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P R O T O L Y T I C  EQUILIBRIUM OF 

CERTAIN A N N E L A T E D  A Z O L O A Z I N E S  

A. P. Volovodenko ~, R. E. Trifonov ~, P. V. Plekhanov:, G. L. Rusinov z, 

D. G. Beresnev", and V. A. Ostrovskii ~ 

The ./irst and .~'ec'oml /~rotonulicms o /  anne/ l ied azohmzines have Been investigated quantitatively in 
aqueous solution. ('ompotmd.s" investigated were /o'razolo[l ,5-u]pyrimidine q~K~n- 0.03• 
pKnu-'- - 7.8 7• 311). 1.2,4-triazolo[4.3-h]- 1,2,4-triazine (pKHu § -0. 04• (}2. pK1m-" + -8. 00• I 0). 

I. 2, 4-triazolo[l,5-a]l~vrimidine q~Kml- O. 21 ~0.03, pKuu-'- - 9.00• and itx 6R deri~'atives (R = NO:. 
Br, CI). The anne/lied azoh>azines studied are weaker bases than their unannelated anah~,4.s'. ,qc'c'ording to 
qttantttm cltemical calculations (AMI). prtllon(ttion t?/these heterocvcles may  occur both at the a-ole and 

the azine /i'agments h i the  molecule. 

Keywords: annelatcd azoloazines, basicity, protonation, prototropic tautomerism. 

Annelated azoloazmes are bicyclic systems with certain hctcroatoms present ill both the azole and azinc 
fragments. Progress in tile chemistry ofannelatcd azoloazines has bccn causcd by their widespread use in medicine 
and coordination chemistry. Purinc and its derivatives are the most important components of nucleic acids [I]. 
Azoloazinc fragments enter into tile structure of many biologically active substances, including medicinal 
preparations with a wide spectrum of action [2-4]. Azoloazincs fornl stable complexes with various metal ions, 
which makes them promising as corrosion inhibitors and in systems for industrial purification of waste waters 
[5,6]. Bcnzannclatcd azoloazines arc interesting subjects for the investigation of  such fundamental properties of 
heterocyclic compounds as tautomcrism, aromaticity, etc. [7,8]. Tile ability to display acidic and basic properties 
mainly deten'nines the biological activity, tile efficiency of complex |'omlation, and also certain other chemical and 
physicochcmical properties of heterocyclcs. The acid-base properties of azoloazincs have generally not been 
investigated. The exceptions are the purines and pleridines [I,9,10]. 

Tile protolylic equilibria of certain cornpounds wcrc investigated in aqueous sulfuric acid solutions by the 
spcclrophotometric method in the present work. Compounds investigated were pyrazolo[1,5-a]pyrimidinc (I), 
1,2,4-triazolo[4,3-h]-l,2,4-triazine (2), and also unsubstituled 1,2,4-triazolo[1,5-a]pyrimidine (3) and its 
derivatives 6-nitro- {4), 6-bromo- (5), and 6-chloro-l,2,4-triazolo[I,5-a]pyrimidine (6). Basicity constants (pK~u+) 
were detennined |br tile neutral molecules I-6 and also for the monoprotonated fomls {pKnu2+) of  the 
unsubstituted hcterocycles i-3. A theoretical analysis of the azoloazines was carried out in addition to the 
experimental investigation. Tile cnthalpy of tbmlation of the free bases I-6, and also of the various tautomcric 
lbmls of the mono- and dications, were calculated by the AM l method. The proton affinity (PA) in the gas phase 
was calculated tbr the free bases and lbr the corresponding cations taking into consideration the lbwnation of the 
thcmlodynamically most stable mono- and diprotonated lbmls. 
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3 R = H : 4 R = N O _ . : S R  = B r : 6 R  =CI 

Protonation of  the frcc bases I-h and the corresponding rnonocations is reflcctcd in the electronic 
absorption spcctra [11]. 

The special fcaturc o f  thc azoloazincs as bases is the presence of  several noncquivalcnt ccntcrs o f  basicity 
in the azolc and azinc fragments o f  thc molecule. Because ot" this the possibility, o f  not only mono- but also 
diprotonation must bc considered. 

KBI I  + KII I I22+ 
+ 2+ 

B = BH BH: 

When protonating azoloazincs I-6 it is possible to form from 2 to 4 different tautomcric lbrms of  the 
monocations and 2 to 6 tbnns o f  the dications. This complicates significantly the interpretation o|" the protonation 
picture. 

Two to three absorption bands wcrc observed in the electronic spectra (Table I) irrcspcctivc of  the [bnn in 
soluiion o f  hctcrocyclcs 1-6. This is characteristic o f  annclatcd systems [9.12]. The picture of  the changc of  
electronic spectra on mono- and diprotonation was unique lbr each compound studied. The introduction of  NO2. 
Br. and CI substitucnts into position 0 of  triazolopyrimidinc 3 leads to a bathochromic shi ft o f  the absorption bands 
of  the bases and o f  the protonatcd forms. This effect is particularly marked for the nitro derivative. 

The dependence of  the molar extinction coefficient c at L,,,,t on the acidity function H,, lbr the hctcrocyclcs 
I-6 has the S-shaped tbn-n typical ot'protolytic processes (Fig. I). The dependence of  c on H,, lbr the unsubstitutcd 
hctcrocyclcs 1-3 has a morc complex character, two jumps wcrc obscrvcd in diffcrcnt regions of  acidity. The lattcr 
arc caused by the first and second protonations of  the hctcrocyclic base. 

In thc case of  the nitro and halo triazolo-pyrimidincs 4-6 the sccond protonation failed to bc rccordcd 
spcctrally in the practical range o f  acidity. This is explained by the electron-withdrawing character of  the 
substitucnts. 

TABLE !. The UV Characteristics of the Free Bases of  Mono- and 
Dicafions of  Annelated Heterocycles 1-6 
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Fig. 1. Dependence of  the molar extinction coefficient of  compounds on the acidity of  the medium: 
compound 1 is on curve I: compound 3 on curve 2: compound 4 on curve 3. 

Thc values of  pK,,,+ and pKBu2+, obtained from the dependence of  c on pH or H,, at analytical wavelengths 
(Table 2). were calculated by thc Yates McClelland method [13]. All the heterocyclcs investigated are weak 
bases. Annelation reduces significantly the basicity of  both the azine and thc azole rings of  the condensed system 
(pKmr o f  pyrimidinc, pyrazole, and 1.2.4-triazole is 2.48. 1.23, and 2.45 [9.14] respectively), which does not 
contradict known data [14-16]. 

The difference between the first and second protonation constants of  the unsubstituted pyrazolopyrimidine 
(!).  triazototriazine (2). and triazolopyrimidine (3) is very. large and is 8-9 orders o f  magmitude. We note that a 
similar picture was also reported previously lbr unannelated azincs [I 7]. 

It is interesting to evaluate the influence of  the number of  nitrogen atoms in the condensed system on the 
basicity of  the azoloazines. As is seen from Table 2 the values of  the basicity constants o f  hetcrocycles !-3 differ 
insignificantly among themselves. Consequently the increase in the number of  nitrogen atoms in the system does 
not show up in its basicitv. 

The effect o f  the substituent in position 6 o f  the triazolopyrimidines 3-6 on basicity (Table 2) is 
significantly less than in the case o f  the unannelated heterocycles [9,14,18]. We were failed to develop any 
correlation relationships between the values of  the basicity constants (pKm~+) and the electronic constants of  
substituents. For example, the correlation coefficient r for the relationship of  pKm~+ and c~ did not exceed 0.85. 

TABLE 2. Basicity Constants (pKm,+, pKml2+) tbr Compounds !-6" 

(_'om~ First prolol l ; i t ion 

pound p K . , ,  .q ml 

I 11113• 0.NI • 

2 -11.(14:F(I.t12 OqO• 113 
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* lg  I = - x - p H  + pK 'mt+ ,  pK~m+ = pK'~m+ / x:  lg  t = - m - H .  + pK'm[+, 

pKi~lt+ = pK'l~ll+ / m.  
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TABLE 3. Valucs of  thc Enthalpy o f  Fonnation o f  thc Frcc Bascs and 
Conjugatc Acids o f  Hctcrocyclic  Compounds 1-6, Calculatcd by thc AM I 
Scrni-cmpirical Method 
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* For frcc bascs of  6-substitutcd 1,2,4-triazolo[I,5-a]pyrirnidincs, 
AH,, kca lhno lc :  4a  133.99: 5a  - 132 .62 :  6a - 121.47.  

*-" For I1-1' cations o f  
AH,, kca l /molc :  4 b  - 317 .37 :  

*~ For  31-1 cations o f  
AH,. kca l /molc :  4c - 297 .97:  

,4 For 4 H  cations of  
AH,, kca l /molc :  4d  - 309 .13;  

6-substitutcd 1,2,4-triazolo[ 15-a]pyrimidincs 
5b - 305.89: 6b - 294.18.  
6-substituted 1,2,4-triazolo[ 1,5-a]pyrimidincs 
5c - 286.32: 6c - 274 .77 .  

6-substituted 1,2,4-triazolo[ 1,5-a]pyrimidincs 
5d - 297.62: 6d - 286.81.  
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T h c  solvation cocfficicnts Ix, m) in thc Yates-McClelland equation tbr the hctcrocycles 2-6 studicd in the 
majority of cascs lie within acceptable limits, which indicatcs the applicability of  thc Hammctt acidity function for 
dcscribing thc first and sccond protonation of thcsc compounds [I 1,19J. Thc exccption was pyrazolopyrirnidinc I, 
lbr which the valucs of thc solvation coefficients tbr the first and especially for thc sccond protonation wcrc 
significantly lcss than one (Tablc 2J. It is possiblc that this is conncctcd with the change in protonation ccntcr on 
going ovcr to hctcrocyclc I. 

Thc cnthalpics of tbrmation of thc frcc bascs, and also of thc possiblc tautomcric tbn'ns of thc 
corrcsponding conjugate acids, viz. the mono- and dications of hctcrocyclcs I-6, wcrc calculatcd by us using thc 
scmicmpirical AM I rncthod for additional intcrpretation of  the cxpcrirncntal data (Tablc 3). Sclcction of thc AM I 
mctbod was bccausc of its good applicability to calculations on thc thcnnodynamic pararnctcrs of arornatic 
nitrogcn-containing hctcrocyclcs [20,21]. it is sccn from Table 3 that thc thcm~odynamic stability of thc tautomcric 
forms ofthc coniugatc acids of !-6 diffcr significantly. 

The results obtained cnablcd the most probable protonation schcmcs lbr the annclatcd hctcrocyclcs I-6 to 

bc drawn up. 
Pyrazolo[ 1,5-alpyrimidine (1). On protonating pyrazolopyrirnidinc i it is possible to lbrm two tautomcric 

lbmas ofthc monocation ib,c tTablc 3) and only one fonn of thc  dication ld. According to thc data of  Tablc 3, the 
monocation Ic is the most stable and is more stablc than foma Ib by rnorc than 5 kcal/molc. Conscqucntly it might 
bc expcctcd that the center of protonation of pyrazolopyrimidinc will bc the nitrogen atom of the pyrimidinc 
portion of thc molccule (Scheme I). 

Schcmc I 

H H 

~-H TH . 

H 

la Ib  Id 

As is known unannelatcd pyrazolc (pKBu+ 2.48 [14]} is morc basic than pyrimidinc (pKB,+ 1.23 [17]), but 
probably annclation rcduccs the basicity of the pyrazolc portion morc significantly than that of the pyrimidinc 
portion. 

1,2,4-Triazolol4,3-bl-l,2,4-triazine. Triazolotriazinc 2a has tbur noncquivalcnt basic centers. Thc 
protonation schcmc of this hctcrocyclc is fairly complex. Theoretically it is possible to tbn'n four monocations 
2b-e and six dications 2f-k (Table 3). Thcn'nodynamically the most stable arc thc rnonocation 2b and the dication 
2h (Schcmc 2). 

Schcmc 2 

H II 
N ~ / N - ~  ~ N  (" "'- N 

Nil 
t.~N . X ~ t ~  . N ~ , .~  _11 ~ 

N N 
2a 2b 2c 2h 

In difference to pyrazolopyrimidinc la the lirst protonation of triazolotriazinc 2a is prcdominantly in thc 
azolc portion of the molecule. Wc note that thc thermodynamic stability of  the IH' (Ib) and 2H' cations 12c) 
diffcr insignificantly (lcss than 3 kcal/rnolc). It might be expected that both lbrms will bc prcscnt in solution. 
Protonation of the azinc portion is energetically 10 kcal/rnolc less favorcd. On second protonation the dications 2g 
and 2h arc thc most stablc. Cation 2h is morc stablc than cation 2g by 10 kcal/molc, which is causcd cvidcntly by 
dcstabilization of cation 2g by mutual rcpulsion of  NH fragments. 
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l+2,4-Triazololl,5-alpyrimidines. Protonation of  triazolopyrimidincs occurs prcdominantly at the 3 
position of thc hctcrocyclc (triazolc portion) with thc formation of monocations 3c-6e (Schcmc 3). Thc cations 
3b-6b arc destabilized duc to the cffcct of  a "pyrrolc" type nitrogen atom at position 8. As in the case of  the 
triazolotriazinc, protonation of triazolopyrimidincs at the azinc portion with the Ibnnation of cations 3d-6d is lcss 
probablc. The second protonation of  hctcrocycles 3-6 occurs in thc pyrinaidinc portion with thc tbnnation of the 
dications 3e-6e. Wc notc that thc mutual repulsion of  the two NH fragments of  dications 3e-6e proves to have a 
less dcstabilizing action than one "pyrrolc" nitrogen atom. 

Scheme 3 

/ /N H 

3a 3e 3e 

The presence of substituents in position 6 of  the triazolopyrimidine ring is not shown in the principal 
protonation scheme. 

In view of  Schemes I-3 values were calculated tbr the proton affinity in the gas phase (PA, PA') of  the 
corresponding bases and monocations (Table 4). 

The values of  P.4 and PA' were calculated from the equation: PA = AH(H')  + AHI~ - AHem +, where AH(H') 
314.9 kcal/mole (AM IL AHn, and AHem+ are the cnthalpics of  lbnnation of  proton, base, and protonated lbnn 

respectively [22]. 
As is known, good correlation dependencies were tbund between the values of pK,ll+ and the values of  PA 

lbr azoles and azines [15,23.24]. However, there were no similar quantitative correlations lbr the condensed 
heterocyclcs studied in the present work. This is due to several factors. Primarily, the protonation of annclatcd 
hcterocyclic tree bases and their monocations in solution may not lead to any particular tbrm of  conjugate acid but 
to an equilibrium mixture of tautomers. Secondly, intermolecular effects acquire a principal importance on 
protonation of  annclated heterocyclcs. 

The tbllowing general conclusion may be drawn from the investigations carried out. The behavior of 
annelatcd azoloazines in acid media are unique lbr each series of  heterocycles, as was shown by us in the example 
of compounds I-6. The character of the solvation of  the free bases and of  the corresponding conjugate acids was 
different, which was expressed in the values of  the solvation coefficients (x, m) [25]. The latter may be caused by 
the presence of  different centers of protonation and diprotonation in the compounds investigated. For 
pyrazolopyrimidine I the first protonation occurs at a nitrogen atom of the azine portion, but lbr triazolotriazinc 2 
and triazolo-pyrimidines 3-6 it occurs in the azole portion. Probably the absence of generalizing rules of  the 
"property-property" type lbr condensed heterocycles in difference to their unannclated analogs is caused in the 
same way. Evidently additional investigations are required fbr a final answer to the problems posed. 

TABLE 4. Values of  the Basicity Constants (pK~m+) and Proton Affinity in 
the Gas Phase (P.q, P A  kcal/mole) Calculated for the Formation of the 
Most Stable Fonns of the Conjugate Acids of Heterocycles I-6 

Nu. pK,H 

I ll.3 

2 -11.O4 
I 

3 I U.21 

1'4 P4" 

158.34 39.58 

151.14 45.111 

164.54 47.11 

No. pK,,,. 

4 -I.52 

$ -II. 19 

6 -I .g~; 

Y'.4 P 4 

150.q5 
161.211 

I ('l 1.60 
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EXPERIMENTAL 

Thc UV absorption spectra wcrc recordcd on a Perkin-Elmer Lambda 40 spcctrophotomcter. The 
concentration of  sulfuric acid in aqueous solutions was determined by potentiomctric titration with a precision of  
• wt.%. Values of  the acidity function He, wcrc taken from [26]. Aqueous buftkzr solutions of  ionic strength 
~0.01 prepared according to [27] wcrc uscd whcn studying basicity. The modcl hctcrocyclcs i, 3-6 wcrc 
synthesized and purificd by known mcthods for pyrazolo[I,5-a]pyrimidinc I [28]; triazolo[l,5-u]pyrimidinc 3 
[29]: 6-nitrotriazolo[I,5-a]pyrimidinc 4 [30]: 6-bromo- and 6-chlorotriazolo[1,5-a]pyrimidincs 5 and 6 [31]. Thc 
propcrtics of  thc compounds obtaincd corrcsponded with litcraturc data [28-3 I]. Triazolo[4,3-h]triazinc 2 was 
synthcsized by an improved method givcn in [32]. 

Triazolol4,3-bltriazine (2). Conc. HCI (0.4 ml) was added to a solution o f  glyoxal (I .56 rnl, 10.6 mrnol) 
and 3,4-diamino-l,2,4-triazolc hydriodidc (2 g, 8.8 mmol) in water ( 10 ml) and the mixture was stirred at 60~ for 
40 rain. Thc solvent was distilled off in vacuum at a temperature below 60~ The residue was treated many times 
with ethyl acetate. Yield 0.56 g (52%): nap 163-164~ (rap 165-166~ according to [33]). ~H NMR spectrum 
(DMSO-d~,, 100 MHz, 6, ppm): 8.75 (2H, s, CH~~ 9.70 (IH, s, CH, ....... i~). Found, %: C 40.06; H 2.59: N 57.77. 
C~H~Ns. Calculated, %: C 39.67: H 2.50; N 57.83. 

Calculations by the AM 1 method wcrc carried out with the MOPAC program [34]. 
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