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PROTOLYTIC EQUILIBRIUM OF
CERTAIN ANNELATED AZOLOAZINES

A. P. Volovodenko'. R. E. Trifonov', P.V. Plckhanovz. G. L. Rusinovz,
D. G. Beresnev’, and V. A. Ostrovskii'

The first and scecond protonuations of annelated azoloazines have been investisated quantitatively in
aqueous  solution.  Compounds — investigated  were  pyrazolof1.5-a]pyrimidine  (pKgy-  0.03£0.02,
pKpu2- -7.87x0.30), 1.2 4-riazolof4.3-b]-1.2 4-triazine  (pKpy~  -0.0420.02,  pKgy2+=  -8.00x0.10),
1.2 4-triazolof 1 5-a]pyrimidine (pKgy- 0.214€0.03, pKg2- -9.00£0.09) and its 6R derivatives (R = NO.,
Br, Cl). The annelated azoloazines studied are weaker bases than their unannelated unalogs. According o
gquantum chemical caleulations (AM1), protonation of these heterocveles mayv occur both at the azole and
the azine fragments of the molecule.
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Annclated azoloazines are bicyclhic systems with certain hetcroatoms present in both the azole and azine
fragments. Progress in the chemistry of annelated azoloazines has been caused by their widespread use in medicine
and coordination chemistry. Purine and its derivatives arc the most important components of nucleic acids [1].
Azoloazine fragments cnter into the structure of many biologically active substances. including medicinal
preparations with a wide spectrum of action [2-4]. Azoloazines form stable complexes with various metal ions,
which makes them promising as corrosion inhibitors and in systems for industrial purification of wastc waters
[5.6]. Benzannclated azoloazines are interesting subjects for the investigation of such fundamental properties of
heterocyclic compounds as tautomerism, aromaticity, ete. {7.8]. The ability to display acidic and basic propertics
mainly determines the biological activity, the efficiency of complex formation, and also certain other chemical and
physicochemical propertics of heterocycles. The acid-base properties of azoloazines have gencerally not been
investigated. The exceptions are the purines and pteridines [1.9.10].

The protolytic cquilibria of certain compounds were investigated in aqucous sulfuric acid solutions by the
spcctrophotometric method in the present work. Compounds investigated were pyrazolo[1,5-¢]pyrimidine (1),
1.2.4-tnazolo{4.3-h]-1.2.4-triazinc (2), and also unsubstituted 1.2.4-triazolo[1.5-¢]pyrimidine (3) and its
derivatives 6-nitro- (4), 6-bromo- (5), and 6-chloro-1.2.4-triazolo[ 1,5-a]pyrimidinc (6). Basicity constants (pAy+)
were determined for the neutral molecules 1-6 and also for the monoprotonated forms (pKp2+) of the
unsubstituted heterocycles 1-3. A theorctical analysis of the azoloazines was carried out in addition to the
cxperimental investigation. The enthalpy of formation of the free bases 1-6, and also of the various tautomeric
forms of the mono- and dications, were calculated by the AM1 method. The proton affinity (P4) in the gas phase
was calculated for the free bases and for the corresponding cations taking into consideration the formation of the
thermodynamically most stable mono- and diprotonated forms.
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Protonation of the free bases 1-6 and the correspending monocations is reflected in the clectronic
absorption spectra [11].

The special feature of the azoloazines as bases is the presence of several nonequivalent centers of basicity
in the azole and azine fragments of the molecule. Because of this the possibility of not only mono- but also
diprotonation must be considered.

Kpn+

K22+
+

2+
BH BH.

B

When protonating azoloazines 1-6 it 15 possible to form from 2 to 4 different tautomeric forms of the
monocations and 2 to 6 forms of the dications. This complicates significantly the interpretation of the protonation
picturc.

~ Two to three absorption bands were observed in the clectronic spectra (Table 1) irrespective of the form in
solution of heterocyceles 1-6. This 1s characteristic of annclated systems [9,12]. The picture of the change of
clectronic spectra on mono- and diprotonation was uniquce for cach compound studied. The introduction of NO»-,
Br, and Cl substituents into position 6 of triazolopyrimidine 3 lcads to a bathochromic shift of the absorption bands
of the bases and of the protonated forms. This ctfect is particularly marked for the nitro derivative.

The dependence of the molar extinction coetficient ¢ at i.q. on the acidity function H, for the heterocycles
1-6 has the S-shaped form typical of protolytic processes (Fig. 1). The dependence of g on A, for the unsubstituted
heteroeyceles 1-3 has a more complex character, two jumps were observed in different regions of acidity. The latter

arc causcd by the first and second protonations of the heterocyclic base.
In the casc of the nitro and halo triazolo-pyrimidines 4-6 the second protonation failed to be recorded
spectrally in the practical range of acidity. This is explained by the clectron-withdrawing character of the

substituents.

TABLE |. The UV Characteristics of the Free Bases of Mono- and
Dications of Annelated Heterocycles 1-6

Com- FLRT A g e
pound
| 225 (42000, 230 (31000), 291 (3730). 228 (3R000),
LSO pll 1) 5699 1180, (11, -4.15) 95 70 11,80 (], -9.90)
2 207 (162000, 260 { 301H)). = 200 ¢ T3000. 233 (3R0D), | 250 (63000,
©O310 20000, 393 (300). 93 7" LSO (], -9.90)
SO (pH 1) 045 1LSO, (1, -5.05)
3 20000 - 1S000), 272 43T - 2000 1 3000). 270 (6200),
©ethanol (pl1 7) 25K (41000, LH™a oleum (/4 -13.03)
04530 1180 (1, -5.05)
4 240 (37500, 345 (v, 223 103Ny,
buftter solution 333G SO U -6.3)
PO, (pH 2.26)
s 218 (31000), 290 (4000). 215 (27000),
buffer solution SO.T500 1500, -3.45)
1LPO (pl] 2.26)
6 o208 (10000, 290 41200, 210 (1 L6,
I bufter solution 733390 SO, -6.31)
HWPOL(pH 2200
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Fig. 1. Dependence of the molar extinction cocfficient of compounds on the acidity of the medium:
compound 1 is on curve 1: compound 3 on curve 2: compound 4 on curve 3.

The values of pKu+ and pKyi2+. obtained from the dependence of ¢ on pH or H, at analytical wavelengths
(Table 2), were calculated by the Yates—McClelland method [13]. All the heteroeycles investigated are weak
bascs. Annclation reduces significantly the basicity of both the azine and the azole rings of the condensed system
(pAun+ of pyrimidine. pyrazole, and 1.2.4-triazole is 2.48. 1.23, and 2.45 [9.14] respectively), which docs not
contradict known data [14-106].

The difference between the first and sccond protonation constants of the unsubstituted pyrazolopyrimidine
(1). triazolotriazine (2). and triazolopyrimidine (3) is very large and is 8-9 orders of magnitude. We note that a
similar picture was also reported previously for unannelated azines [17].

It is interesting to cvaluate the influence of the number of nitrogen atoms in the condensed system on the
basicity of the azoloazines. As is scen from Table 2 the values of the basicity constants of heterocyeles 1-3 ditter
msignificantly among themselves. Conscquently the increase in the number of nitrogen atoms in the system docs
not show up in its basicity.

The effect of the substituent in position 6 of the triazolopyrimidines 3-6 on basicity (Tabic 2) is
signiticantly lcss than in the casc of the unannclated heterocycles [9.14,18]. We were failed to develop any
corrclation relationships between the valucs of the basicity constants (pKu+) and the clectronic constants of
substituents. For example. the correlation cocfticient # tor the relationship of pKyun+ and o did not exceed 0.85.

TABLE 2. Basicity Constants (pKpii+. pRiyi2+) for Compounds 1-6*

Com- First protonation Second protonation _
pound PR ) r I‘l n PR v r n

] (L03+0.02 0.81+0.02 098 N -7.8740.30 .55+0.1 YN S

2 042002 (19910 03 (.97 [§ N0 10 1. het) 2 099 N

3 0.21+£0.03 (1L8410.02 09X R 92009 11300 .99 6

4 -13220.04 060107 0.99 N

5 -0.1940.023 0.860.02 0Y7 oo

[\ SLRSE0.05 0 0.94x0.04 097 . o

* lg J = -vpH + pK'yyr,  pKunr = pKsnt / x0 lg I = -mrHe + pRiyie
PRt = pAut / m.
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TABLE 3. Values of the Enthalpy of Formation of the Free Bases and
Conjugate Acids of Heterocyclic Compounds 1-6. Calculated by the AMI
Semi-cmpirical Method

Mo Compound kc;lYl?{nlc No. Compound I\L"I\|II?1.U|C
1a N _ 110,74 2h H S22
-z \m N
&/r\;./ NIC NH
N /N
N
1h /Nh 27296 2i N\|’ H 6O 81
( ) N
N I:CN,N\/
1 i
Ie [\I 267.31 2j @, N Ol%.47
- NH
h [ N
NI N
TN
1 342,02 2K i | 62255
1d N S42.62 2K N /N\ 62255
N
m [ /N
. )
il i
2a NN 152,57 3a N___N 126,544
4 Y \ 4 -
o0 0o
//
> N o N-N
b N, H 31633 b NN 296,594
r\ o’
- \
C Ox (I
\r\’;\‘\/ l'\JI
2 /.\' N 31910 3¢ N H 270,904+
[ \‘/ NI “ \|/ >
\\.,_\'\/ .
] N
2d N 611 3d 1 28755+
N
N ~ N
Ze { 32604 3¢ H “ 54409
N
X QL
@‘\J\// R/ ~N>
N
" No 602,75 ar I 63%.86
N N
= N
L Q.0
=N NS
H 1
] 1 S96.3 y H 35540
~8 I 396306 3g N 355,
N N
N “d
@)e} L
N N/ e NS

*  For free

AH,. kcal/mole:

** For IH

AH,. keal/mole:

*3

For 3H

AH,. kcal/mole:

* For 4H

AH,. kcal/mole:

z

bascs ot G-substituted 1.2.4-triazolo[ 1.
4a - 133.99:8a - 132.62: 6a-121.47.
cations of 6-substituted 1,2.4-triazolo[1
4b - 317.37. 5b - 305.89: 6b - 294.18.
cations of 6-substituted 1.2,4-triazolof |
4¢ - 297.97. 5¢ - 286.32: 6¢ - 274.77.
cations of G-substituted [.2.4-triazolo[1
4d - 309.13; 5d - 297.62: 6d - 286.81.

S-a]pyrimidincs,
JS-ulpyrimidines
S-u)pyrimidines

S-a)pyrimidines
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The solvation cocfficients (x, m) in the Yates—McClelland cquation for the heterocyeles 2-6 studied in the
majonity of cases lie within acceptable limits, which indicates the applicability of the Hammett acidity function for
describing the first and second protonation of these compounds [11.19]. The exception was pyrazolopyrimidine 1
for which the valucs of the solvation coctficients for the first and cspecially for the second protonation were
significantly lcss than onc (Table 2). It is possible that this is connccted with the change in protonation center on
going over to heterocycle 1.

The cnthalpics of formation of the free bases, and also of the possible tautomeric forms of the
corresponding conjugate acids, viz. the mono- and dications of heterocycles 1-6. were calculated by us using the
scmicmpirical AM1 method for additional interpretation of the experimental data (Table 3). Sclection of the AMI
mcthod was because of its good applicability to calculations on the thermodynamic parameters of aromatic
nitrogen-containing heterocycles [20.21]. It is scen from Table 3 that the thermodynamic stability of the tautomeric
forms of the conjugatc acids of 1-6 differ significantly.

The results obtained cnabled the most probable protonation schemes for the annclated heterocycles 1-6 to
be drawn up.

Pyrazolo(1,5-a]pyrimidinc (1). On protonating pyrazolopyrimidine 1 it is possible to form two tautomenic
forms of the monocation 1b,c (Table 3) and only one form of the dication 1d. According to the data of Table 3, the
monocation l¢ is the most stable and 1s more stable than form 1b by morc than S kcal/mole. Conscquently it might
be expected that the center of protonation of pyrazolopyrimidine will be the nitrogen atom of the pyrimidine
portion of the molecule (Scheme 1).

Scheme 1

N i Y
(D<= 0D -0
xN-N  H R/N‘N/ H @N@

la 1b

As is known unannclated pyrazole (pKun+ 2.48 [14]) is morc basic than pyrimidine (pAu+ 1.23 [17]), but
probably annciation rcduces the basicity of the pyrazole portion more significantly than that of the pyrimidine
portion.

1,2.4-Triazolo[4.3-b|-1.2.4-triazine. Triazolotriazinc 2a has four noncquivalent basic centers. The
protonation scheme of this heterocycle is fairly complex. Theoretically it is possible to form four monocations
2b-¢ and six dications 2f-k (Table 3). Thermodynamically the most stable arc the monocation 2b and the dication
2h (Scheme 2).

Scheme 2
NN L,NYQ\ N
[\N’X\//N T[\\"N@/N ‘ I: OI\II == @\F NH
2a 2b 2c 2h

In difference to pyrazolopyrimidine 1a the first protonation of triazolotriazine 2a is predominantly in the
azole portion of the molccule. We note that the thermodynamic stability of the 1H' (1b) and 2H ' cations (2¢)
difter insignificantly (less than 3 kcal/mole). It might be expected that both forms will be present in solution.
Protonation of the azine portion is encrgctically 10 kcal/mole less favored. On second protonation the dications 2g
and 2h arc the most stable. Cation 2h is morc stablc than cation 2g by 10 kcal/mole, which is caused cvidently by
destabilization of cation 2g by mutual repulsion of NH fragments.
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1,2.4-Triazolo|1.5-a|pyrimidines. Protonation of triazolopyrimidines occurs predominantly at the 3
position of the heterocycle (triazole portion) with the formation of monocations 3¢-6¢ (Scheme 3). The cations
3b-6b arc destabitized duc to the cffect of a "pyrrole” type nitrogen atom at position 8. As in the casc of the
triazolotriazine, protonation of triazolopyrimidines at the azine portion with the formation of cations 3d-6d is less
probable. The sccond protonation of heterocycles 3-6 occurs in the pyrimidine portion with the formation of the
dications 3¢e-6e. We note that the mutual repulsion of the two NH fragments of dications 3e-6¢ proves to have a
less destabilizing action than onc "pyrrole” nitrogen atom.

Scheme 3

00+ 00
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The prescnce of substituents in position 6 of the triazolopyrnimidine ring is not shown in the principal

protonation scheme.
~In view of Schemes 1-3 values were calculated for the proton affinity in the gas phase (PA, P4") of the
corresponding bascs and monocations (Tablc 4).

The valucs of P4 and P4 were calculated from the cquation: P4 = AH(H ) + AHyy - AHuy+. where AH(H)
= 314.9 kcal/mole (AM1), AHy, and AHyun+ are the enthalpies of formation of proton, base, and protonated form
respectively {22].

As is known, good correlation dependencies were found between the values of pKiy+ and the valucs of P4
for azoles and azines [15,23.24]. However, there were no similar quantitative correlations for the condensced
heterocyceles studied in the present work. This is due to scveral factors. Primarily, the protonation of annclated
heterocyclic free bases and their monocations in solution may not lead to any particular form of conjugate acid but
to an cquilibrium mixture of tautomers. Sccondly. intermolccular effects acquire a principal importance on
protonation ot annclated heterocycles.

The following general conclusion may be drawn from the investigations carried out. The behavior of
annclated azoloazines in acid media are unique for cach scries of heterocyceles, as was shown by us in the example
of compounds 1-6. 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, ) [25]. The latter may be caused by
the presence of different centers of protonation and diprotonation in the compounds investigated. For
pyrazolopyrimidine 1 the first protonation occurs at a nitrogen atom of the azine portion, but for triazolotriazine 2
and triazolo-pyrimidines 3-6 it occurs in the azole portion. Probably the absence of gencrahizing rules of the
"property—property” type tor condensed heterocycles in ditference to their unannclated analogs is caused in the
same way. Evidently additional investigations are required for a final answer to the problems posed.

TABLE 4. Values of the Basicity Constants (pAKun+) and Proton Affinity in
the Gas Phasc (P4, P4, kcal/mole) Calculated for the Formation of the
Most Stable Forms of the Conjugate Acids of Heterocycles 1-6

No. pKiw | 14 P No. PR P4 P4
I 03 15834 395K 4 152 150,95

1 o (5114 45.01 5 .19 161.20

31 02 l64.54 470 6 0.85 161.60
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EXPERIMENTAL

The UV absorption spectra were recorded on a Perkin-Elmer Lambda 40 spectrophotometer. The
concentration of sulfuric acid in aqucous solutions was determined by potentiometric titration with a precision of
+0.2 wt.%. Valucs of the acidity function A, were taken trom [26]. Aqueous buffer solutions of ionic strength
p 0.01 prepared according to {27] were used when studying basicity. The modcl heterocycies 1, 3-6 were
synthesized and purified by known methods for pyrazolo[ 1,5-a¢]pyrimidine 1 [28]: triazolo[1,5-«]pyrimidine 3
[29]: 6-nitrotriazolo[ 1,5-a]pyrimidine 4 [30]; 6-bromo- and 6-chlorotriazolo[1.5-«|pyrimidincs § and 6 [31]. The
propertics of the compounds obtained corresponded with literature data [28-31]. Triazolo[4,3-b]triazinc 2 was
synthesized by an improved method given in [32].

Triazolo[4.3-b|triazine (2). Conc. HCI (0.4 ml) was added to a solution of glyoxal (1.56 ml, 10.6 mmol)
and 3,4-diamino-1,2 4-triazolc hydriodide (2 g. 8.8 mmol) in water (10 ml) and the mixture was stirred at 60°C for
40 min. The solvent was distilled off in vacuum at a temperaturc below 60°C. The residue was treated many times
with cthyl acctate. Yield 0.56 g (52%): mp 163-164°C (mp 165-166°C according to [33]). '"H NMR spcctrum
(DMSO-d.. 100 MHz, §. ppm): 8.75 (2H. s. CHnasine): 9.70 (1H, s, CHyaute)- Found, %: C 40.06; H 2.59: N 57.77.
CH:Ns. Calculated, %: C 39.67: H 2.50; N 57.83.

Calculations by the AM1 method were carried out with the MOPAC program [34).
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