- 
prove unsatisfactory yields that were attributed to low 
solubility. Many other cosolvents were tried. With aza- 
thioprine (2), the most favorable procedure was to add a 
solution of 2 in equal parts of N,N-dimethylformamide and 
N,N-dimethylacetamide to the aqueous mixture containing 
enzymes and donor. A similar procedure was adopted with 
thiamiprine (6) except that the solvent mixture was di- 
methyl sulfoxide and either glyme or diglyme. The ratio 
of organic cosolvent to water was approximately 1:lO (v/v). 
Nucleoside products were isolated from these reactions in 
yields of 40-69% calculated on the basis of aglycon used. 
The addition of these organic solvents to the reaction 
mixtures made practical the synthesis of the nucleosides 
in the quantities necessary for in vivo evaluation in the rat 
adjuvant arthritis model. 

Biology. In vitro cytotoxicity in human epitheloid 
(detroit 98) cellslob gave ED50 values of 0.8-2.0 pM for 
azathioprine and thiamiprine and their ribosides and 2'- 
deoxyribosides (2-4,6-9). The corresponding arabinosides 
(5, 10) were relatively nontoxic, with ED50 values greater 
than 100 pM. 

Table I presents the activities of azathioprine (2) and 
thiamiprine (7), their nucleosides (3-5, 8-10), and the 
parent S-unsubstituted purines, 6-mercaptopurine (1) and 
6-thioguanine (6), in the rat adjuvant arthritis model. 
These compounds were administered in the diet, because 
it was previously found that with azathioprine this route 
gave a higher chemotherapeutic index than did dosing by 
gavage.I3 The ED50 and LD50 values for azathioprine, 
although previously r e p ~ r t e d , ' ~  were redetermined for 
direct comparison to the data presented in Table I. The 
more recent values (Table I) are similar to the earlier 
data.I3 Azathioprine (2) and 6-mercaptopurine (1) were 
of nearly equal efficacy. Azathioprine (2) was approxi- 
mately three times more potent than its riboside (3) and 
2'-deoxyriboside (4). Its arabinoside (5) was inactive and 
nontoxic at the highest dose tested (100 mg/kg). The ratio 
of the highest dose at  which there was no significant weight 
loss to the ED50 was used as the safety index. Thusly 
evaluated, the safety index was highest and approximately 
equal for azathioprine (2) and its riboside (3), somewhat 
lower for its 2'-deoxyriboside (4), and lowest for the parent 
compound 6-mercaptopurine (1). These results indicate 
that S-substitution of 6-mercaptopurine with the 1- 
methyl-4-nitro-lH-imidazol-5-yl moiety does not affect 
potency but increases safety by decreasing toxicity. 9- 
Substitution of azathioprine with 9-(P-D-ribofuranosyl) or 
9-(P-~-2'-deoxyribofuranosyl) decreased potency but did 
not increase safety. 9-Substitution with P-D-arabino- 
furanosyl resulted in a virtually complete loss of both 
activity and toxicity. 

Thioguanine (6) was twice as potent as 6-mercaptopurine 
(l), but neither showed separation between an efficacious 
and a toxic dose. S-Substitution of thioguanine with the 
l-methyl-4-nitro-1H-imidazol-5-yl moiety resulted in a 
small decrease in potency and a somewhat larger decrease 
in toxicity, thereby increasing its chemotherapeutic index 
but not by as much as was seen with azathioprine (2) 
versus 6-mercaptopurine (1). 9-Substitution with p-D- 
ribofuranosyl or P-~-2'-deoxyribofuranosyl resulted in 
further loss of potency but less than that seen with the 
corresponding azathioprine nucleosides (3, 4). These 
substitutions did not increase safety. Again, 9-substitution 

(13) Vinegar, R.; Truax, J. F.; Selph, J. L.; Lea, A.; Johnston, P. R. 
J. Immunopharm. 1979, 1,497. 
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with 0-D-arabinofuranosyl obliterated both activity and 
toxicity. It has been reported that thiamiprine had a much 
better therapeutic index than did azathioprine in sup- 
pressing the immune response to bacterial and mammalian 
antigenic stimuli: No such superiority of thiamiprine over 
azathioprine was observed with the model employed in this 
study (Table I). 

Azathioprine (2) and thiamiprine (7) clearly had more 
favorable chemotherapeutic indexes than did 6- 
mercaptopurine (1) and 6-thioguanine (6) (Table I). The 
findings suggest that endogenous sulfhydryl m~dification'~ 
by reaction with the l-methyl-4-nitro-1H-imidazol-5-yl 
moiety might contribute to the increased safety and re- 
duced toxicity of 2 and 7. The possibility that there might 
be a difference in the nonenzymatic rates of reaction of 
the imidazolyl moieties of the compounds in Table I with 
glutathione was explored. The conditions of temperature 
(37 " C )  and pH (6.8) used were chosen to approximate in 
vivo conditions. The pseudo-first-order rate constant for 
the reaction of azathioprine with 5 mM reduced gluta- 
thione was 0.030 f 0.002 min-' ( t l j2  = 23 min) and was 
independent of azathioprine concentration below 100 pM. 
The reaction of the nucleosides of azathioprine (3-5) and 
thiamiprine (7) and its nucleosides (8-10) with 5 mM 
glutathione was characterized by a similar, slightly higher, 
rate constant, 0.038 f 0.002 min-' ( t l 1 2  = 18 min). The 
bimolecular rate constant for the reaction of azathioprine 
and reduced glutathione was 5.8 X lo3 min.mM-'. The 
similarity of the rates of reaction of the S-substituted 
compounds in Table I with reduced glutathione suggests 
that this reaction is not the basis for the differences in 
biological activities among these compounds. Further, the 
similar reactivity of the arabinosides 5 and 10, together 
with their lack of activity in vitro and in vivo, suggests that 
sulfhydryl modification is, in and of itself, not sufficient 
for activity in these systems. In vitro studies with human 
lymphoblasts have indicated the presence of some phos- 
phoribosyltransferase-independent toxicity with aza- 
th i0~r ine . l~  However, there is considerable evidence16 to 
suggest that  in the latter system the generation of 6- 
mercaptopurine rather than the reaction of cell compo- 
nents with the l-methyl-4-nitro-lH-imidazol-5-yl moiety 
causes the cell toxicity. 

In conclusion, it is clear that, in the rat adjuvant arthritis 
model, none of the congeners studied was superior to 
azathioprine itself. The lack of activity of the arabinosides 
(5, 10) despite their undiminished ability to react with 
glutathione puts into question the importance of sulfhydryl 
modification or the formation of imidazole metabolites per 
se in the mechanism of action of this class of compounds 
in vivo. I t  is also clear that, in the rat adjuvant arthritis 
model, the l-methyl-4-nitro-imidazol-5-yl moiety increases 
the safety index of thiopurines by decreasing their toxicity 
without changing their potency. At present, it is uncertain 
whether sulfhydryl modification directly ameliorates tox- 
icity or whether the l-methyl-4-nitro-imidazol-5-yl moiety 

(14) (a) Bresnick, E. Fed. Proc. 1959, 18, 371. (b) Elion, G. B.; 
Callahan, S.; Bieber, S.; Hitchings, G. H.; Rundles, R. W. 
Cancer Chemother. Rep. 1961, 14, 93. (c) Elion, G. B.; Calla- 
han, s. W.; Hitchings, G.  H.; Rundles, R. W.; Laszlo, J. Cancer 
Chemother. Rep. 1962,16, 197. (d) Elion, G. B. Transplant. 
Proc. 1977, 9, 975. 

(15) Dalke, A. P.; Kazmers, I. S.; Kelley, W. N. Biochem. Pharma- 
col. 1984, 33, 2692. 

(16) (a) Gusella, J.; Housman, D. Cell 1976,8, 263. (b) Collins, S. 
J.; Bodner, A.; Ting, R.; Gallo, R. C. Int. J .  Cancer 1980, 25, 
213. (c) Papac, R. J.; Brown, A. E.; Schwartz, E. L.; Sartorelli, 
A. C. Cancer Lett. 1980,10, 33. (d) Schwartz, E. L.; Blair, 0. 
W.; Sartorelli, A. C. Cancer Res. 1984, 44, 3907. 
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merely affects pharmacokinetic parameters critical t o  in 
vivo toxicity. 

Experimental Section 
Biology. The in vitro cytotoxicity tests were performed as 

previously described.lob The adjuvant-induced arthritis assay in 
the rat has been described in detail e l~ewhere.~ The rats used 
in this study were purchased from Charles River, Wilmington, 
MA. They were female Lewis rats whose starting weight was 190 
f 10 g. All compounds were administered in the diet, which was 
prepared by milling with Wayne Rodent Blox diet (Continental 
Grain Co., Chicago, IL). Drug-containing diet was initiated on 
the same day that adjuvant was injected and continued for 14 
days. Animals were evaluated for weight gain or loss and arthritic 
score on day 16. There were six animals in each group. The 
standard deviations for the arthritic scores were lowest (&0.7%) 
for the highest scores (little or no joint abnormalities) and greatest 
( i20%) for the lowest scores. At least three dose levels were used 
for determining each ED5,, value unless otherwise noted. 

Syntheses. Azathioprine (2) and thiamiprine (7) were prepared 
by the Wellcome Chemical Development Lab~ratories.'~ 1-p- 
D- Arabinofuranosyluracil was synthesized from 2,2'-anhydro-l- 
P-D-arabinofuranosylcytosine hydrochloride as previously de- 
scribed.Is This precursor as well as uridine and thymidine was 
purchased from Sigma Chemical Co., St. Louis, MO. Q-Sepharose, 
an anion-exchange resin, was purchased from Pharmacia, Uppsala, 
Sweden. Reduced glutathione was purchased from Calbiochem, 
San Diego, CA. 

Filtrations were performed by using Buchner funnels and 
Whatman 1 filter paper under reduced pressure. Solvents were 
removed in vacuo with a rotary evaporator at temperatures not 
above 45 "C. Solids were dried in vacuo at temperatures not above 
50 "C. Yields were calculated on the basis of aglycon used. 

Enzyme catalysts were purified from Escherichia coli and 
assayed, with units defined as previously des~ribed.~ Thin-layer 
chromatography was on cellulose plates (Eastman, Rochester, NY; 
No. 13254 with fluorescent indicator) with water as the liquid 
phase or on silica gel plates (Merck, Darmstadt, West Germany, 
No. 5735) with chloroform/methanol/water (80:20:2). The cel- 
lulose system was more useful for monitoring the progress of the 
reactions and the silica gel system for the determination of purity 
during isolation of the products. Solid samples were dissolved 
in N,N-dimethylformamide for application to the plates. 

A Varian XL-200 was used for the proton NMR spectra in 
Me2SO-d6. The exchangeability of protons with DzO was used 
to assist in the assignments. Two-dimensional NMR was also 
performed on some of the products (9 and 10) to assist in as- 
signments. Assignments of Hz and HB are equivocal and may be 
reversed. All compounds listed in Table I gave elemental analyses 
within f0.4% of calculated values. Analyses were performed by 
Atlantic Microlabs, Atlanta, GA. Melting points were obtained 
on a Thomas-Hoover capillary apparatus and are uncorrected. 
UV spectra were obtained by using a scanning Gilford spectro- 
photometer. 

6-[ (l-Methyl-4-nitro-1H-imidazol-5-yl)thio]-9-(~-~-ribo- 
furanosy1)purine (3) (Azathioprine Riboside)! Azathioprine 
(2; 10 g, 36 mmol) was suspended in 60 mL each of N,N-di- 
methylacetamide (DMA) and N,N-dimethylformamide (DMF) 
at  40 "C. The suspension was added to 1080 mL of deionized 
water containing KHzP04 (2  mmol), K2HP04 (8 mmol), 26 g of 
uridine (106 mmol), 5300 units of uridine phosphorylase (EC 
2.4.2.31, and 279000 units of purine nucleoside phosphorylase (EC 
2.4.2.1). After 72 h at  35 "C, additional uridine (5 g, 20 mmol), 
uridine phosphorylase (1300 units), and purine nucleoside 
phosphorylase (70 000 units) were mixed into the reaction. 
Forty-eight hours later, the pale yellow precipitate was collected 
by filtration. The filtrate was stored overnight a t  3 "C, and the 
precipitate that formed was collected by filtration and combined 
with the solid from the first filtration. Contaminating uracil and 
azathioprine were eliminated by three recrystallizations from 
DMA/H20 (1:5). The yield of product (8.73 gas the hemihydrate) 

Kreni tsky et  al. 

was 58%: mp 180 "C (lit! 169-171 "C); [aImD -41.2" (c 0.5, DMF); 
UV A,, (pH 7) 279 nm (e  18400) (lit.5 pH 1, 279); NMR 6 8.79 
(s, 1 H, Ha), 8.63 (9, 1 H, H2), 8.23 (s, 1 H, imidazole H2), 5.99 

1 H, J = 5.2 Hz, OH,,), 5.03 (t, 1 H,  J = 5.6 Hz, OH5,), 4.58 (m, 
1 H, Hzr), 4.17 (m, 1 H, H30, 3.97 (m, 1 H, H4,), 3.69 (s, 3 H, CH,), 
3.58 (m, 2 H, H5,). Anal. (C14Hl~N7S06-0.5Hz0) C, H, N, S. 

6 4  (l-Methyl-4-n~tro-1H-imidazol-5-yl)thio]-9-(~-~-2'- 
deoxyribofuranosy1)purine (4) (Azathioprine %'-Deoxy- 
riboside). Thymidine (30 g, 124 mmol), KH2P04 (5.5 mmol), 
KzHP04 (5.5 mmol), and 4000 units of thymidine phosphorylase 
were dissolved in 965 mL of deionized water a t  40 "C. The pH 
of the solution was 6.8. After 0.5 h, purine nucleoside phos- 
phorylase (29000 units) was added. A suspension of 2 (10 grams, 
36 mmol) in 60 mL each of DMA and DMF was prepared sepa- 
rately at 45 "C. This suspension was added to the reaction mixture 
in IO-mL aliquots a t  10-min intervals starting 5 min after the 
addition of purine nucleoside phosphorylase. The reaction mixture 
clarified before each subsequent addition. After 80% of the 
azathioprine suspension had been added, more thymidine ( 5  g, 
21 mmol) was added. Twenty-five minutes after the final aza- 
thioprine addition, the solution was quickly chilled to 0 "C in a 
dry ice/acetone bath. I t  was stored on ice for 4 h, and then at 
-20 "C overnight. After thawing, the yellowish white precipitate 
was collected by filtration. The solids were suspended in 150 mL 
of deionized water, stirred for 1 h at  40 "C, and then stored 
overnight at 3 "C. The precipitate collected on the following day 
was extracted five more times in this manner with 100-mL aliquots 
of water. The final product was dried in a vacuum oven overnight 
a t  40 "C. The yield (7.19 g as the monohydrate) was 49%; mp 
190 "C; [uIzoD -17.8" ( c  0.5, DMF); UV A,, (pH 7) 279 nm (c  

imidazole Hz), 6.42 (t, 1 H, J = 6.6 Hz, H13, 5.30 (d, 1 H, J = 4.2 
Hz, OH,,), 4.91 (t, 1 H, J = 5.6 Hz, OH5,), 4.42 (m, 1 H, H3,), 3.87 
(m, 1 H, H4,), 3.68 (s, 3 H, CH,), 3.57 (m, 2 H, H5,), 3.11 (m, 1 
H, HZja), 2.34 (m, 1 H, Hz& Anal. (C14H15N7S05.H20) C, H, N, 
S. 
6-1 ( 1 -Methyl-4-nitro- 1H -imidazol-5-yl) t h io ] -9 - (# -~ -  

arabinofuranosy1)purine (5) (Azathioprine Arabinoside). 
l-(fl-D-Arabinofuranosyl)uracil (8.6 g, 35 mmol) was dissolved in 
1350 mL of deionized water containing KPHP04 (28 mmol), 
KHzP04 (7 mmol), 30000 units of uridine phosphorylase, and 
320000 units of purine nucleoside phosphorylase. The pH was 
7.4. After 6 h a t  40 "C, 4 g (14 mmol) of 2 dissolved in 100 mL 
of a mixture of DMA and DMF (50/50) a t  45 "C was added slowly 
over a 45-min period. The reaction mixture was stirred at 35 "C. 
A t  24 h and again at  48 h, 1 g (4.1 mmol) of l-(P-D-arabinosyl)- 
uracil, 1000 units of uridine phosphorylase, and 6000 units of 
purine nucleoside phosphorylase were added to the reaction 
mixture. After 72 h, the reaction mixture was cooled to 25 "C 
and acetone was added to 60% by volume. Celite filter aid (28 
g) was added and the suspension stirred for 15 min, followed by 
filtration. The solids, consisting mostly of denatured protein, were 
discarded. The acetone and water were evaporated from the 
filtrate, leaving a thick suspension which was thoroughly mixed 
with 250 mL of methanol at 40 "C. After this suspension remained 
at r c "  temperature for 18 h and following subsequent filtration, 
methanol was evaporated from the filtrate and 500 mL of 5 mM 
Tris, pH 9.2, aqueous buffer (buffer A) was added to the sus- 
pension in the residual DMA and DMF. This solution was applied 
to a 7 x 14 cm Q-Sepharose column equilibrated with buffer A. 
The resin was washed with buffer A, and eluate that contained 
product was evaporated to dryness. The pale yellow solid was 
triturated four times in water, maintaining the pH at  9.2 by 
addition of 1 % ammonium hydroxide. This trituration removed 
most of the remaining uracil from the product. A final crystal- 
lization from methanol yielded 2.65 g of 5 as the 0.1 hydrate (44% ): 
mp 221-223 "C; [uIzoD -13.4" (c  0.5, DMF); UV A,, (pH 7) 279 
nm (t 19 100); NMR 6 8.61 (s, 1 H, or Hz), 8.60 (s, 1 H, H8 or 
H,), 8.23 (s, 1 H, imidazole HJ, 6.35 (d, 1 H, J = 4.8 Hz, Hi,), 

5.05 (t, 1 H, J = 5.4 Hz, OHS.), 4.17 (m, 2 H, H2f,3,), 3.81 (m, 1 H, 
H4,), 3.69 (s, 3 H, CH,), 3.66 (m, 2 H, H5,). Anal. (C14H15N7S- 
06.0.1Hz0) C, H, N, S. 

2-Amino-6-[ (l-methyl-4-nitro-1H-imidazol-5-yl)thio]-9- 
(8-D-ribofuranosy1)purine (8) (Thiamiprine Riboside).6ai 

(d, 1 H, J = 5.4 Hz, Hi,), 5.48 (d, 1 H, J = 5.8 Hz, OH,,), 5.18 (d, 

19300); NMR 6 8.74 (s, 1 H, H&, 8.62 (9, 1 H, Hz), 8.23 (s, 1 H, 

5.61 (d, 1 H, J = 5.2 Hz, OHz,), 5.52 (d, 1 H, J = 4.6 Hz, OHT), 

(17) Hitchings, G. H.; Elion, G. B. US. Patent 3056785, Oct 2, 1962. 
(18) Krenitsky, T. A.; Koszalka, G. W.; Tuttle, J. V.; Rideout, J. L.; 

Eiion, G. B. Carbohydr. Res.  1981, 97, 139. 



Nucleosides of Azathioprine and Thiamiprine 

Thiamiprine (7; 10 g, 34 mmol) was suspended in 70 mL of di- 
methyl sulfoxide and 209 mL of bis(2-methoxyethyl) ether. This 
suspension was mixed with 600 mL of deionized water containing 
K2HP04 (6 mmol), KH2P04 (6 mmol), and uridine (29 g, 120 
"01). The pH of this suspension was 7.6. Uridine phosphorylase 
(8000 units) was added. After 2 h a t  24 "C, purine nucleoside 
phosphorylase (67000 units) was added and the suspension placed 
in an incubator at 39 "C. After 24 h, the suspension was removed 
from the incubator, 800 mL of ethyl acetate was added, and the 
two-phase mixture was mechanically stirred for 1 h. After 17 h 
at  24 "C, the mixture was filtered and the solids were extracted 
with two 500-mL portions of ethyl acetate. The remaining solids 
were suspended in 1800 mL of methanol, stirred, and brought 
to a boil. The hot suspension was rapidly filtered, and the filtrate 
was evaporated to dryness. The residue was dissolved in 55 mL 
of DMF by warming. Water (250 mL) was slowly added to this 
solution. After 1.5 h at 3 "C, the product was collected by filtration 
and dried. The yield (8.7 g as the 0.75 hydrate) was 58%: mp 

0.5, DMF); UV A,, (pH 7 )  317 nm (c 14700) pH 1, 315; 
MeOH 311 (14600)l; NMR 6 8.21 (s, 1 H, HE), 8.18 (s, 1 H, 
imidazole Hz), 6.61 (s, 2 H, NH,), 5.76 (d, 1 H, J = 6.0 Hz, Hit), 
5.41 (d, 1 H, J = 6.0 Hz, OH,,), 5.13 (d, 1 H, J = 6.8 Hz, OH,,), 
5.00 (t, 1 H,  J = 5.4 Hz, OH5,), 4.45 (m, 1 H, Hzt), 4.09 (m, 1 H, 
H,,), 3.87 (m, 1 H, H40, 3.67 (s, 3 H, CH,), 3.56 (m, 2 H,H,) .  Anal. 

2-Amino-6-[ (1  -met hyl-4-nitro- la-imidazol-5-yl)t hiol-9- 
(&~-2'-deoxyribofuranosyl)purine (9) (Thiamiprine 2'- 
Deoxyriboside)! Thiamiprine (7; 2 g, 6.8 mmol) was suspended 
in 10 mL of dimethyl sulfoxide and 60 mL of glyme (1,2-di- 
methoxyethane). This suspension was mixed with 120 mL of 
deionized water containing KzHP04 (1.2 mmol), KH2P04 (1.2 
mmol), potassium acetate (1.2 g), and thymidine (8 g, 33 mmol). 
The pH of the mixture was 7.8. Thymidine phosphorylase (800 
units) and purine nucleoside phosphorylase (27 000 units) were 
added. The suspension was stirred for 1 h at  24 "C and then at 
35 "C for 17 h. The mixture was filtered and the filtrate was 
evaporated to a thick suspension. Water (250 mL) was added 
to this suspension with stirring and then placed a t  3 "C for 7 h. 
The solids were collected by filtration, washed with water, and 
after drying suspended in 7 mL of DMF and 7 mL of glyme. After 
warming, the suspension was filtered and the solids were washed 
with two 5-mL portions of glyme. The filtrate and washes were 
evaporated to a thick clear syrup to which was added 70 mL of 
water. After 3 h a t  24 "C and 18 h at  3 "C, the precipitated 
product was collected by filtration, washed with water, and dried. 
The yield (2 g as the monohydrate) was 69%: mp 143-145 "C 
(lit.8 150-151 "C); [.],OD -21.6" (c 0.5, DMF) [lit.8 -22.5O (c 0.25, 
DMF)]; UV A, (pH 7) 317.5 nm (6 14400); NMR 6 8.18 (9, 2 H, 
Ha and imidazole H2), 6.59 (9, 2 H, NH2), 6.18 (dd, 1 H, J = 6.3 
and 7.4 Hz, Hlr), 5.26 (d, 1 H, J = 4.0 Hz, OH,,), 4.91 (t, 1 H, J 
= 5.6 Hz, OH5,), 4.33 (m, 1 H, H3!), 3.80 (m, 1 H, H40, 3.66 (s, 3 
H, CH,), 3.50 (m, 2 H, H54, 2.55 (m, 1 H, H2J, 2.20 (m, 1 H, H2@). 
Anal. (Cl4Hl6N8SO5-H20) C, H, N, S. 

2-Amino-6-[ (l-methyl-4-nitro-1H-imidazol-5-yl)thio]-9- 
(@-D-arabinofuranosyl)purine (10) (Thiamiprine Arabino- 
side). The reaction mixture was the same as that described for 

235-237 "c (lit.6B7 234-236 "c dec; 208-209 "c) ;  [ C Y ] ~ D  -24.0" (C 

(C14H16N,SO6*0.75H20) C, H, N, S. 
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8 except that l-(P-D-arabinofuranosyl)uracil (29.3 g, 120 mmol) 
was the pentosyl donor instead of uridine and greater quantities 
of enzyme catalysts were used (190 000 units of purine nucleoside 
phosphorylase and 20000 units of uridine phosphorylase). After 
24 h at  39 "C, ethyl acetate was added to the reaction mixture 
and treated subsequently as described for 5 except that the solids 
were extracted with ethyl acetate only once. The remaining solids 
were extracted twice with 1300 mL and five times with 300-mL 
portions of boiling methanol. All of the methanol extracts were 
combined and evaporated to dryness. The residue was dissolved 
in 55 mL of warm DMF. Water (750 mL) was then added to this 
clear solution, and after 1.5 h a t  3 OC, the solids were collected 
by filtration. After extraction with a mixture of 50 mL of 1- 
propanol and 100 mL of water, the solids were dried and dissolved 
in 30 mL of DMA and reprecipitated by adding 55 mL of water. 
After collecting the precipitate by filtration and drying, the 
product was crystallized from a DMA solution with ethanol and 
then recrystallized twice from DMF solutions with methanol to 
remove slight impurities that had lower Rf values in the silica gel 
TLC system described above. The final product (5.75 g) was 
obtained in 40% yield: mp 250 "c dec; [(YI2OD 18.4" (c 0.5, DMF); 
W A, (MeOH) 310 nm (e 11 300); NMR 6 8.18 (9, 1 H, imidazole 
H,), 8.01 (s, 1 H, HE), 6.56 (s, 2 H, NH,), 6.09 (d, 1 H, J = 4.0 
Hz, Hi,), 5.59 (d, 1 H, J = 5.0 Hz, OHy), 5.48 (d, 1 H, J = 3.8 Hz, 
OH,,), 5.01 (t, 1 H, J = 5.2 Hz, OH5,), 4.06 (m, 2 H, H2,,3,), 3.74 
(m, 1 H, H4,), 3.67 (s, 3 H, CH,), 3.60 (m, 2 H, H50. Anal. 
( C ~ ~ H ~ ~ N E S O S )  C, H, N, S. 

Rate Constants. The reaction of excess reduced glutathione 
(GSH) with limiting azathioprine (50 pM) was a fmt-order process. 
Pseudo-first-order rate constants for the reaction at  varying GSH 
concentrations (1.0-10 mM) in 50 mM potassium phosphate buffer 
a t  pH 6.8 and 37 "C were estimated from time-dependent ab- 
sorbance changes at  323 nm (Ac = +11 mM-' cm-'). These ab- 
sorbance data were fit by an iterative nonlinear least-squares 
routine to the function a + best.lg The plot of these pseudo- 
first-order rate constants versus GSH concentration was linear. 
From the slope of this line, the bimolecular rate constant for the 
reaction of azathioprine with GSH was calculated. For the other 
compounds, the pseudo-fmt-order rate constants were determined 
at  5 mM GSH, otherwise under the same conditions as for aza- 
thioprine except that 8-10 were monitored at 343 nM (At = +11 
mM-' cm-'). 
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