
Spectrophotometric and Chemical Studies of 
5 -Mercaptouracil, 5 -Mercaptodeox yuridine, 

and Their S-Substituted Derivatives 
By THOMAS J. BARDOS and THOMAS I. KALMAN 

5-Mercaptouracil (1) and 5-mercaptodeoxyuridine (11), structural analogs of 
thymine and thymidine, respectively, are effective growth inhibitors in various 
biological systems and under study as potential antineoplastic and antiviral agents. 
Both compounds were found to  be extremely unstable in aqueous solutions as they 
undergo rapid autoxidation to the corresponding disulfides. Determination of the 
ultraviolet spectra and pKa values of the thiols was possible only by special tech- 
niques, using dithiothreitol (DTT) as a “protecting” agent. Both I and I1 have 
very low pKa’s, and their anionic forms show characteristic absorption maxima 
in  the 330-mp region. These results are discussed in comparison with the spectra 
and ionization equilibria of related compounds including some new S-substituted 
derivatives of I and 11. DTT was found to  be also a uniquely suitable reagent for 
the preparation of pure I and I1 by stoichiornetric reduction of the corresponding 
disulhdes. A special technique was developed for the quantitative determination 

of the free thiols. 

STRUCTURAL analog of thymine ( I ) ,  5- A mercaptouracil (I), has bccn undcr bio- 
logical and preclinical investigation during the 
last few years as an experimental antineoplastic 
agent (2). I ts  2’-deoxyriboside (11) was recently 
synthesized enzymatically (3) and chemically 
(4), and i t  was shown to have high inhibitory 
activity in various biological test systems (3 ) .  
Both compounds, however, undergo rapid au- 
toxidatiori in aqueous solution, and this property 
has presented a major problern in their prepara- 
tion and biological testing. In fact, the autoxida- 
tion of I in dilute aqueous buffer solutions pro- 
ceeds so rapidly that the ultraviolet spectrum 
originally reported (1) for this compound was 
actually that  of the corresponding disulfide 
(111). In view of the continuing interest in thc 
biological activities and possible chemother- 
apeutic applications of these compounds, a care- 
ful study was undertaken t o  determine their 
correct spectra and dissociation constants, and to 
establish the conditions of their stability to  
aut0xidation.l This study was greatly aided by 
two recent developments, i.e., (a) the availability 
of Cleland’s reagent (5), dithiothreitol (DTT), 
and ( b )  the excellent method of Klotz and Carvcr 
(6) for the determination of sulfhydryl groups. 

EXPERIMENTAL 
Materials.-6-Mercaptouracil (I) and 5-uracilyl- 

disulfide (111) were prepared by previously described 

Received February 4, 1Y66, from t h e  Departmenls of 
Medicinal Chemistry and  Biochemical Pharmacology, 
School of Pharmacy, State Univetsity of Xew Ynik a t  
Buffalo. 

Accepted for publicatiun April 12, 1966. 
-4bstract submitted for presentation to the Medicinal 

Chemistry Section, A.PH A. Academy of Pharmaceutical ’ ’I‘his invcstigation wah supported by p a n t  CA-OtiliS>j fvom 
the National Cancer Institute, U. S. Public Health Service, 

~~~~ 

ciences, Dallas meeting, April 19tiG. 

Bethesda, Md. 
1 A study of the kinetics of autoxidation and its dependelice 

on several variables will he presented in a subsequent publi- 
cation. 

methods (1, 7). Both compounds werc purified 
by repeated crystallizations from water, arid the 
free thiol content of each preparation was deter- 
niined by the titrimetric rnethod described below. 
5-Mercaptodeoxyuridinc disulfide2 (ITT) was a 
sample of the enzymic preparation (3).  The sytithc- 
sis of 5-nietliylmercaptouracil ( V )  and 5-acctyl- 
mercap touracil (171)  will be reported.3 

Reagects.---I)TT (dithiothreitol, Clcland’s rca- 
gent)J and glutathione (re~luced)~ were used as indi- 
cated. Mcrsalyl acid (0-{ [3-(hydroxymercury)-2- 
methoxypropyl] carbatnyl ] plienoayacetic acid)6 was 
dissolved at  df conccntration in 0.2 J I  plios- 
phatc buffer, pH 6.3, containing 8 X nf NaCI. 
Indicator dye, pyricliiie-Z-azo-~-dimethylrtniline,? 
was dissolved in absolute EtOH and used at 
M concentration. Both the mercurial and the dye 
solutions were stored in the refrigerator and freshly 
prepared after 3 clays. 

be- 
tween pH 3 and 5, 0.025 111 acetate buffcrs; between 
pH 5 and 8, 0.015 LW phosphate buffers; between 
pII 8 and 12, Soreuscn’s glyciuc buffcrs. Below 3 
and above 12, dilute HCl and NaOH solutions were 
used, respectively. 

Ultraviolet Absorption and pKa Determinations.- 
Stock solutions of compounds having sulfliydryl 
groups (I, 11) were prepared in the lollowing manner 
to prevent their rapid air oxidation. I was dissolved 
in 5 X 1 0 P  iV HCI (0.250 mg./ml.) in the presence 
of 1.0 mg./nil. of DTT. The  disulfide (IV) was 
reduced to I1 a t  0.500 rng./rnl. coilcentration (pH 
7-91 by the addition of DTT (1 mg./tnl.), Chen the 
pII was adjusted to  3-4 with HCl. Stock solutions 
of the other compounds were freshly prepared in 
distilled water, except for the disulfide (111) which 
was dissolved in 0.01 N NaOH. 

A Leeds and Northrup pH indicator was used for 
the pH measurcmcnts. 

Buffers.-The following buffers were used: 
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characteristic for the S-H bond, nncl quantitative 
sulfhydryl group determination by the method 
described helow proved that the reduction of the 
disulfide to the lrce thiol was complete. 

Sulfhydryl-Group Determinationi . Essc.ntially, 
the method of Klotz and Carver ( 6 )  was eriiployed 
with some modifications. An excess of tlie mer- 
curial was ininiediately addecl in order to effect 
rapid atid quantitative combination with the very 
unstable nicrcapto compounds. This was followed 
by tlie addition of a known excess of glutathione 
which was then titrated with additional portions of 
tlie mercurial iii the described manner. Weighed 
samples were dissolvcd in 1 0 F  M HCl under N,, 
from which aliqmts werc pipetecl into a 18 X 150 
mm. test tube. After 5 ml. of 10-3 M mcrsalyl acid 
was added and mixed, 0.1 i d .  of 5 x 10-2 Mgluta- 
thione and 0.6 ml. of indicator wrrc addcd. The 
mixture was titrated w-ith A1 mersalyl acid, 
the color change was followed with a Bausch & Loinb 
photometer a t  550 iny, and the end point ol the 
titration was detcrrnined as describcd (6). 

RESULTS AND DISCUSSION 

Figure I shows the rapid change of the ahsorption 
spectrum of I in a dilute aqueous solution (8.68 X 

M )  buffered a t  n neutral pH. Even wlien the 
spectrum was taken immediately after dissolving 
the compound in  the huffer, it already showed a 
vast shift in cornparisori to the spectrum of a 
“stahilizcd” solution of I ( i e . ,  a freshly prepared 
solution containirix DTT, see helow) and within 
16 min. becamc nearly identical with that of the 
clisulfidc (111). The same process was observed to 
occur at a comparable rate under alkaline condi- 
tions, while acid pH decreased the rate of oxidation, 
a r i d  the compound appcarrd to be relatively stable 
a t  pH < 3.7. Thus, solutions of I in 5 X 10-4 LY 
hydrochloric acid did riot show appreciable change 
within scvcral hours and could bc used as stock 
solutions in the spectrophotometric studies. (See  
Experimental.) 

I)Tr was found to be an effcctive protecting 
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Fig. I.-Change of ultraviolet absorption spec- 

trum of 8.68 X M solutioii of 5-mercaptouracil 
( I )  a t  pH 7.4 (in 0.05 M phosphate b u l k ) .  Time 
lapse: from the dilution of the stock solutiun with 
the buffer uiitil the beginning of the recording. 
Key: - .  - .  - - ,2rnin.;  - - - - ,8miu. ;  - . . - ., 
16 Inin.; - - -, 60 rnin.; -; stahilizcd cou- 
trol (contains DTT). Thc scanning specd is in- 
dicated in the graph. 

The ultraviolet absorption curves werr oh- 
tnined on n Reckman DB recording; spectropliotorn- 
eter, but a Gilford rnodcl 2000 pliotometcr was used 
for the accurate determinatioii of the hmax.. A m i n . ,  
E ,  and pKa  values. Aliquots of stock solutions were 
pipeted atid diluted with hufers directly in the cells 
(10 mni. light path) to a final concentration of 12.5 
or 25 mcg./ml. 

Ahsorhancc values measured at  fivcd wave- 
lengths when plotted against p€I gave the pKa 
values as midpoints of the curves. These pICa values 
were compared to the calculated ones obtained by 
the following formula (after Gage) (8): 

wlierr A(u) is tlie absorbance valuc of the acidic 
(unionized) form, A(b)  is the value of the basic 
(ionized) specics, aid A ( % )  is the value measured 
a t  a pH close to the apparent pEa. Thc pKa values 
obtained from the curves and by calculation agreed 
within 0.1 pH unit. 

Reduction of the Disulfide with DTT.-The di- 
sulfide (111) (recrystallized froin H20), 65 nip;., and 
DTT, 130 mg., were dissolved in 00 ml. of 10-2 N 
NaOH and brought to pH 8. After a few niinutes 
of stirring under N2, the solution was acidified with 
HCl to pH 1.6, then 10 nil. of absolute ethanol was 
added, and the prodiict was allowed to crystallize 
a t  -5 to -10’. The crystals were washed with 
1 :3 ethanol-water mixture (adjusted to pH 2 with 
hydrochloric acid), followed by absolute ethanol 
and, finally, by a few drops of acetone, then they 
were dried in VUCZLU a t  110”. The infrared spectrum 
of tlie product showed a sharp peak a t  25.50 ctn.-l. 

Fig. 2.-IJltraviolet absorption spectra of 5- 
inercaptouracil ( I )  stabilized by the additiou of 
DTT (see tes t )  a t  various pH values. Key: - . - .-, 

, pH = 5.3;  -, pH = pII = 2.0; - - - - - -  

7.7; . . . . . , . . . . . . ., pH = 10.6; -----,pH = 
11.8. 
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TARLE I .--SPECI R O P H ~ T O M E ~  RICALLY DETER- 
MINED, APPARENT pKa VALUES~ 

Compd pKal pKa, PKd8 
I 5 3  10 6 > 13 

.rozdrd .f Pkarztrceuficnl S c i e ~ ~ c e s  

arc givcn in Tablc I. Tlic pKal valucs corrcspond- 
iiig to  the first acid dissociation equilibria of I 
(5.3) and I1 (5.0), respectivcly, arc considcrably 
lower than the pKa of thiophenol (7.76) (9). 5- 
Nitrouracil has a similarly low pKal as I, and in 
tlie case of the former this is due to the powerful 
electron-attracting inductivc and conjugative effects 
of the nitro group both of which promote t.he ioniza- 
tion of the N-l hydrogen [ lo) .  The relatively small, 
electroii-releasing conjugative effect oi the divaleiit 
sulfur (11) is esscntially inoperative from tlie 5- 
position of the uracil nuclcus (metn to both ring- 
nitrogens) (12) and the inductive ( - I) effect of the 
C + S bond prevails. This would cause only a 
moderate increase in the aridity of the N-1, or pi-3 
hydrogen, corresponding to lowering of the pKa1 
value only by about 1 unit, as seen by comparison 
of the pKal values (8.0-8.5) ol the S-substituted 
derivativcs, 111, I\!, V, and 1'1 (Tablc I), with that 
of uracil (9.45) (10). Therefore, the much lower 
pKa, values of I and I1 clcarly corrcspond to the 
dissociation of the sulfliydryl group, and the high 
acidity of this group must be attributrd to the 
electron-attracting effect of tlie uracil nucleus. This 
effect seems to be slightly larger in thc cnsc of 11. 
(Scheme I.) 

Table I1 summarizes thc spectrophotomctric data 
of compounds I-V. The free thiols ( I  and 11) art' 
readily distinguished from their disulfides and other 
S-substitutccl derivatives by their clinracteristically 
large bathochromic shifts in neutral or basic solu- 
tions (h., in their ionized forms). Compound I1 
shows slightly higlicr wavelength and greater 
intensity absorption than I in both thc "ncutral" 
( a )  (pH 2) and "innno-anionic" ( b )  (pH 7.7) form. 

I1 5 . 0  10.5 . .  
111 8 .0  >13 . .  
I v 8.1 >13 . .  
v 8 . 5  > 13 . .  
I? I >tc" . . .  . .  

a Limits of acru~:tcy: i O . 0 5  pH units. IIydrolysis 
occurs a1 pH > 8. 

agcnt by virtue of its low rcdox-potcntial (5). 
This compound riot only prevented the air oxidation 
of I ,  but it was also capable of reducing, rapidly 
and quantitatively, the disulfides (111 and 1V) to 
the corresponding thiols ( I  and 11), respectively. 
Thus, in the presence of excess DTT, i t  was possible 
to determinc thc ultraviolct absorption spectra of 
the free tliiols a t  various pH values and to estimate 
their dissociation constants by spectrophotometric 
methods. (See Expei.inzenta1.) The ultraviolet 
absorption of DTT itsclf intcrfcrcd with the spectra 
of I arid I1 only a t  pH > 9, and then only in tlie 
range below 960 mp. T h e  spectra of I a t  various 
pH values in the presence of DT'L' are shown iii 
Fig. 2;  in thc pH 2- 7 range, two isosbestic points 
appear, a t  273 and 302 mp. 

The apparent pKa V ~ L I ~ S  of I and its derivatives 

0 0 

R R 
a b 

11, R = deoxyribosyl 
I , R =  H 

Schcine I 

R 
I b  I I b  

Scheme TI 

TABLE 11.-1!LTRAVIOLET ABSORPTION DATA 
- 

Compd. PH hmar." x i o - z b  Xrnin." x 1 0 - 8 ~  

I 2 . 0  280 6 . 0  253.5 2.9 
7.7 253.5  9 . 4  239 8 . 3 

329.5 4 . 5 29 1 2 .1  

I1 

TI1 

I V  

V 

VI 

11.8 

2 . 0  
- 7  
1 . 1  

11.8 

2 .0  
10.6 
2 . 0 
7.0 

11.8 
2 .0  

10.6 

2.0 

(250-260)' 
336 
284 
253.5 
334 

319.5 
272 
292 
270 5 
270 
268 

(250-260 ) c  

227 (infl.) 
270 (infl.) 

233.5 
294 
269.5 

. . .  
4.9  
6.4 
9 . 4  
5.0 

4 . 5  
14.9 
18.5 
16.9 
16 .5  
13.4 
6 . 3  
4 .7  
7.3 
7.7 
7 .4  

. . .  

c . . .  
295 
254 
242.6 
292 

29 1 
234 
241 
226 
231 
254 

. . .  

263 

242 

e . . .  
2 . 6  
3 . 0  
8 . 4  
2 . 2  

3 . 5  
17.1 
9 .0  

10.0 
10 .7  
12.8 

c . . .  

3 . 6  

3 . 8  

Absorption maxima and minima, wavelength in ma. Molar absorptivities at given wavelength. Pi-esence of DTT 
prevents correct reading below 260 ma. 
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V, R' =methyl 
VI, R' = acetyl 

111,16-11 
I\', R = deoxynbosyl 

Iv -2H' 

Schenir 111 

Ionizatioti of thc second proton (pH 11.8 in Table 
11) increases both the wavelength and thc intlsnsity 
of  the absorption band in the 330 nip region in the 
case of I, and decreases both values in the case of 
11; however, the dianions of [ and TI have of 
necessity different structures. (Schcme 11.) 

Thc S-substitutcd derivatives, I! I ,  V, and VI, 
show much smaller acid-base shifts in their ultra- 
violet spectra than the free thiols and rather resemble 
thyminc in their spectral behavior (10 j, indicating 
that their first ionization involves the IT1 hydrogen. 
The disulfide (IV), in which both the sulfhydryl 
xroup and tlie N-I position are blocked, shows 
no acid-base shift, being in this rcspcct similar to 
I-methyl-uracil (10) or thymidine (13). (Scheme 
111.) 

Since the ionizations of the symmetrical disulfides 
(111 and IV) probably proceed in two steps, ie., 
giving rise to intermediate structures in which only 
one of the pyrimidines is ionized, thc spcctra of these 
compounds do not give real "isosbestic points" 
(Fig. 3), and their pKa1 values actually represent 
averages of two pKa's which are very close and can- 
not be clearly distinguishcd from each othcr. 

IN?" mas found to be a mcful rcclucitip; agent for 
the preparative conversion of the disulfide (111) to 
the frcc thiol (Ij. (See E'xpeviwzentul.) This con- 
version was accomplished previously by a much less 
convcnicnt procedure (using zinc and sulfuric acid) 
(1, 7), w-hich cannot be applied to the reduction of 
the deoxpribosidc (IV). 

For the determination of the free thiol content of 
various preparations, the method ol Klotz and 
Carvcr ( A )  was employrd in a somewhat simplified 
form, without tlie elaborate precautions recom- 
mended for the cxclusion of air. This, howcvcr, gave 
variable results in the case of 5-tnercaptouracil 
since a cunsiderablc portion of thc sample oxidized 
during the titration procedure. Glutathione, on the 
other hand, was found to  be quitc stablc undcr the 
same conditions. Taking advantage of this fact, 
an "indirect method" was developed. (See Experi- 
wzenful.) The results8 are given in Table 111. 

TABI.R III.-SULFHYDR'I'T, GROUP ANALYSIS 
- 

Free SH/S X 100" 
Comprl. Direct'] IndirectC 

I" 55-85 98 
I' . . .  08-100 
111 <B <2 
Glut a t  1 I j i  J I  I e 100 100 
1 )TT . . .  98-IOU 

x,m). 
Fig. 3.-Ultraviolet absorption spectra of 5- 

uracilyl-disulfide (111) a t  various pH values. 
Key : - ._ .- . , pH = 2.0; --- , pH = 7.7; 

pH = 14.0. 
-,pH = 10.G; ------ ,pH = 13.0; . . . .  .., 

The results indicate that I is quitc stahlr for :L 
period of a t  least 1 year when stored in solid dry 
state. I t  is also seen from Table IT1 that the rrduc- 
tion of the disulfide (111) to the free tliiol (I) by 
DTT has procccdcd in a quantitative manner. 

Mr. Pcler Forgarh in these determinations. 
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Absorption, Distribution, and 
Long-Acting Vitamin B,, 

Elimination of a 
Preparation 

By KNUD KRISTENSEN* and TAGE HANSEN 

The prolonged effect of various long-acting 
vitamin Biz preparations has been examined 
on rabbits regarding absorption, distribution, 
and elimination after intramuscular injection. 

ECENT investigations (13) have shown that  R patients with pernicious aricmia have COII- 

siderably greater rcquiremcnls for vitamin 
than have previously been assumed. More re- 
cently, there has been considerable interest in 
prcparations that  can meet the requirements more 
adequately and in a more satisfactory way than 
the aqueous solutions of vitamin n,, used pre- 
viously. The authors have investigaled the 
characteristics of various preparations made on 
the basis of various principles. A preparation 
containing cyanocobalamin -tannin complex sus- 
pended in aluininuin iiionostearate oil gel' was 
studied in detail. 

The clinical value of this preparation is re- 
flected in papers by Bastrup-Madsen et al. (4, 5), 
Schwartz et al. (10, 20), Meulengracht (13, 15), 
an cditorial (81, Nielsen and Vedsyj (l(j), Sclirumpf 
(lS), and Gough et al. ( loj .  

EXPERIMENTAL 

Materials and Methods 
Preparations 2-G were iiivestigatecl (Table I ) .  

After intraniuscular injcction (i,ni.) in rabhits, 
the following were invcstigatccl: ( a )  liberation of 
vitamin BI2G0Co from the site of injection; ( b )  ab- 
sorption of vitamin BlzMCo by the livcr; and (c) 
excretion of vitainin Bla6"Co in urine atid feces. 

For preparations F and G the investigations were 
supplcmcnted by radioactivity counts and micro- 

Received Octoher 11, 1965, from the  Research Labola- 
tories. Dumex Ltd., Copenhagen, Ilenmal-k. 
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biological determinatiuns of vitairiiri BL2 in  liver, 
kidney, and frmoral muscle about 3 months after 
the start ol trial. 

Preparations 
A number of preparations were niade using vita- 

min Rlz  labeled with 6oCo. Thrir composition is 
sho\vn in Table I. The products were prepared ac- 
cording to methods dcscribed in a British patent (6) .  

'The distribution and excretion of vitamiti Bl2 after 
parentcral adrriinistration of preparation B and of 
aqucoiis solutions of cyanocobnlninin were investi- 
gated in rats and in healthy subjects by Davis et nl. 
(7),  'Thompson and Hccht (22),  Astudillo et  nl. ( 3 ) ,  
and Glass et a l .  (9), but no records have been found 
of investigations on patients with pcrriicious ancrnia. 
The authors have not investigated any preparations 
of vitamin B,? suspended in oil or vitamin Bi2 
suspended in 2yG monostearate oil gel; the latter 
was described by Arnold et al. (I, 2),  Sobcll et al. 
(21),  and Heinrich and Gabbe (11). I t  does not 
appear to possess any rctardcd action of interest for 
clinical use. 

Preparations F and G correspond t o  a Inarketed 
suspension of cj.atiocobalamin-taiiiiiii comiplcs in 
aluminum monostearate oil gel, except that labclcd 
vitamin B72 ( T o )  was used instead of ordinary 
cyanocobalamin Spectrophotometric and micro- 
biological checks were made on the preparations. 
Thc radiocheniical purity of the labeled compounds 
was confirmed by paper chromatography and sub- 
sequent counts and by microbiological dcterniina- 
tioris of the vitamin Bv. activity on a p r  plales with 
Ladohncillus leichmannii, as dcscribed by U'insten 
and Eigen ( 2 S ) ,  aniong others. 

Animal Material.-Twelvc white nlale rabbits 
were used. Thc initial weights were from 2.7 to 3.0 
Kg. 'The rabbits werc anesthrtizcd with sodium 
amobarbital (30 mg./Kg.) snpplcnientcd by ether 
(luring the radioactivity counts. 

Standards and Methods of Measurement.-'The 
radioactivities above the site of iiijcction a i d  above 
the l i v e r  werc cletcrmined on i~ scintillation detector 
shielded by 5 em. o f  lead with a 30-1niti. round opeii- 
iiig upoil which the object to be ineasurcd was 
placed. Feces and organs were Iioinogenized before 




