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spun off again. Paper chromatography showed the barium 
salt to be of mairily ATP, with ADP and a higher phosphate 
i i i i  0.06, in 1 yo ammonium sulfate-isopropyl alcohol, 
1 : 2 ,  v. /v.)  as the impurities. I t  w t ?  converted to  the mer- 
cury salt (precipitation with Lohmann reagent) and the 
incrcury salt decomposed as usual. Final precipitation of 
the barium salt a t  p H  3.8 and repeated washing with O2y0 
acetic acid gave 3.50 mg. of a s:tmple which was slightly con- 
tmiiliated h>- ADP and a small aniount of the slower travel- 
ling higher phosphate. 

Thc  supernataiit from the precipitation a t  pH 4 was 
brought to pH 8 with alkali and the precipitated barium 
d t ,  nioitly of A D P ,  was collected hy centrifugation after 
lieepiiig the mixture a t  0” for -ionic hours, a i d  washed with 
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water; yield 120 rng. This sample of ADP \vas slightly 
contaminated by AJ IP  and ATP.  
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Carbodiimides. VI. The Reaction of Dicyclohexylcarbodiimide with Yeast Adenylic 
Acid. A New Method for the Preparation of Monoesters of Ribonucleoside 2’- and 

3 ’-Phosphates 
BY CHARLES X. DEKKER’ AND H. G. KHOR.INA? 

RECEIVED JANL-ARY 28, 1X-1 

’l!ir rcxtioii o f  aflciiylic :tcicls a :tiid 0 :tiid their mixture (yeast arlenylic acid) with tlicycloherylcarbodiiinide in aqueous 
pyridine at room ternperatlire has bccn studied. The corresponding 2’,8’-cyclic phosphate which in every case is the initial 
product reacts further to gi\-e two products, presumably the 2’- and the 3’-isomers, having the novel structures I11 a n d  I l ’ ,  
Although stable to aqueous ammonia, 111 and I T  yield adenylic acids n and b and dicyclohexylurea as the ultimate products 
\\.lien treated Tvith either dilute 50 uin hydroxide or dilute hydrochloric acid. The action of sodium benzoxide on either I I I -  
or I V  gives in good yield a mistil of the iiioiiobenzyl esters of the isomeric adenylic acids a and b. These results demon- 
strate that  the cyclic phosphate is an  intermediate in all of these reactions. The significance of these findings in the problem 
of synthesis of diiiucleoside phosphates containing 2’ ,5‘-  and 3’,3’-phosphodiester linkages has been pointed out. 

I t  has bccn reported cluite recently3 that the pro- 
longed tre:itincnt of adenosine-3’-I)hosphate (mus- 
cle adenylic acid) in aqueous pyridine with excess 
of dicyclohexylcarbodiiiiiide (DCC) affords in w r y  
good yield the symmetrical P’,P’-diadenosine-j’- 
pyrophosphate. The reaction conditions em- 
ployed are particularly suitable for work in the 
general nucleotide field and the one-step synthesis 
of adenosine cli- and triphosphate (XDP and -4TP3) 
demonstrates the practical application of this new 
and attractive approach to the synthesis of nucleo- 
tide-derived coenzymes. In seeking to extend the 
study of the reactioiis of carbodiiinides with nucleo- 
tides we have in\-estigated the reaction of DCC with 
the isomeric adenylic acids (I antl bj (I) which, from 
the known reactions of carbodiimides,6 could lead 
either to pyrophosphate formation or by virtue of 

( 1 )  Biociicmistry and Virus  I,almr:itory, University of Californizt, 

(2: British Columbia Reiearch Council, Vancouver 8, B. C. ,  C:in- 
I1 crkele y . 

) H. C,, Khoraii.i, Tlrrs JUURKAI,. 76, 3517 ~ I 9 5 - l j .  
I S a  protecting groups are rerluired .\nh 

The  reaycnts are .talile and e nut mandatory.  
i.i) T h e  initial separation of  two iwmeric aden?l icacidsfromalkal ine 

Iiydrolysates o f  yeast rihcnucleic acid w rccomlilished iointly hy C 15, 
C.irter, TIIIS J O I I R N A I . .  72, I460 (1030), and \V, I3 Colin, , ib iL,  72. 
I 171 ( I  9 3 0 , .  These conipounds. termed adenylic :acids (: and 6, were 
I:Lter shvwn to he thc ‘2’-, :ind 3‘-phosphateq hut not nece.snrily re- 
.;pcctiveIy (D A f .  Briia-n and A.  R .  Todd, J .  Cherii. Sor . ,  14 (10321). 
Rcccnt evidence ( J .  X.  Khym,  D G. Doherty,  1%. Volkin and W. E. 
Cohn. Trim J O U R N A L .  75, 1262 (19.53), and the references cited therein; 
I,. F. Cavalieri, i b : t l , ,  75 ,  3208 (19.53); and D. h i ,  Brown, G D. I‘as- 
man,  D. I I f a g r n t h ,  A.  R. Todd,  \V. Cochran and  l i ,  A I ,  Woolfson. 
.YoIxre, 172, 1184 f l95 :3) i  has firmly established the a-isomer as the 
3’-pliosphatc and t h e  b-isomer as the ?‘-phosphate For the sake of 
c o n v m i v n c t ~  IVY h i i \ - e  ueed throughout thi.: paper the original te rm?:  
adenylic acidi n and 6.  

(6) H. G. Khorana, C h e m  Xez’s. ,  53,  145 ( 1 9 3 ) .  

the adjacent free hydroxyl group to intcrnal dies- 
ter (cyclic phosphate) formation. X preliininary 
study’ of the reaction of DCC with yeast uridylic 
acid in dimethylformamide had indeed suggested 
the formation of the corresponding 2’J ’-cyclic 
phosphate. Compounds of the latter type, since 
their discovery as intermediates in the alkaline antl 
ribonuclease catalyzed hydrolysis of ribonucleic 
acid,”1o have been the subject of extensive chemi- 
cal and enzymatic investigation. - I 6  

(I) 
(a mixture of adenosine-2’- and 3’-phosphate), 
adenylic acid .Ii or adenylic hii  with an excess of 
DCC in aqueous pyridine, i t  was found that  the 
course of reaction was identical irrespective of the 
particular isomer or mixture of isomers eiiiployed. 
;Ifter a reaction period of about 30 minutes, adeno- 
sine 2’,3’-cyclic phosphate (11) was the niajor 
product (iO-i5%7,) contaminated by starting mate- 
rial. The identification of this expected reaction 
product was readily accomplished by synthesis by 
an independent route” and comparison of physical 
properties. However, with a slightly proloiigetl 

By the treatment of yeast adenylic 

( 7 )  Unpuliliaherl work of I). A I .  Brown, referred to  in  ref ( i .  
18) R 3iarkham and J D. Smith,  . \ - ( : lrt~t ,  168, 406 (l!l:l). 
(!I) R I l a r k h a m  and J D Smith,  J3ioOlem J , 52, T,:2 (l!I.-)?j 
110) D If .  Brown and A. R .  Todd,  J C h e m  .So< , i? (lO52!. 
111) D. I f .  Brown. D. I .  I i a g r a t h  and A .  R Todd.  >bi<l . ,?708 (I!j,j21. 
‘12) D. 3 1 .  Brown, C. .%. Dekker and .\, R. Todd. i6iri., 271.5 (l!l,52). 
(131 R. l l a r k h a m  and I,. .4. Heppel, X n l f l m ,  171, 1152 (l!).531, 
(14)  D. X i ,  Brown and 4 .  R Todd,  J .  Chcm. SOC., 20-10 (lcl,5:3). 
(13) L. A.  Heppel, P. R .  M’hitfield and R. Liarkham, Abstract of a 

( I O )  C. A.  Dekker, Fedevulio7z Pvuc., 13, 107 (I92.t) .  
( 1  7 )  I, ike muscle adenylic acid, these sulistances are pr;ictic:illy in- 

soluble in anhydrous organic solvenis including ~liinetliylforniarnide and 
pyridine. Although difficultly soluble even in water, they dissolve 
readily in aqueous pyridine. 

paper presented a t  a meeting of the Faraday Society, Octoher, 1953. 
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reaction period a new product appeared which 
could be detected with paper Chromatography as 
a spot travelling near the solvent front in isopropyl 
alcohol-ammonia-water (’TO : 5 : 25). Further in- 
crease in time of reaction caused the formation of 
this new product a t  the expense of the cyclic phos- 
phate so that after 8-10 hours the fast travelling 
material formed the major ultimate product of the 
reaction. That  this product was composed of two 
substances was shown by elution of the single spot 
and rechromatographing the material in the two 
layer solvent isoamyl alcohol-Zci‘, aqueous diso- 
dium hydrogen phosphate. Subsequent elution of 
either of these components followed by chromatog- 
raphy in the same solvent system gave a spot of 
identical R z ~  eliminating the possibility of “double- 
spotting” or similar solvent effects. These un- 
known substances were tentatively called “x” and 
“y,”  “x” having an Rf value in isoamyl alcohol-di- 
sodium hydrogen phosphate similar to adenylic 
acid b,  and “y” an Rf slightly lower than that  of the 
cyclic compound 11. 

The secondary reaction of 2’,8‘-cyclic phosphate 
with DCC leading to the formation of “x” and “y” 
proved to  be unique. Evidence showing that  “x” 
and iLy”  had not arisen from any interaction involv- 
ing the adenine portion of the nucleotide was ob- 
tained from a comparison of the ultraviolet ab- 
sorption spectra of these substances, as eluted from 
paper chromatograms run in isoamyl alcohol-di- 
sodium hydrogen phosphate, with that  of adeno- 
sine-?’,?,’-cyclic phosphate@ (Fig. 1). -1lthough 
the only known reaction of diesters of orthophos- 
phoric acid with carbodiimides is the formation of 
tetraesterified pyrophosphoric acid,“19 the chemical 
and physical properties of “x” and “y” were unlike 
those to be expected for a compound of this type. 
Such a tetraesterified pyrophosphate structure, 
moreover, would be inconsistent with the finding of 
two products unless a subsequent partial hydrolysis 
to a tri- or diesterified pyrophosphate had occurred. 
A11 compounds of this type were excluded from 
consideration when i t  was observed that  “x” and 
“y” were stable to 14y0 aqueous ammonia a t  room 
temperature for 24 hours. Under these conditions 
a tetraesterified pyrophosphate should act as a phos- 
phorylating agents0 and give diesterified orthophos- 
phate (in the present case, adenosine 2’,3‘-cyclic 
phosphate) and diesterified phosphoramidate,?’ 
while a diesterified pyrophosphate of the type 
P’,P’-diadenosine-3’(or 2’)-pyrophosphate would 
also be expected to yield adenosine-?’,3’-cyclic 
phosphate by analogy with results obtained on 
similar treatment of flavin-adenine dinucleotide??“ 
and uridine diphosphate glucose.22b Finally, the 
high identical Rf values of (‘x’’ and “y” in isopropyl 
alcohol-ammonia-water (TO : 5 : 23)  were in conflict 

118) T h e  ultraviolet absorption spectrum of yeast adenylic acid as 
determined a t  p H  8.5 is also almost identical with those recorded in 
Fii.. 1. 

( I ! ) )  H. G. Khorann and A. R. Todd ,  J .  Chem. Soc., 2259 (1053). 
(20) F. R. Atherton and A. R .  Todd,  i b i d , ,  674 (1047). 
(21) h-ew nomenclature of phosphorus compounds adopted by the 

Internat icnal  Union of Pure and Applied Chemistry; e.g.,  J ,  Cham. 
Soc , 5122 (19.32). 

( 2 2 )  (a )  H. S. Forrest and A,  R. Todd,  i b i d . ,  320.5 (19.50); (b) 
K .  Caput to .  L. F. Leloir. C .  E .  Cardini and A. C .  Paladini, J ,  Bioi. 
Chem.. 184, 333 (1950). 

with a diesterified pyrophosphate structure since 
the R z ~  value observed for P1,P’-diadenosiiie-5’- 
pyrophosphate3 is very low in this solvent. 

2 2 0  230 2 4 0  250 268 270 2 8 0  29@ 300 

iVare length in mp 
Fig 1 --Cltraviolet absorption spectra’ (a) --, adeno- 

sirie-2’,3’-cyclic phosphate; ( b )  ------ and (c) - -, S- 
adenylyl-S,S’-dicyclohexylureas, “x” and “y,” respec- 
tively. 

Light was shed on the nature of “x” and “y” by 
a study of the action of both dilute hydrochloric 
acid and dilute sodium hydroxide on a mixture of 
the two compounds purified by cellulose column 
chromatography. In 0.01 N hydrochloric acid, 
slow decomposition occurred a t  room temperature 
to give adenosine 2‘,3’-cyclic phosphate and ulti- 
mately adenylic acids a and b. The latter were 
shown to arise more rapidly from the action of 
stronger hydrochloric acid or 0.5 N sodium hydrox- 
ide. Simultaneously in these experiments a wa- 
ter-insoluble material shown to be dicyclohexylurea 
was obtained. Quantitative determination of the 
acid degradation products of “x” and “y” showed 
these substances to be 1 : 1 adducts of yeast adenylic 
acid and DCC. The novel structures 111 and IV 
were thus assigned to these products. 

The similarity of their ultraviolet absorption 
spectra, their identical reaction with acid and al- 
kali, and (as will be seen later) their identical be- 
havior in transesterification reactions, afford strong 
presumptive evidence in fal-or of the isomeric 
structures I11 and IV related to the isomeric aden- 
ylic acids a and b themselves. In  analogy with the 
N-acylureas derived from carbodiimides and car- 
boxylic acids, the names N-adenylylurens are given 
to these compounds. The assignnicnt of a dcfinite 
structure 111 or IV to either “x” or “y” is as yet 
impossible, the ready conversion of these substances 
into the cyclic compound making this an even more 
difficult task than the identification of the yeast 
adenylic acid isomers. One observation is, how- 
ever, pertinent in this connection. Of the two 
isomers, “x” was formed in greater amount. It is 
also known that  as a result of hydrolysis of the 2’,- 
3’-cyclic phosphate, adenylic acid b is formed in 
greater amount (see below). A consideration of 
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CHqOII R CHqOII R 

the possible mechanism of formation of “x” and 
“y” (see below) and its relation to the hydrolysis of 
the 2’,3’-cyelic phosphate offers some justification 
for relating “x” to the b series. 

The structures I11 and IV are supported by ele- 
mental analysis of a crystalline preparation of the 
free acids (>’JOY6 “x”) and by a molecular weight 
estimation, calculated both from the neutral equiv- 
alent and from the optical density of a mild acid 
hydrolysate. An electrometric titration revealed 
no secondary phosphoryl dissociation and no basic 
group other than the 6-amino group of the adenine. 
The absence of a more strongly basic group would 
seem to  eliminate the alternate O-phosphoryliso- 
urea structures (P-0-C(NHR)=NR formulas) 
in which the double bonded nitrogen would be ex- 
pected to be a fairly strong proton attractor. Re- 
lated compounds of the type A-0-C(R’)=N-R 
are known to  be unstable when AOH is a strong 
acid and most attempts to  prepare them result in 

0 L- - L A  _A_- -l_id 
4 m o  m o o  2000 1800 IGOO 1400 1200 1000 800 

1Vnb.e numbers in cm -1 

Fig 2 --Infrared spectra of: synz-dicyclohexylurea (top 
curvc);  mixture of N-adenylyl-N,N’-dicyclohexylureas 
“x” and “y” (middle curve); yeast adenylic acid (bottom 
curve) Thc spectra were taken in Perkin-Elmer infrared 
~pcctropliototnrter model 21 R using nujol mulls 

\ 
OH 

\.I 

spontaneous ketonization, giving I<’-CO-N (R) - 
A.23 The infrared spectra of a mixture of 111 atid 
IV, s3’”z-dicyelohexylurea and yeast adenylic acid?,i 
are recorded in Fig. 2. The bands a t  16% C I I ~ . - ~  
(6.14 p )  and 1577 cm.-’ (6.35 p ) ,  presumably due 
to the NHCONH grouping,?5 have shifted in the 
spectrum of I11 and ItT to 1650 em.-’ (6.06 p )  and 
1605 cm.-l (6.24 p). Further, from the work of 
Bellamy and Reecher,?6 it seems certain that the 
band a t  1223 cm.-’ (5.17 p )  in the spectrum of 
yeast adenylic acid is due to P-0 stretching; 
this band seems to have shifted to lower frequency 
(1205 cm.-’ or 8.3 p )  in the spectrum of 111 and 
117. Owing to the complexity of the molecules and 
lack of definitive data on compounds of this gen- 
eral type i t  is not possible to interpret the nl~sorptioii 
frequencies in the fingerprint region. 

Treatment with sodium benzoxide of a solution of 
the mixed pyridinium salts of I11 and IV (or of the 
pyridinium salt of chromatographically purified 111 
or IV) in anhydrous benzyl alcohol gave n iiiixturc 
of the inonobenzyl esters V and 17 of adenylic 
acids a and b. The Rf values of these esters in sev- 
eral solvents were similar to those recorded by 
Brown and Todd.24 These results are forinally 
similar to those previously obtained on the alkaline 
hydrolysis of the above mentioned bciixyl esters 
( c j .  Brown and Todd, ref. 24, p. 43) and of rilmiu- 
cleic in that  the cyclic pliosphate is thc i i i -  
termediate in all these reactions. This conclusion 
was further confirmed by a study of the reactioii Of 

adenosine 2’,3’-cyclic phosphate with sodium 1)eiiz- 
oxide; results identical with those rcportrd nliovr 
were obtained. 

(23) E. Alexander, “Ionic Organic Renrtionq,” John Wilr? :inrl S r l n s ,  
Inc., N e w  York, N. Y. ,  1950, p.  7 6 .  

( 2  L i  T h e  infrared Tpectra of adenylic acirlq n and I )  linvc Iircvinricly 
been recorded by D. I f ,  Brown and A.  R.  Todd, J .  C i r i i i .  . S o , ,  1 1  
(1932), and by E. R. I3lout and hZ. Fields, .I. B i d  
(19*9), 

( 2 3 )  H. Iif, R m d a l l ,  R. C. Fowler ,  N .  Fuson nnd J .  I<. Ilnnzl, 
“Infrared Determination of Organic Structures,” D. V m  h-ostrnnd 
Co., Inc., New York, PUT. Y., 1010. For spectra  of di.;rili.;tiliitrtl 
ureas see also IT. G. Khornna, Can .  J. Cheiiz., 32, 261 (1931). 

(2F) L. J. Bellarny and I>. Beeclier, .J .  C h ~ m  S o r . ,  47,5, 1701 (l!I:?) 
7 2 8  (19.i3). 
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It is clear that  these “transesterification” experi- 
ments establish a new method for the synthesis of 
monoesters of ribonucleoside phosphates, which 
have so far been prepared through the reaction of 
nucleoside phosphates with diazo compounds 
( e . g . ,  phenyldiazomethane for the preparation of 
benzyl esters14). Although the cyclic phosphates 
can be employed directly in such reactions, the use 
of the derivatives of the type I11 and IV appears to 
offer advantage on the grounds of solubility. Fur- 
ther i t  is interesting to compare the relative propor- 
tions of the two benzyl esters (b, 8045%;  a,  15- 
20%) formed consistently in the above mentioned 
experiments with the proportions of the isomeric 
adenylic acids (b, 60-65%; a 35-40%) obtained 
after alkaline hydrolysis of ribonucleic acidz7 or 
adenosine 2’,3’-cyclic phosphate.2s After the ini- 
tial nucleophilic attack of hydroxyl or alkoxy1 ion 
on the phosphorus atom of the cyclic phosphate, 
the opening of the ring (the two processes may be 
simultaneous) occurs so as to form the b-nucleotide 
or its ester preferentially. The high proportion 
of adenylic acid-b benzyl ester in the latter case 
(4: 1) as compared with the proportion of adenylic-b 
in the former casc (3:2) relates the steric effect, 
which seems to be operative, directly to the size of 
the initially attacking ion. These observations ap- 
pear to be of particular significance for the synthesis 
by this method of dinucleoside phosphates contain- 
ing a-5- and b-5-phosphodiester linkages. Work 
along these lines will be reported later, but i t  is rel- 
evant to point out that  the bulky ions derived from 
suitably protected nucleosides ( e .g . ,  2’,3’-isopro- 
pylideneadenosine) should yield predominantly the 
b to 5 linked dinucleoside phosphates. The latter 
type of linkage has been shown to occur in ribonu- 
cleic acids.13 l 4  

An obligatory intermediate in the described re- 
actions of carbodiimides with mono- and diesters 
of phosphoric a ~ i d ~ l ’ ~  was postulated to be a cation 
of the general structure VII, which on the subse- 
quent attack of another acid anion on the phos- 
phorus atom gave urea and a pyrophosphate. 

+ 
RSII-C--n“R 

1 
0 

I 
1 

- - - - - - - - 

R”0-P=O 

OR’ VI1 

The reaction of adenosine-ti‘-phosphate which 
was studied3 under the conditions employed in the 
present work is in accord with this mechanism. 
The initial formation of the cyclic phosphate in the 
rcaction of yeast adenylic acid with DCC is clearly 
due to the attack of the vicinal hydroxyl group on 
the phosphorus atom of the intermediate VIII, 
analogous to  VI1 above. This intramolecular re- 
action occurs much faster than the bimolecular re- 
action yielding a pyrophosphate (cf. the much 
slower formation of P1,P2-diadenosine-5‘-pyrophos- 
phate3). 

The subsequent reaction of the cyclic phosphate 
(27) W E Cohn, J. Cell ComD Pkysrol , 38 (Stlppl l),  21 (1951). 
(28) Unpublished work of C. A Dekker 

“ .  ’ OH I 
CeHn v m  DCC 

f0’  I 
”CGHII 

IX 

is probably a 1,2-addition to DCC, forming the 
intermediate 0-phosphorylisourea IX, followed by 
a rapid sequence of events leading to 111 and IV. 
The over-all reaction is reminiscent of the forma- 
tion of N-acylureas from carbodiimides and car- 
boxylic acids6 and appears to be general for the cy- 
clic diesters of phosphoric acid. Thus all the 2’,3’- 
cyclic phosphates derived from yeast ribonucleo- 
tides and the 1,2-cyclic phosphates of glycerol and 
propanediol give “phosphorylureas” under similar 
 condition^.^^ In  the reaction of non-cyclic diesters 
of phosphoric acid with carbodiimides it has so far 
not been possible to isolate 1 : 1 adducts containing 
P to N linkages as in I11 and IV. 

Experimental 
Reaction of Yeast Adenylic Acid with DCC.*9 General 

Method.-Ten mg. of yeast adenylic acid” was dissolved 
in a mixture of 0.1 cc. of water and 0.2 cc. of pyridine. A 
solution of 200 mg. of DCC in 0.5 cc. of pyridine was added 
and the clear solution kept a t  room temperature. Dicyclo- 
hexylurea began to  crystallize after approximately 30 
minutes. Aliquots of 0.1 cc. were removed a t  intervals, 
diluted with 0.2 cc. of water and extracted repeatedly with 
ether. The residual aqueous layer (pH 3-4) was examined 
on paper chromatograms in the solyent system isopropyl 
alcohol-ammonia-water (70:5:25)9 (solvent 1). Three spots 
located by their absorption of ultraviolet light had Rf values 
corresponding to  unchanged yeast adenylic acid (0.12), 
adenosine 2’,3’-cyclic phosphate (0.41) and the “adenylyl- 
ureas” (0.95): Their relative concentrations were deter- 
mined by elution with 3 cc. of 0.1 N hydrochloric acid and 
measurement of the optical density of the resulting solutions 
a t  260 mp. Table I records the results thus obtained as 
well as those obtained in experiments employing the indi- 
vidual isomers, adenylic acid a and adenylic acid b ,  as start- 
ing material. 

Preparation of N-Adenylylureas (Method A)  .-To n solu- 
tion of 200 mg. of yeast adenylic acid in aqueous pyridine 
(1.5 cc. of water and 10 cc. of pyridine) was added 2 g. of 
DCC. The clear solution was kept a t  room temperature for 
24 hr. and then filtered to remove dicyclohexylurea, the 
latter being washed thrice with small portions of water 
(total volume, 10 cc.). The combined filtrate was extracted 
repeatedly with ether and the residual aqueous solution 
dried over calcium chloride in a vacuum desiccator. The 
glassy residue was dissolved in 5 cc. of a mixture of isopropyl 
alcohol-pyridine-water (70 : 6 : 30) and the solution was 
transferred to  the top of a cellulose column (2.5 cm. in di- 
ameter by 21 cm. in length) previously washed with the 
same solvent. The materials were eluted with this solvent 
and collected in fractions of 8 cc. Examination of these 
fractions by paper chromatography (solvent 1) revealed 
that the adenylylureas I11 and IV were obtained in the first 
16 cc. of the eluate (exclusive of hold-up volume), with the 
cyclic phosphate and the yeast adenylic acid following in 

(29) DCC was prepared as previously described (H. G. Khorana,  

(30) Commercially available material was used after i t  was shown by 
THIS JOURNAL, 76, 3517 (1954)). 

paper chromatography to contajn only adenylic acids a and b. 
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TABLE I 
Adenylic acid b Yeast adenylic acid Adenylic acid a 

Time, hr. 1.5 4 0 470 0.25 0.5 1 2.15 3.75 9.3 20.5 0.25 0.5 1 2 

Adenylic acids Q and/ 
or b, rob 6 . 9  4 . 0  3 . 1  8 . 4  22.7 16.4 13.0 10 .0  5 . S  7 . 5  4 . 0  26.6 12 .3  11.4 8 . 4  

Cyclicphosphate, % 49.2 33.1 23.9 29.3 73.1 74.0 69.6 54.6 48.2 37.7 25.8 70.4 75.0 62 .8  4 2 . 6  
Phosphorylureas, o/o’ 43.9 62.9 73.0 62.3 4 . 2  9 . 6  17 .1  35.4 46.0 54.8 70.2 3.1 12.6 25.9 49,O 

In the solvent system isoamyl alcohol-5% disodium hydrogen 
phosphate, it could be demonstrated that this spot was primarily unreacted starting material. af ter  24 hours, there was 
slight isomerization probably due to slow hydrolysis of the phosphorylureas. In the solvent system isoamyl alcohol -Sc;> 
disodium hydrogen phosphate, this spot \vas resolved into two components. In all cases the faster tr:ivclling material (“s”) 
was present in greater amount. 

(I Additional DCC (100 mg.) was added after 24 hours. 

that order. The fractions containing I11 and I\‘ were con- 
centrated under reduced pressure below 30”, and finally 
evaporated to dryness over calcium chloride in P ’ U C Z L O .  The 
residue (110 mg.) was triturated with 2 cc. of water, and a 
small amount of insoluble urea was removed by filtration. 
The filtrate was cooled to 0’ and acidified with 1 cc. of cold 
0.115 N hydrochloric 2cid. After standing for approxi- 
mately 30 minutes a t  0 , the clear solution deposited a mi- 
crocrystalline precipitate which was collected, washed twice 
with ice-cold water and dried in  zxzcuo at room temperature 
over phosphorus pentoxide; yield 35 mg. Paper chroma- 
tography in solvent 1 revealed a single spot travelling close 
to the solvent front. In  isoamyl alcohol-5~o disodium 
hydrogen phosphate3I (solvent 2) the material resolved into 
two components with Rf values3’ of 0.66 (“x”)  and 0.39 
(“y”) .  The relative amounts of “x” and “y” were 75 and 
2575,  respectively. On heating the substance in an open 
capillary tubing it began to darken a t  195’ and charred 
above 210”. 

Method B.-Yeast adenylic acid and DCC reacted 
on a fivefold larger scale than described in method A. 
After 29 hr. standing at room temperature, the urea was 
removed by filtration and washed with 50 cc. of water. 
The aqueous pyridine solution was extracted with three 
200-cc. portions of toluene and the remaining aqueous solu- 
tion was concentrated in D U C Z ~ O  below 80” to33 cc. The pres- 
ence of large amounts of I11 and IV and of smaller amounts of 
the cyclic phosphate and yeast adenylic acid was revealed 
by paper chromatography. After adjusting the pH to 3 
with 0.1 N hydrochloric acid and filtering to  remove a trace 
of, dicyclohexylurea, the mixture was allowed to stand at 
5 . A copious precipitate had accumulated after 3 days 
and the PH of the supernatant had risen to  3.4. The pre- 
cipitate was collected’in a centrifugeZ2 and the centrifugate 
was washed in the tube with 3 cc. of ice-water (twice) and 
2 cc. of cold methanol (twice). The insoluble residue was 
immediately placed in a vacuum desiccator and dried over 
phosphorus pentoxide; wt. 60 mg. Paper chromatographic 
examination in solvent 1 of this material and the washings 
showed the former t o  be only phosphorylurea and the latter 
to contain, in addition, small amounts of the cyclic phos- 
phate and yeast adenylic acid. Paper chromatography 
of the residue in solvent 2 followed by spectrophotometric 
estimation showed i t  to be a mixture of “x” (73%) and “y” 

23.8 mg. of this material was suspended in 10 cc. of water 
and dissolved by the controlled addition of 0.3 N sodium 
hydroxide to pH 1 1 . 3 3  The solution was then titrated with 
0.31 N hydrochloric acid using an automatic electrometric 

(27%). 

(31) Th i s  is t he  solvent originally used by Carter  t o  separate t h e  
yeast adenylic acid isomers (see ref .  5 ) .  The  Rf values of ”x” and “y” 
were fonnd to  be influenced considerably by the  thickness of t he  overly- 
ins  layer of isoanipl alcohol. T h e  Rf’s recorded above were those ob- 
tained when the top  layer was 0.5 cm. and the aqueous layer 1 cm. 
thick. Using a top layer of 1 cm. thickness, t he  Rf’s of “x” and ”y” 
were 0.51 (same as  tha t  of adenosine 2,3-cyclic phosphate, run simul- 
taneously) and 0.18, respectively; in 5 %  disodium hydrogen phosphate 
alone, the Rr’s were: “x ,”  0.67 (same as  tha t  of adenylic acid a, run 
simultaneously) and “y.” 0.51 (same a s  tha t  of t he  2‘,3‘-cyclic phos- 
phate) .  I n  contrast, these modifications of t he  solvent system caused 
little change in t!ie Rr’s of adenylic acids u and b or the  cyclic phosphate. 

(32) Fur the r  crops of material, predominantly I11 and IV, were ob- 
tained frcm the  mother lirjuor by readjusting the PH to  2.8-3.0 and 
cooling to  5 “ .  

(33) Faint  cloudiness was observed a t  this stage. This and the  
analytical da t a  recorded below for this sample indicate the  presence of a 
small amount  of dicycloheuylurea a s  impurity. 

titration a p p a r a t ~ i s . ~ ~  This revealed no titratable group 
in the pH range 5-10, the primary amitlo group of the ring 
titrating normally. Assuming the pK, of the amino group 
to be the same as that in yeast adenylic acid (3 .8 ) ,  the neu- 
tral equivalent was calculated to be 595,33 20 prnoles of the 
acid being required to titrate the amino group. 

The solution was quantitatively recovered and diluted to 
25 cc. A I-cc. aliquot was further diluted to  25 cc. with 0.1 
N hydrochloric acid.35 The optical density of this solution 
at 257 m p  (Beckman inqtrument, niodel DU) was 0.950 
thus giving a figure of 57733 for the mol. wt. of the K-adenyl- 
ylureas. The calculated mol. wt. for C?&I3607N7P is 553.6. 
A second I-cc. aliquot from the original solution was diluted 
to 10 cc. with water, and I-cc. aliquots of this solution werc 
used for the estimation of total uhosnhorus bv t h e  iiicthotl 
of Bonar.36 Anal.  Fountl: P, 5 . 3 .  Calcd. for C.711J,07- 
h’,P! P.  5 . 6 . 3 3  - ,- - - ,  

A sample of material prepared by Method U (froiii ;OO 
mg. of yeast adenylic acid) was taken up  in 3 cc. of 0.25 :V 
ammonium hydroxide and filtered carefully to remove traces 
of urea. The clear ammoniacal solution (concentmtion, 
150-200 mg. of adenylylurea in 2 cc.) was lyophilized a n d  
the residue redissolved in 2 cc. of water. After filtratioii 
and cooling, ice-cold 0.15 ,V hydrochloric acid WLS atitlccl 
dropwise with shaking to PH 3 .  After 2 hr. at !io, :L fine 
white powder separated. This was collected, ~ v ; ~ d i d  with 
water and immediately dried over phosphorus Imitositie 
a t  room temperature. This preparation was completely 
soluble in dilute ammonium hydroxidc, and in chrom:ito- 
graphic solvent 1 travelled as a single component. In sol- 
vent 2, it proved to be almost pure “x” (!%yo) r i t h  only a 
slight contamination by “y” (,?yo). A n d .  Calcd. for 
C ~ ~ H ~ ~ O T N ~ P :  C, 49.9; H, 6.4;  h, 17.7; P, 5 . 6 .  Found: 
C, 49.1; H, 6.3; N, 17.3; P, 3.9. In McIlvainc buffer 
(PH 7), spectrophotometric examination revedetl A,,,,,, to 13c 
259-260 mp and ernax. to be 13,300.37 

Action of Acid and Alkali on N-Adenyly1ureas.-Ai1 
aqueous solution of the ammonium salts of the atleiiylyl- 
ureas (concentmtion, 2&3O mg. per cc.) purified by chro- 
matography on large paper sheets ant1 elution of the fast- 
running components ( “x” and “,-”), was used in the follow- 
ing experiments. ( a )  To 0.1 cc. of this solution \vas :tdticd 
0.1 cc. of concentrated ammonium hydroxide (si). gt.. 0.900) 
and the resulting solution was allowed to stand in :L atoplicrctl 
tube for 25 hr. Paper chromatography in solvciit 1 w- 
vealed only unchanged starting material.38 

( b )  A mixture of 0.1 cc. of the stock solution aiid 0.1 cc. 
of 0.5 iV sodium hydroxide on standing slowly deposited a 
precipitate. Paper chromatography of aliquots of the re- 
action mixture removed after 1.2 hr. and 24 hr. shon.cd th:it 
the first aliquot contained primarily unchanged startiiig 

(34) The  unit employs a hIodt.1 R Beckman pII meter, a Lilinneapo- 
lis-Honeywell Brown Iilectronik Iieror<!er and a Cilmont TJltrotnicro- 
buret. 

(35) Under these conditions the conversion to  yeast adenylic acid 
should by very rapid and the use of the figure 14,400 for the  emaX of 
yeast adenylic acid a t  257 mp will then be valid. 

(36) Described in the dissertation sirbmitted by R. Bonnr to  the  
Graduate  School, University of California, Berkeley, in partial fulfill- 
ment of t he  requirements for t he  Ph.D. Degree. This  is a modifica- 
tion of the  micro-method of B. L. Griqwold, 1’. L. Humoller and A. R. 
McIntyre ,  Anal. Chem., 23, 192 (1951). in \%hich P-methylaminophenol 
sulfate (G. Gomori, J .  Lab. Clitz. ,%led.,  27, 955 (1042))  has been used 
as reducing agent in place of aminonaphtholsulfonic acid. 

(37) Based on the  molecular weight of t he  anhydrous compound. 
(38) This  t reatment  partially hydrolpxs adenosine 2’,3’-cyclic 

phosphate. 



July 5,  1954 ELECTRICAL EFFECT OF THE N-OXIDE GROUP IN PYRIDINE 1-OXIDE 3527 

material and some yeast adenylic acid whereas the latter 
contained mostly yeast adenylic acid. In neither case was 
any 2’,3’-cyclic phosphate detected. The precipitate was 
collected, washed with water and dried; m.p. 226’ unde- 
pressed on admixture with authentic N,N’-dicyclohexyl- 
urea. 

(c) 0.1 cc. of the stock solution acidified with 0.1 cc. of 
0.01 N hydrochloric acid was allowed to stand a t  room tem- 
perature. After 9 hr., spherical crystals were observed 
which were shown by paper chromatography to be pure 
starting material (as the free acid). The supernatant also 
contained the adenylylureas as well as a large amount of 
adenosine 2‘,3’-cyclic phosphate and a small amount of 
yeast adenylic acid. In a similar experiment employing 
0.1 N hydrochloric acid, complete degradation to N,N’-di- 
cyclohexylurea (m.p. and mixed m.p. with authentic sample 
226-227’) occurred within one hour a t  room temperature. 

One hundred mg. of the pyridinium salts of I11 and IV, 
obtained by cellulose column chromatography (Method A 
above) and dried in vacuo over phosphorus pentoxide, was 
triturated thoroughly with 1 cc. of N hydrochloric acid and 
the insoluble dicyclohexylurea was collected after one hour, 
washed with water and dried over phosphorus pentoxide; 
wt. 37 mg.; theoretical yield for the pyridinium salts, 35.2 
n1g.3~ 

Action of Sodium Benzoxide on “x,” “y” and Adenosine- 
2’,3’-cyclic Phosphate.-Twenty-five mg. of the pyridinium 
salts of a mixture of I11 and IV obtained by cellulose column 
chromatography were dried in vacuo over phosphorus pen- 
toxide and dissolved in 0.3 cc. of anhydrous benzyl alcohol; 
0.1 cc. of a solution of sodium benzoxide in benzyl alcohol 
(from 100 mg. of sodium in 5 cc. of anhydrous benzyl alco- 
hol) was added and the reaction vessel was sealed and al- 
lowed to stand a t  room temperature. Aliquots of 0.1 cc. 
were removed a t  intervals, diluted with 0.2 cc. of 2.5% 
acetic acid (to pH 3-4) and then extracted twice with ether. 
The residual aqueous solutions were examined by paper chro- 
matography in solvent 1 and spectrophotometric estimation 
was made of the amounts of the reaction products and the 
unreacted adenylylureas. The results are summarized in 

(39) The slightly higher yield indicates some loss of pyridine from 
the pyridinium compounds. 

TABLE I1 
1 hr. 7 hr. 17 hr.40 

“x” and “y,” % 70.0 25.0 7 .4  
Benzyl’esters, % 26.4 49 .8  31.7 
Yeast adenylic acid, ’% 3 . 6  25 .2  60.9 

Table 11. The benzyl esters were separated by large scale 
paper chromatography in solvent 1 and after elution and 
concentration were rechromatographed in solvent 2 and in 
butanol-acetic acid-water (4:  1:5). In solvent 2 the re- 
ported24 Rf values for the benzyl esters of a and b are, re- 
spectively, 0.67 and 0.56; found: 0.64 and 0.52. In bu- 
tanol-acetic acid-water the reported24 values are: 0.44 and 
0.50; found: 0.49 and 0.57. Elution of the benzyl esters 
followed by spectrophotometric estimation revealed that the 
ester of adenylic acid b was present in much larger amount 
than that of adenylic acid a (4: 1). Adenosine 2’,3‘-cyclic 
phosphate and the individual isomeric adenylylureas were 
treated also with sodium benzoxide under similar condi- 
tions to those described above. The benzyl esters were 
formed in good yield (40-55%) in each instance. The de- 
termination of the relative amounts of the two benzyl esters 
revealed that in every case the b ester predominated (8(t 
85%). Further identification of the mixed benzyl esters 
was made by acid (80% acetic acid a t  100”) and alkaline 
(0.5 N sodium hydroxide a t  30’) hydrolysis and chromato- 
graphic examination of the products of the reaction in sol- 
vent 2 and in butanol-acetic a c i d - ~ a t e r . ~ ~  In both cases 
a mixture of adenylic acids a and b resulted. 
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(40) The absolute exclusion of moisture is difficult and will pro- 
This probably accounts foundly influence such a small scale reaction. 

for the increased formation of yeast adenylic acid with time. 
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Pyridine 1-oxide is shown to  violate Brown’s “chemical non-crossing r ~ 1 e . I ’ ~  The two major semi-empirical molecular 
orbital methods of calculating the reactivity of this compound are considered. The static method cannot correctly predict 
the reactivity in both electrophilic and nucleophilic substitution in this case. Hammett substituent constants for the 
replacement of a CH group in benzene by an N++O- group are derived from the PK’s of the N-oxides of nicotinic acid, 
isonicotinic acid, 3- and 4-hydroxy- and 4-aminopyridine, and are used in calculation. bv the localization method. of the 
relative reactivity of the various positions in pyridine 1-oxide. The electronic s t ructur ia id  the dipole moment of this com- 
pound are also discussed. 

Two main semi-empirical wave mechanical 
methods are available for the prediction of reac- 
tivity of conjugated organic compounds. These 
methods are referred to as the localization and the 
static methods2; both have been used extensively, 
and are generally found to lead to the same conclu- 
s i o n ~ . ~  Unfortunately, neither method achieves a 
calculation of the true activation energy. In  the 
static method the rr-electron contribution to the 
total potential energy of the reacting system is cal- 

(1) Paper V in the Series: Theoretical Considerations Concerning 
the Hammett Equation. For Paper IV see H. H. JaffC, J .  Chem. 
Phys., 21, 415 (1953). 

(2) H. H. Greenwood, Trans. Faraday Sac., 48, 585 (1952). 
(3) R. D. Brown, Quart. Rev., 6, 63 (1952). 

culated a t  some point along the reaction path 
before the transition state is reached. The localiza- 
tion method, on the other hand, is concerned with 
the same quantity a t  some point on the reaction 
path beyond the transition state.3 The fact that  
predictions made by both methods usually agree 
with each other and with the experimental findings 
has led Brown to propose the “chemical non-cross- 
ing rule.” This rule expresses the notion that 
curves representing the variation of the potential 
energy of the reacting system along the reaction 
path for similar compounds, or for different posi- 
tions in a single compound, usually do not cross.3 
This rule is not postulated to be universally valid; 
i t  has received some theoretical support from the 


