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values calculated by each method, It was shown 
that AKOH at any pH was equal to a function con- 
taining the hydrogen and hydroxide ion concentra- 
tions, dissociation constants, the stoichiometric con- 
centrations of ligand and acid, and the concentration 
of potassium hydroxide in the ligand-metal titration. 
Comparison of A values calculated by the two meth- 
ods gives a check on the validity of the data and for 
the concentration of ligand. 

It was pointed out that calculations for tetra- 
cycline analogs a t  a high pH would be inaccurate 
since a dissociable hydrogen on a complexed mole- 
cule, but remote from the site of coordination, will 
have a larger dissociation constant than the same 
hydrogen on a free ligand. 

The thermodynamic dissociation and stoichio- 
metric stability constants were calculated for five 
tetracycline analogs with cupric ion and these values 
were compared with the data of previous workers. 
Contrary to the conclusions of Doluisio and Martin, 
the biologically inactive analogs, 4-epi-chlortetra- 
cycline and 4-epi-anhydrotetracycline, were found to 
form 2: 1 complexes, which were quite insoluble and 
which precipitated a t  W values just above 1. 

987 
Methods for the calculations of the biligand 
stability constants were discussed. 
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Nonclassical Antimetabolites XX 
Simulation of 5 ’-Phosphoribosyl Binding IV. Attempted 

Simulation with Nucleoside-5’-carbamates 

By B. R. BAKER, PRAFULLCHANDRA M. TANNA, and GRAHAM D. F. JACKSON 

Twenty-two different ways can be envisioned for the mode of binding of the phos- 
phate moiety of a nucleotide to an enzyme depending upon whether one, two, or 
three phosphate oxygens are involved and the specific groups involved on the enzyme 
are disregarded. A nucleoside-5’-carbamate should be able to simulate 1 3  of these 
possibilities, that is, all !he modes of binding involving hydrogen bonds, but not 
anionic-cationic interactions. 5 ‘-0-Carbamoylthioinosine (XIIu) was synthesized, 
but failed to simulate the binding of thioinosinic acid (IV) to succinoadenylate 
kinosynthetase. Similarly, 5 ’-0-carbamoyl-2 ’-deoxy-5-ff uorouridine , (XXIV) was 
synthesized and failed to simulate the binding of 2 ’-deoxy.5-fluoro- 5 -uridylic acid 
(VII) to thymidylate synthetase. In conjunction with some previous data, it has 
been concluded that the most likely mode of binding of nucleotides to these two 
enzymes involves one hydrogen bond and one anionic-cationic interaction of which 

there are four possible combinations. 

N THE FIRST paper of this series (1) on simula- I tion of phosphate binding, the underlying 
biochemical reasons for the utility of this simula- 
tion were discussed; in a relatively simple assay 
system, that is, simulation of the inhibitory prop- 
erties of 5’-adenylate on lactic dehydrogenase 
and glutamic dehydrogenase by 9H-adenine-9-yl 

Received March 26, 1965, from the Departmentpf Medici- 
nal Chemistry, School of Pharmacy, State University of New 
York a t  Buffalo. 

Accepted for publication April 12, 1965. 
This investigation was supported by grants CA-05845 and 

CA-05867 from the National Cancer Institute, U. S. Public 
Health Service, Bethesda, Md. 

The authors thank Dr. John A. Montgomery, Southern 
Research Institute, for a sample of sodium thioinosinate and 
Dr. Harry B. Wood, Jr., Cancer Chemotherapy National 
Service Center, for a supply of thioinosine and 2’-deoxy-5- 
fluorouridioe. 

Previous paper: Baker, B. R.. and Tanna, P. M.. J .  Pharm. 
Sci.. 54, 845(1965). 

alkanoic acids, the results were considered to be 
successful. However, later attempts to obtain 
phosphate simulation in binding to thymidylate 
synthetase with uracil- 1-alkanoic acids and their 
derivatives were unsuccessful (2). It was con- 
cluded (2) that a more systematic study on the 
groups of a 5’-phosphoribosyl moiety necessary 
for binding to the enzyme would be required 
before relatively simple side chains could be used 
for binding in place of the 5‘-phosphoribosyl 
binding; such a study with succinoadenylate 
kinosynthetase has been reported recently (3). 
Another approach to the simulation of phosphate 
binding of a nucleotide would be the replacement 
of the phosphate group on a known nucleotide 
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Possible Modes of Binding of a Phosphate Ester to an Enzyme, E 
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inhibitor by some candidate binding group ; 
such a candidate group is the B'karbamate group. 
The synthesis and enzymic evaluation of the 
5'-O-carbamoyl derivatives of thioinosine (XIIa) 
and 2'-deoxy-B-fluorouridine (XXIV) are the 
subjects of this paper. 

DISCUSSION 

Over 20 different ways can be envisioned (Scheme 
I) for the mode of binding of the phosphate group of 
a phosphate ester-containing substrate, depending 
upon whether one, two, or three oxygen functions of 
the phosphate are involved in binding and whether 
the mono-anionic form or di-anionic form of the 
phosphate binds by hydrogen bonds or by anionic 
interaction with a cationic group on the enzyme 
surface. This cationic group can be either directly 
on the enzyme, or the anionic group can be bridged 
t o  an anionic group on the enzyme by the divalent 
metal ion frequently needed with phosphate ester 
substrates. Furthermore, there is no a priori reason 
to  believe that all phosphate esters would bind t o  
different enzymes in an identical fashion. If there 

are indeed different modes of binding of phosphate 
esters to  their respective enzymes, then molecules 
properly designed to  simulate one mode of phosphate 
binding might not bind to a different enzyme re- 
quiring the same substrate or the same enzyme from 
a different species; for example, if the mode of 
binding of the phosphate group of inosinate (I)  to 
inosinic dehydrogenase (I+II, Scheme 11) is differ- 
ent than the mode of binding of inosinate (I) to  
succinoadenylate kinosynthetase (I+III), then it 
should be ultimately possible to  design an inhibitor 
that will block one enzyme and not the other or 
vice versa, thus achieving specificity. Replaceqent 
of the phosphate group of a nucleotide by a carba- 
mate group, as discussed in this paper, serves t o  sort 
out some of the likely versus unlikely modes of phos- 
phate binding to  thymidylate synthetase ( V d V I )  
and succinoadenylate kinosynthetase ( I+III). 

Of the 22 possible modes of phosphate binding 
listed in Scheme I, a carbamate ester such as XIIa 
should be able to  simulate 13 of these modes, that is, 
all of the modes of binding except those involving an 
anionic interaction of phosphate with a cationic site 
on the enzyme. Since thioinosinate (IV) has been 
reported to  inhibit succinoadenylate kinosynthetase 
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(I+III) (4-7), the 5’-carbamate of thioinosine 
(XIIa) was selected as a candidate inhibitor for this 
enzyme. Similarly, since 2’-deoxy-5-fluorouridylic 
acid (VII) is an excellent inhibitor of thymidylate 
synthetase (VdVI)  (8, 9) the 5’-carbamate of 2’- 
deoxy-5-fluorouridine (XXIV) was also selected for 
study. 

That thioinosinic acid (IV) was a good inhibitor of 
succinoadenylate kinosynthetase ( I d I I I )  can be 
seen in Table I. However, thioinosine 5‘-carbamate 
(XIIa) was less than one-thirtieth as dect ive as IV. 

2‘-Deoxy-5-fluorouridine-5’-carbamate (XXIV) 
did inhibit thymidylate synthetase, but was less 
than low6 as effective as 2’-deoxy-5-fluorouridylate 
(VII) (Table I )  (8, 9); in fact, the carbamate 
(XXIV) was even less effective than 2‘-deoxy-5-fluo- 
rouridine (XIX) by a factor of 4.5. Similarly, 
thymidine-5’-carbamate (XXIII)  was less effective 
than thymidylate (VI), a known inhibitor of thy- 
midylate synthetase (10). 

The fact that the 5’-carbamate group does not 
bind in place of the phosphate of these two nucleo- 
tides (IV, VII) in two enzyme systems is quite en- 
lightening; thus, of the 22 possible modes of phos- 
phate binding, those modes involving one, two, or 
three hydrogen bonds (C-1-C-4, E-1-E-6, F-4-F-6, 
respectively) (Scheme I) are rendered unlikely. 
Furthermore, since uracil-1-valeric acid fails t o  
inhibit thymidylate synthetase (2), and 6-mercapto- 
9H-purine-9-ylvaleric acid (1) is a poor inhibitor of 
succinoadenylate kinosynthetase ( 11 ), a simple 
mono-anionic-cationic interaction (A-1) is also un- 
likely. Of the remaining eight possible modes of 
binding, one involves a di-anionic-cationic interac- 
tion (B-l), four involve a mono-anionic-cationic 
interaction plus one hydrogen bond (D-l-D-4), and 
three involve a mono-anionic-cationic interaction 
plus two hydrogen bonds (F-1-F-3). At this point, 
one or more of the members of the D class seem to be 
the most likely candidates since the F class and B-1 
would appear t o  give more free energy of binding 
than required for the observed Ki’s of IV and VII. 
Therefore, current attention is being focused on 
synthesis of candidate inhibitors that could simulate 
phosphate binding of type D, that is one anionic- 
cationic interaction and one hydrogen bond. 

6+ 6 -  
1 A polarized P + 0 form such as P-0 has been suggested 

(25) as a possible mode of binding of diisopropylphospho- 
fluoridate to esterases by a structure such as i or ii. Since the 
phosphate monoester of a nucleotide already has one hydroxyl 
group fully ionized and a second hydroxyl group partially 
ionized, the polarization of the P - 0 group of a phos hate 
monoester, as in iii could be expected to be considerabfy re- 
pressed. Therefore, enzyme-substrate binding having one qf 
the phosphate binding points being of type iii is not yet seri- 
ously being considered for the design of inhibitors for phos- 
phate simulation. 
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TABLE I.-INHIBITION O F  SUCCINOADENYLATE KINOSYNTHETASE AND THYMIDYLATE SYNTHETASE BY 

Hi, R, 

mM Concn. % 
Compd. Ri R2 Ra Enzymea Inhibitor Inhibition 152 

IVc -PO(OH)z OH MPd A 0.070 50 2.3 
XIIa -CONHz OH MPd A 0.90 0 >85“ 
VII -PO(OH)z H FUf B 0.001~ . .~ 

XIX H H FUf B 3.6 50 90 
XXIV -CONH2 H FUf B 20 

XXIII -CONHz H T h  B 5 
VI -PO(OH)? H T h  B 

50 500 

0 >5OOe 
0.67i 

Succinoadenylate kinosynthetase (enzyme A) from Escherichia coEi B was isolated and assayed with 30.6 p M  IMP, 100 p M  
GTP, 3.75 mM L-aspartate, and,lO mM MgCh in glycine buffer (pH 8.0) as previously described (3). Thymidylate synthetase 
(enzyme B) from E .  coli B was isolated and assayed wlth 214 p M  dl-tetrahydrofolate 40 p M  2’-deoxyuridylate, 20 mM for- 
maldehyde, and 12 m M  MgClz in Tris buffer (PH 7.4) as previously described (15). *’The ratio of concentration of inhibitor 
to IMP (enzyme A) or dUMP (enzyme B) giving 50% inhibition. Data reviously reported (3). d MP = 6-mercapto-QH- 
purine-9-yl. Since 20%.inhibrtion is readily observed the concentratlon for 50% inhibition is estimated to be greater than 
four times the concentration measured. h T = 1- 
thvminyl. 

f FU = 5-fludro-1-uracilyl. 0 Data taken from References 8, 9, and 24. 
i Data taken from Reference 10; calculated from ratio of Ki:Km. 

EXPERIMENTAL 

Enzyme Measurements2 
Reagents.-Escherichia coli B, sodium guanosine 

5’-triphosphate (GTP), and dl-tetrahydrofolic acid 
(FAHI) were purchased from General Biochemicals. 
Sodium 5’4nosinate (IMP) and sodium 2’-deoxy-5’- 
uridylate (dUMP) were purchased from the Sigma 
Chemical Co. Thymidine and streptomycin sulfate 
were purchased from Nutritional Biochemicals. 

Succinoadenylate Kino6ynthetase.-This enzyme 
was isolated from E. coli B by a modification of the 
procedure of Lieberman (12) and assayed by the 
method of Wyngaarden and Greenland (13), as pre- 
viously described (3). Cuvette concentrations of 30.6 
pM IMP, 100 p M  GTP,  10 mM MgC12, and 3.75 
m M  L-aspartate in glycine buffer (pH 8.0) in 1 ml. 
of total solution were employed. The reaction was 
initiated by the final addition of L-aspartate and the 
increase in absorbance a t  280 mp was followed with a 
Cary model 15 recording spectrophotometer on a 
0-0.1 absorbance slide wire; the initial slopes with- 
out inhibitor were about 0.004 absorbance units per 
minute. 

Thymidylate Synthetase.-This enzyme was iso- 
lated from E. coli B by a modification of the proce- 
dure of Wahba and Friedkin (14) and assayed by a 
modification of their method as previously described 
(15). Cuvette concentrations of 214 pMdl-FAH,, 40 
p M  dUMP, 12.1 m M  formaldehyde, and 20 m M  
MgCll in 0.05 M Tris buffer (pH 7.4) containing 10 
m M  mercaptoethanol and 1 m M  tetrasodium ethyl- 
enediaminetetraa~etate~ in 3.1 ml. of total solution 
were employed. The reaction was initiated by final 
addition of dUMP after the system had balanced, 
and the increase in absorbance a t  338 mp was fol- 
lowed with a Cary model 11 recording spectropho- 
tometer on a 0-0.1 absorbance slide wire; the 
initial slopes in the absence of inhibitor were about 
0.004 absorbance units per minute. 

For assay of both enzymes, the inhibitors were 
dissolved in the respective buffer solutions and 

2 The technical assistance of Miss Shirley Herrmann, Miss 

a Marketed as Versene. 
Karen Smith, and Miss Gail Westley is acknowledged. 

sufficient was added to give 30-7070 inhibition. By 
plotting VO/VI  against I, the 50% inhibition con- 
centration (150) when VO/ VI = 2 was readily deter- 
mined, where VO = velocity without inhibitor, VI  = 
velocity with inhibitor, and I = concentration of 
inhibitor (1. 16); the 160 values are recorded in 
Table I. 

Chemistry 
Methods.-There are two major routes to the 

preparation of carbamates. The first method in- 
volves conversion of the alcohol to  a mixed carbonate 
with phenyl chIoroformate in pyridine, followed by 
treatment with ammonia (17, 18). Both steps were 
considered compatible with a nucleoside, since basic 
conditions were involved. The second method in- 
volves reaction of an alcohol with sodium cyanate 
and trifluoroacetic acid in concentrated benzene 
solution (19); the solubility of a nucleoside deriva- 
tive such as I X  was not considered compatible with 
their stringent requirements for solvent. 

Reaction of 2’,3‘-U-isopropylideneinosine (IXb) 
with phenyl chloroformate in pyridine afforded the 
mixed carbonate (XIb) as an amorphous solid in 
63’% yield. With concentrated ammonia water a t  
room temperature, XIb was smoothly converted to  
the crystalline carbamate (XVb) in 64% yield. 
Attempted removal of the isopropylidene group 
from XVb with aqueous acetic acid was followed by 
thin-layer chromatography ; with conditions suffi- 
cient for complete removal of the isopropylidene 
group, considerable cleavage to  hypoxanthine had 
already occurred. Attempts to separate hypo- 
xanthine from the desired carbamate(XI1b)appeared 
unpromising due to  the poor crystallizing properties 
of inosine derivatives. Therefore, attention was 
turned to  synthesis of the thioinosine-5’-carbamate 
( XIIa) since previous experience in this laboratory 
had indicated that 9-alkyl-6-mercaptopurines had 
better crystallizing powers than the corresponding 
hypoxanthine derivatives. 

A number of attempts to acylate selectively the 
5’-hydroxyl group of thioinosine (VIII) with phenyl 
chloroformate proved unpromising since a mixture 
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of products was always obtained; this mixture 
contained a cyclic carbonate such as X, as could 
readily be seen by twin carbonyl bands at 1760 
cm.-1 for the carbophenoxy carbonyl group and 
1810 cm.-l for the cyclic carbonate. Even treat- 
ment of VIII with one equivalent of phenyl chloro- 
formate led to products with 1810 cm.-l absorption, 
indicating that there was insufficient selectivity in 
acylation of the 5‘-hydroxyl over the 3’- or 2‘-hy- 
droxyl groups; considerable nucleoside was re- 
covered unchanged. Therefore, it was necessary to  
block the nucleoside as its 2‘,3 ’-0-isopropylidene 
derivative (IXa). Since trace amounts of cupric 
ion in the final inhibitor preparation have been 
shown to change the inhibitor properties of thio- 
inosinate (IV) (20) for succinoadenylate lyase, the 

enzyme that converts succinoadenylate (111) to 
adenylate, a modification of the method of Hampton 
(21), which does not use cupric sulfate, was utilized 
for preparation of IXa. Thioinosine (VIII) was 
smoothly converted to its isopropylidene derivative 
(I=) in 84% yield when a 2: 1 ratio of methanesul- 
fonic acid to VIII was employed in acetone contain- 
ing 2,2-dimethoxypropane as a water scavenger. 

The isopropylidene nucleoside (IXa) reacted 
smoothly with excess phenyl chloroformate in pyri- 
dine to  give an 87% yield of the mixed carbonate 
(XIa) which showed a single carbonyl band at 1760 
cm.-l. When reacted with aqueous ammonia at  
room temperature, XIa was readily converted to the 
crystalline 5’-carbamate (XVa) in 91% yield. Con- 
siderable study was devoted to the best conditions 
for removal of the isopropylidene group of XVa since 
concurrent nucleoside cleavage to  6-mercaptopurine 
was a serious side reaction; the reactions were 
followed by thin-layer chromatography. The best 
conditions found were refluxing in 20% acetic acid 
for 45 min. ; at this time some XVa was still pres- 
ent, but 33% cleavage t o  the water-insoluble 6-mer- 
captopurine had already occurred. The desired 
carbamate (XIIa) was readily separated from the 
water-insoluble 6-mercaptopurine since XIIa is 
readily soluble in hot water, but insoluble in cold; 
XIIa was isolated as a beautifully crystalline mate- 
rial in 33% yield. 

Although the isopropylidene derivative (IXa) 
could be converted directly to  the N-phenylcarba- 
mate ( XVIIa) in N,N-dimethylformamide with 
phenylisocyanate, attempted selective removal of 
the isopropylidene group of XVIIa to form XIVa 
gave a complex mixture which was unpromising. 
However, the N-methylcarbamate (XVIa), prepared 
from XIa with aqueous methylamine in 78% yield, 
could be converted to  crystalline XIIIa in 37% yield 
with a 29% concomitant cleavage to  6-mercapto- 
purine. (Scheme 111.) 

Since thymidylate is an inhibitor of thymidylate 
synthetase (10) and since thymidine (XVIII) is 
considerably more accessible than 5-fluoro-2‘- 
deoxyuridine (XIX), the synthesis of thymidine 
5’-carbamate (XXIV) was investigated first. Even 
though the properly blocked derivative of thymi- 
dine-namely, its 3’-acetate-can be prepared in 
three steps via 5’-tritylthymidine in a reported over- 
all yield of 61% (22, 23), the selective acylation of 
thymidine (XVIII) with phenyl chloroformate to  
XX was explored; the direct acylation proceeded to  
the crystalline 5’-0-carbophenoxy derivative (XX) 
in 24% yield, and some unchanged thymidine could 
be recovered. Formation of the 5‘-carbamate 
(XXIII) from XX with aqueous ammonia, as de- 
scribed for the preparation of XVa, proceeded in 
90% yield or 22% over-all from thymidine (XVIII). 

Since the remote possibility existed that the 
product isolated by selective acylation of thymidine 
(XVIII) was the isomeric 3’-O-carbophenoxythymi- 
dine, which in turn would give a 3’-carbamate, 3‘4- 
acetylthymidine (23) was reacted with excess car- 
bophenoxy chloride in pyridine t o  give XXI. 
Treatment of XXI with methanolic ammonia re- 
sulted in cleavage of the phenoxy ester and 0-acetyl 
groups t o  give authentic thymidine 5‘-carbamate 
(XXIII) in about the same over-all yield from thy- 
midine (XVIII); this was identical with XXIII 
prepared via XX. 
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0 0 In  a similar manner, 5-fluoro-2'-deoxyuridine 
(XIX) was selectively acylated to crystalline XXIIa 
in 27% yield. Conversion of the carbophenoxy 
derivative (XXIIa) to the 5'-carbamate (XXIV) 
with aqueous ammonia, as described for preparation 
of the analogous thymidine derivative (XXIII), 
gave an oily mixture from which the desired XXIV 
could only be isolated with difficulty. In contrast, 
XXIIa was readily converted with methanolic am- 
monia to the crystalline 5'-carbamate (XXI)  in near 
quantitative yield. That the product was indeed a 
5'-carbamate (XXI) and not a 3'-carbamate was 
demonstrated by an alternate unequivocal synthesis 
of the 5'-carbamate v i a  the 3'-acetate (XXIIb); 
the over-all yield from XIX was considerably poorer 
by this alternate route. 

Synthesis 
Melting points were taken in capillary tubes on a 

Mel-Temp block, and those below 230" are cor- 
rected. Infrared spectra were determined in KBr 
disk with a Perkin-Elmer 137B spectrophotometer. 
Ultraviolet spectra were determined with a Perkin- 
Elmer 202 spectrophotometer in aqueous solution. 
Thin-layer chromatograms (TLC) were run on 
Brinkmann Silica Gel G with benzenemethanol 
(3: 1) (solvent A),  benzeneethanol (5: 1) (solvent 
B), water-saturated n-butanol (solvent C), or ben- 
zeneethanol (20:3) (solvent D). Spots were de- 
tected by iodine vapor or inspection under ultra- 
violet light; in each case, a solvent system was 
chosen that differentiated starting material from 
product. 
2',3'-O-Isopropylidenethioinosine (I&).-To a 

magnetically stirred mixture of 2.50 Gm. (8.8 
mmoles) of thioinosine (VIII) in 60 ml. of reagent 
acetone and 3.8 ml. of 2,2-dimethoxypropane was 
added 1.25 ml. (17.5 mmoles) of methanesulfonic 
acid. After being stirred in a stoppered flask for 6 
hr., the reaction mixture was added to  a mixture of 
100 ml. of iced water and 63 mI. of 1 N ammonium 
hydroxide with stirring. The resulting solution was 
spin-evaporated in vacuo to about 75 ml. when the 
product separated; yield, 2.39 Gm. (84'%), m.p 
225-226", that was suitable for further transforma- 
tions; urnax. 3500 (OH); 1600, 1570, 1530 (&C, 
C=N); 1100 cm.-l (C-0-C). [Lit. m.p. 235" 

5' - 0 - Carbophenoxy - 2',3'-04sopropylidene- 
thioinosine (=a).-To a magnetically stirred solu- 
tion of 0.972 Gm. (3 mmoles) of IXa in 15 ml. of re- 
agent pyridine cooled in an ice bath was added 0.45 
ml. (3.3 mmoles) of phenyl chloroformate over a 
period of about 5 min. After an additional 15 min. 
in the ice bath, the mixture was magnetically stirred 
at ambient temperature in a stoppered flask for 
3.75 hr. The mixture was spin-evaporated in vacuo 
and the residue was triturated well with 20 ml. of 
water, then collected on a filter and washed with 
water (3  X 15 ml.). After being dried on a steam 
bath, the solid was washed with benzene (3 X 10 
ml.) to  remove traces of diphenyl carbonate whose 
presence was indicated by carbonyl absorption at 
1770 cm.-'; yield, 1.165 Gm. (87%). m.p. 236- 
238" dec., that was suitable for further transforma- 
tion. Recrystallization of a sample from 5070 
aqueous acetone gave buff-colored crystals, m.p. 
240-242" dec.; vmax. 1760 (ester C=O); 1590, 
1560, 1530 (C=C, k N ) ;  1240, 1200 (ester 

(Scheme IV.) 
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C--0-C); 1100 (ether C-0-C); 730, 685 
(CeH6); no OH near 3500 cm.-l. The compound 
moved as a single spot on TLC in solvent A. 

Anal.-Calcd. for C~OHZON~OES: C ,  54.1; H, 
4.54; N, 12.6. Found: C ,  54.2; H,  4.54; N, 
12.6. 

Similarly, IXb was converted to XIb, except that 
the benzene washings were omitted. XIb was ob- 
tained as an amorphous solid in 63% yield that  could 
not be crystallized; urnax. 1760 (ester C=O); 
1690, 1650, 1580, 1540 (C=O, C=N, C=C); 1260, 
1230 (ester C-(3-C); 1060 (ether C-%C); 
750, 685 ern.-' (CsH,). Although a trace of di- 
phenyl carbonate was present, as shown by a small 
carbonyl peak at 1770 cm.-', TLC in solvent A 
showed a single major spot and diphenyl carbonate 
moved with the solvent front. 

5' - 0 - Carbamoyl - 2',3' - 0 - isopropylidene- 
thioinosine (ma).-A solution of 889 mg. (2 
mmoles) of XIa in 40 ml. of concentrated ammonia 
water was allowed to stand 5 hr. at room tempera- 
ture, then spin-evaporated in vacuo. Trituration 
with ether to  remove phenol gave 671 mg. (91%) of 
product, m.p. 240-250". Recrystallization from 75 
ml. of 50% aqueous acetone gave 224 mg. (34%) of 
near colorless needles of analytically pure material 
that moved as a single spot on TLC in solvent A and 
had m.p. 243-247" dec.; vmax. 3500, 3350, 3200 
(NH); 1730-1700 (broad carbamate C=O); 1600 
1560, 1530 (NH, C=C, C=N); 1200 (ester 
C-0-C); 1100 (ether C-0-C); no phenoxy 
near 1760, 730, and 685 cm.-l. 

Anal.-Calcd. for C14H1~Nb06S: C, 45.8; H, 
4.67; N, 19.1. Found: C, 45.6; H,  4.80; N, 
19.1. 
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From the mother liquor of the 224 mg. there was 
isolated 210 mg. (total 62%) of a second crop, m.p. 
240-242' dec., that was also suitable for further 
transformations. 

In the same manner, reaction of XIa with 40% 
aqueous methylamine gave XVIa in 78% yield as 
an amorphous powder that  could not be crystal- 
lized but was uniform on TLC in solvent A and had 
vmsr. 1730, 1710 (CLO);  1600, 1575, 1540 (C=C, 
C=N, NH); 1200 (carbarnate C-0-C); 1100 
(ether C-0-C); no phenoxy ester near 1760, 
760, or 690 cm.-l. 

5' - 0 - Carbamoyl-2',3' - 0 - isopropylidene- 
inosine (XVb).-XIb was converted to this in 64% 
yield, m.p. 149-151'; no suitable solvent for re- 
crystallization could be found. TLC in solvent C 
showed a single spot. The compound had vmsx. 
1710 (carbamate C=O); 1690, 1650, 1590, 1550 
(NH, C-C, C=N, C=O) ; 1220 (ester C--0-C); 
1080 (ether C-0-4 ) ;  no phenoxy bands near 
1760,750, or 685 em.-'. 

Anal.-Calcd. for C ~ ~ H ~ ~ N S O I :  C, 47.9; H, 
4.88; N, 19.9. Found: C, 47.6; H, 5.01; N, 
20.1. 
2',3'- 0 - Isopropylidene-5' - 0 - (N - phenylcarb- 

amoy1)thioninosine (XVIIa).-A mixture of 324 mg. 
( 1  mmole) of IXu, 0.8 ml. of N,N-dimethylforma- 
mide, and 0.12 ml. (1.1 mmoles) of phenylisocyanate 
was heated on a steam bath for 45 min. The solu- 
tion was spin-evaporated in vacuo. The residue 
was triturated with 10 ml. of ether, then collected on 
a filter and washed with two 10-ml. portions of ether. 
Recrystallization from 70% aqueous acetone gave 
279 mg. (63%) of nearly colorless crystals, m.p. 

1600, 1550, 1530 (NH, C=C, C-N) ;  1220 (carba- 
mate C-0-4); 1100 (ether C-0-4);  760, 
690 em.-' (C6H5). The compound showed one spot 
on TLC in solvent A. 

And-Calcd. for CZOHZINSOSS: C, 54.2; H, 
4.77; N, 15.8. Found: C, 54.0; H, 4.91; N, 
15.6. 

5'-O-Carbamoylthioinosine (XIIa).-A solution 
of 200 mg. (0.54 mmole) of X V a  in 10 ml. of 20% 
acetic acid was refluxed for 45 min,  then spin 
evaporated in uacuo in a 30" bath. The residue was 
heated with 8 ml. of water, and the insoluble 6- 
mercaptopurine (30 mg., 33%) was removed by 
filtration. On being chilled, the filtrate deposited 
59 mg. (33%) of XIIa, m.p. 225-227' dec.; the 
filtrate contained a mixture of XIIa and XVa as 
shown by TLC in solvent A. Recrystallization 
from whter gave buff-colored crystals, m.p. 227- 
228' dec.; vmaX 3500, 3400 (OH, NH); 1700 
(carbamate G O ) ;  1600, 1575, 1560, 1530 (NH, 
C=C, C==N); 1200 (carbamate C--0-C); 1080 
em.-' (C-OH); Amax. (pH 1) 324 mp ( c  22,000); 
hmSx (HzO) 321 mp ( E  20,400); Am., (pH 13) 312 
m p  ( c 22,200); TLC showed a single spot in solvent 
A. 

And-Calcd. for CllH13N60&: C, 40.4; H, 
4.00; N, 21.4. Found: C, 40.5; H, 4.20; N, 
21.2. 

When the reflux time was increased to 3.5 hr., 80% 
cleavage to  6-mercaptopurine occurred. A 1.5-hr. 
reflux gave 54% cleavage and 14% of XIIa. The 
reaction was not more selective when performed at 
60'. 

249-250"; urnax, 3400 (NH), 1750, 1725 (C=O); 
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5'-0-(N-Methylcarbamoy1)thioinosine (XIIIa).- 
A solution of 333 mg. (0.875 mmole) of XVIa in 10 
ml. of 20% acetic acid was refluxed for 45 min.. then 
spin-evaporated in vacuo to about 5 ml. The 6- 
mercaptopurine (38 mg., 29%) was removed by 
filtration. The filtrate was spin-evaporated to 
dryness in uacuo. Crystallization from 50% ethanol 
gave 70 mg. (23y0) of nearly colorless needles, m.p. 
212-216" dec., which moved as a single spot on TLC 
in solvent A and had vmX. 3500, 3400 (NH, OH); 
1700 (carbamate -0); 1600, 1575, 1550, 1530 
(NH, C-C, C=N) ; 1200 cm. -l (ester C-0-C) ; 
L a x .  (PH 1) 324 mp ( e  22,400). Xmx. (PH 7), 321 mp 
(e 20,600); XmX, (pH 13) 312 mp ( E  20,600). 

And-Calcd. for C12H16N506S: C, 42.4; H, 
4.44; N, 20.6. Found: C, 42.5; H, 4.40; N, 
20.4. 

From the mother liquor of the 70 mg. was isolated 
an additional 40 mg. (total 37%) of product, m.p. 
206-209' dec. 

S'-O-Carbophenoxythymidme (XX).-To a mag- 
netically stirred and ice-cooled solution of 968 mg. 
(4  mmoles) of thymidine in 15 ml. of reagent pyridine 
was added dropwise 782 mg. (5  mmoles) of phenyl 
chloroformate over a period of 30 min. protected 
from moisture. After being stirred at ambient 
temperature for an additional 5 hr., the mixture was 
spin-evaporated in  vacuo. Trituration of the resi- 
due with water gave 695 mg. of white solid; from 
the filtrate thymidine could be isolated. The white 
solid was extracted with two 30-ml. portions of boil- 
ing petroleum ether (b.p. 60-110') to remove di- 
phenyl carbonate (133 mg., C=O at 1780 em.-'). 
The insoluble material was leached with two 15-ml. 
portions of boiling benzene, leaving the insoluble 
product, m.p. 167-168'; yield, 345 mg. (24%) 
which showed one spot on TLC in solvent A. Re- 
crystallization from ethanol gave white crystals, 
m.p. 168-169"; vmX. 3430 (OH); 1770 (ester 
C=O); 1725, 1690, 1660 (C=O, C=C, C=N); 
725,688 cm. - l (  c6H6). 

Anal.-Calcd. for C1~Hl~NzOr: C, 56.4; H, 
5.01; N, 7.73. Found: C, 56.6; H, 5.14; N, 
7.82. 

TLC of the benzene mother liquor showed three 
components. 
3'-0-Acetyl-5'-O-carbophenoxythymidme (XXI). 

-To a magnetically stirred solution of 705 mg. (2.5 
mmoles) of 3'-O-acetylthymidine (23) in 10 ml. of 
reagent pyridine cooled in an ice bath and protected 
from moisture was added 626 mg. (4 mmoles) of 
phenyl chloroformate over a period of 20 min. 
After being stirred a t  ambient temperature for 3 hr., 
the mixture was spin-evaporated in vucuo, and the 
residual oil was washed with water (2  X 10 ml.). 
The oil was leached with boiling petroleum ether 
(b.p. 60-110") (2 X 25 ml.) to  remove diphenyl 
carbonate. Crystallization from benzenepetro- 
leum ether (b.p. 30-60") gave 870 mg. (87%) of 
crude product, m.p. 68-78'. Recrystallization from 
benzene gave 725 mg. (73%) of white crystals, m.p. 
84-87'; vmax. 1760 (carbophenoxy C=O); 1725 
(acetyl C==O); 1700, 1670 (C=O, C=N, C=C); 
768, 682 (CsH6); no OH near 3500. The com- 
pound moved as one spot on TLC in solvent D, but 
analyzed for a benzene solvate. 

And-Calcd. for C10H~~N~08.1 /~C~H~:  c, 59.6 ; 
H, 5.23; N, 6.32. Found: C, 59.8; H, 5.30; 
N. 6.68. 
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Recrystallization from ethanol gave solvate-free 
white crystals, m.p. 13&139". 

Anal.-Calcd. for CloHn~NpOs: C, 56.4; H, 
4.99; N, 6.93. Found: C, 56.5; H, 5.01; N, 
7.04. 

5'-O-Carbamoylthymidie (XXIII).-Preparation 
A,-A solution of 121 mg. (0.33 mmole) of XX in 
7 ml. of concentrated ammonia water was allowed to 
stand for 4 hr., then spin-evaporated in vacua. 
Trituration of the residue with ether to remove 
phenol gave 85 mg. (90%) of product, m.p. 219- 
220'. Recrystallization from ethanol afforded 
white needles, m.p. 220-221°, that were uniform on 
TLC in solvent B; vmax. 3500 (NH, OH); 1710 
(amide and ring C=O); 1660, 1630 (C=C, C=N, 
NH); no phenoxy group near 1770, 725, or 688 
cm.-'; 

Anal.-Calcd. for CIIHISN~OB: C, 46.3; H, 
5.30; N, 14.7. Found: C, 46.4; H, 5.30; N, 
14.6. 

Preparation B.-Reaction of 186 mg. (0.46 mmole) 
of XXI with concentrated ammonia water was con- 
ducted as described under Preparation A ,  except that 
reaction proceeded for 18 hr., gave 91 mg. (71%) of 
recrystallized product, m.p. 219-221D, that was 
identical with preparation A by TLC, mixed melting 
point, and spectral data. 

5' - 0 - Carbophenoxy - 2' - deoxy - 5 - fluorouri- 
dine (XXIIa).-Reaction of 782 mg. (5  mmoles) of 
phenyl chloroformate with 984 mg. (4 mmoles) of 
XIX, as described for the preparation of XX gave 
395 mg. of benzene insoluble material, m.p. 131-132". 
Recrystallization from ethanol gave 385 mg. (27%) 
of white crystals, m.p. 135-136", that were uniform 
on TLC in solvent B; vmax. 3450 (OH); 1765 
(ester C=O); 1700, 1660 (uracil); 770, 685 cm. 
(CBH~) .  

And-Calcd. for Cl6H16FN20~: C, 52.4; H, 
4.10; N, 7.64. Found: C, 52.3; H, 4.06; N, 
7.61. 
3' - 0 - Acetyl - 3 3 '  - N,O - dicarbophenoxy - 2'- 

deoxy - 5 - fluorouridine (XXIIb).-Reaction of 158 
mg. (0.55 mmole) of 3'-0-acetyl-2'-deoxy-5-fluoro- 
uridine (26) with 234 mg. (1.5 mmoles) of phenyl 
chloroformate was performed as described for the 
preparation of XXI. Crystallization from benzene, 
then recrystallization from ethanol gave 138 mg. 
(48%) of white needles, m.p. 153-154"; h,,,. 
(EtOH) 271 mp ( e  6300); vmax. 1800, 1770 (carbo- 
phenoxy C=O); 1735 (aeetyl C=O); 1690, 1590 
(C=O, C=C, C=N); 745, 688 (CaH6): no OH 

X,,,. (HyO) 268 mp ( C  9100). 

near 3500 cm.-l. 
Anal.-Calcd. for C~~H, ,FN~OIO:  C. 56.8; H, 

3.98; N. 5.30. Found: C, 57.0: H, 4.02; N, 
5.50. 

Impure mono-5'-O-carbophenoxy derivative, m.p. 
133-136", could be isolated from the filtrate. 

5' - 0 - Carbamoyl - 2' - deoxy - 5 - fluorouridine 
(XXIV).-Preparation A.-To 10 ml. of methanol 
saturated with ammonia a t  0' was added 182 mg. 
(0.5 mmole) of XXIIa. After 30 min. a t  ambient 
temperature, the solution was spin-evaporated in 

vacuo. Trituration with ether, then recrystalliza- 
tion from ethyl acetate gave 140 mg. (99%) of 
product, m.p. 90-100'. Recrystallization from 
ethyl acetate afforded 98 mg. (68%) of whitecrystals, 
m.p. 101-102", that were uniform on TLC in solvent 
B and had vmex. 3500-3400 (OH, NH); 1710, 1660, 
1600 (C=C, C=N, -0, NH); no phenoxy bands 
near 1765, 770, 685 em.-'; Xmx. (pH 7) 268 mp 
( C  7700). 

And-Calcd. for ClOHl2FN3O8: C, 41.5, H, 
4.18; N, 14.5. Found: C, 41.8; H, 4.29; N, 
14.2. 

Preparation B.-A mixture of 90 mg. (0.22 mmole) 
of XXIIb and 7 ml. of concentrated ammonia water 
was stirred for 72 hr., then spin-evaporated in vacuo. 
The residue was leached with ether (3 X 10 ml.) to 
remove phenol and acetaniide, then crystallized from 
ethyl acetate-petroleum ether (b.p. 3040'); yield 
of crude product, 28 mg. (57%), m.p. 80-89'. Re- 
crystallization from ethyl acetate gave 20 mg. (41y0) 
of white crystals, m.p. 100-101', that had ultra- 
violet and infrared spectra identical with prepara- 
tion A ;  there was no depression on mixed melting 
point, and both preparations moved as a single spot 
with the same mobility on TLC in solvent B. The 
reaction conditions in preparation A failed to  remove 
the N-carbophenoxy group completely; the N-car- 
bamate was still present even after 24 hr., as shown 
by carbonyl absorption a t  1800 cm.-'. 
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