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MASS SPECTROMETRY OF NITROGENOUS HETEROCYCLES. 

I. MASS SPECTROMETRIC EVALUATION OF STABILITY OF TETRAHYDROPYRAZINES 

ANNELATED TO FIVE- AND SIX-MEMBERED HETEROCYCLES 

N. A. Klyuev, V. G. Baklykov, 
V. N. Charushin, and O. N. Chupakhin 

UDC 543.51:547.863 

Based on a study of electron impact mass spectra of a large number of tetrahydro- 
pyrazines, which are joined to five- and six-membered heterocyclic and carbocyclic 
residues, the trends which characterize the stability of these condensed systems are 
found. The proposed criteria can be used for evaluation of the chemical stability 
of these compounds, for example, their propensity toward the reverse dissociation 
reaction. 

Recently, a series of studies have appeared in which mass spectrometric methods are used 
for evaluation of the stability of hydrogenated heterocycles and for prediction of reaction 
directions [1-4]. In the present work, experimental material on mass spectrometry of con- 
densed tetrahydropyrazines is correlated. These data were accumulated during a study of the 
fragmentation patterns of hydrogenated heterocycles, the cyclization products of 1,4-diazine 
cations with bifunctional nucleophiles. 

Annelation of azines by carbo- and heterocycles through reaction of bifunctional nucleo- 
philic reagents to the two ortho-carbon atoms of the azine ring is a general method for synthe- 
sis of pyrazines and condensed systems based on them. Cyclizations of this type are known 
in a series of pyrazine derivatives, quinoxaline, pyrido[2,3-b]pyrazine, and pteridine, includ- 
ing both 1,4-diazinium cations [5-7] and neutral 1,4-diazines activated by acceptor substitu- 
ents, in particular, pteridine derivatives [8, 9]. 

N ~ N X 

-Y N 
J 

I- l lI  

The cyclizations examined are reversible and, as was shown in a number of works [5-7, 
10-12], dissociation of the cycloadducts I-III creates grounds for various types of isomeriza- 
tion which lead to regio- [i0, II] and stereoisomeric compounds [12] as well as to a change 
in the annelated ring [I0]. The result of these complicated reverse reactions which as a 
rule have a few possible directions is largely determined by the thermodynamic stability 
of the adducts I-III which are formed. Chemical experiments [I0] have shown that dissociation 
of cyclic adducts occurs with rupture of both C-X and C-Y bonds and leads to final addends, 
cations of 1,4-diazine and the corresponding dinucleophiles. The tendency of the condensed 
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tetrahydropyrazines I-III toward dissociation depends on the carbon-heteroatom bond energies 
(C-X and C-Y) which in turn are determined by the nature of the heteroatom and the character 
of the substituents in the 1,4-diazine ring. Analogous effects are related to the synchron- 
ous rupture of these bonds and are observed in the first stage of fragmentation of the molecu- 
lar ions (M +) of compounds I-III as demonstrated by a study of the mass spectra of the mete- 
stable ions. 

The present work includes a study of the relative stability of the cyclic adducts I-III 
upon variation of structural elements in order to find correlations between the chemical stab- 
ility of compounds I-III and the nature of their fragmentation. To this end, mass spectro- 
metric properties of about 30 different condensed tetrahydropyrazines are studied. These 
form the following series: 

- hydrogenated imidazo-l,4-diazines Ia-e with a constant imidazole fragment and variable 
substituents in the 1,4-diazine ring (Table i): 

H 
R 3 ~. N Call a 

B z ~N z~N~ ~S 
R, I! 

la-e 

- tetrahydropyrazines IIa-e condensed to a pyrrole ring with various substituents in the 
pyrazine ring (Table i): 

ii N~-- 
~2 N 

t 
CH~ COCR 3 

I I a - e  

- tetrahydroquinoxalines IIIa-s with a common quinoxaline core, the structure of which 
is varied due to annelation in the 2 and 3 positions of the quinoxaline nucleus by various 
carbo- and h e t e r o c y c l e s  ( T a b l e  1 ) :  

H 

E 
llla-s 

The ratio of intensities of molecular ion M + peaks of the cycloadducts I-III to the 1,4- 
diazine ion K + peaks which are formed as a result of retrodecomposition was chosen as a meas- 
ure of the stability of the annelated tetrahydropyrazines I-III. 

A 

I x N] 

~i X.N~yjl Ni 

B R 

M + K § 

The value IM+ characterizes the stability of the molecule to electron impact and is deter- 
mined by the aromaticity of the molecule as a whole. The value IK+ indicates the probability of 

fragmentation of the molecular ion M + of the cycloadducts I-III in the A direction. This frag- 
mentation pattern is characteristic for all compounds of the series studied. Besides this, 
the ratio of peak intensities of these ions (IM+/IK+).I00 = S, which characterizes the stabil- 
ity of M +, depends little on sample vaporization temperature and quantity of sample introduced 
into the ion source for production of the mass spectrum [13, 14] (Table i, compound Ib). Name- 
ly for these reasons, the ratio S is chosen as the analytical indicator of relative stability 
in the series of annelated tetrahydro-l,4-diazines. 
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TABLE i. Mass Spectrometric Data Determining the Stabil- 
ity of Condensed Tetrahydropyrazines Ia-e, IIa-e, and IIIa- 
S 

I e. 
E 
o o 

l a  

Ib 

Ic 

Id 

Ie 

IIa 

lib 

IIc 

IId 

De 

I I l a  

Formula 

H 
CH3OOC N /C~H 5 

N N'X~S 
I H 

CH~ 
H 

1 H 
CH 3 
H 
N N/C6H5 

f H 
C2H 5 

H 
N N~C6H~ 

I H 
CH 3 

C113 H 

,N ~ N",T...~N / CsH~ ' 

H Py-a  
cII300C" ~N,  I 

1 /  
CII~ COCII~ 

H p y - ~  

CH 3 COCII 3 

H Py-a 

CH~ C0CH3 

H PY-a 

CH 3 C0CH~ 

H'3 H Py-a 
N ~" N N ] 

~_ f l  CH- C0CH~ 

H 

I " -  
N o \ 

Sample 
vapor- 
ization 
temp., 
o C 

3 

l 
m/z (IM*) 

4 

304 (59,2) 

296 (51,3) 
296 (38,2) 

310 (7,8) 

346 (15,3) 

411 (27,4) 

315 (2,6) 

402 (21,3) 

322 (20,4) 

372 (;5,0) 

423 (23,8) 

m/z (IK") 

t54 (42,6) 

146 ( 9 3 , 7 )  
146 (77,2) 

160 (12,5) 

196 (43,4) 

26I (46,8) 

139 (2,0) 

226 (4,8) 

146 (19,5) 

196 (19,4) 

247 (20,8) 

(IM+ 11 K, )• 
•  

139 

55 
49 

62 

120 242 (60,4) 146 (100) 

35 

5 8  

130 

4 4 4  

105 

77 

114 

60 
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TABLE i (Continued) 

"u 
e C 

8 ~  
l 

I I Ib  

lllc 

IIId 

I H e  

I I l f  

I I Ig  

I I Ih  

III i 

III j  

I I I k  

Formula 

H 

N'" "OC2}lb 
i i 
CH 3 CeH~ 

H 

CH 3 NH 2 

H 

N NIl 

I Z 
CH a NH-CsH 5 

H 

! J 
CH a CaBs. 

It 
N N/C6H4Br-/~ 

I 
CH~ 

H 

CH 3 

H 

N /  S CsH 5 

ctI 3 

H 

S 

N S 

CH 3 CH2C6H 5 

tt 

I 
CH~ 

H ~ elI'aNO2-P 

f / N  N~ N 

I w 

C2H 5 COOC2H 5 

ISample 
~vapors 
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Io~emp �9 
VC _ 

3 

160 

175 

210 

170 

I10 

40 

60 

110 

140 

m/z (IM*) m/z ( IK  § ) 

4 5 

307 (100) 146 (46,6) 

311 (32,9) 

311 (44,0) 

372 (41,8) 

418 (90,6) 
for 79Br 
420 (83,8) 
f o r  alBr 

281 (31,9) 

281 (100) 

327 (12,0) 

327 (28,4) 

146 (100) 

146 (78,8) 

146 (100) 

146 (43,4) 

146 (56,1) 

146 (67,2) 

146 (I00) 

146 (1oo) 

70 423 (12,7) 160 (I00) 

(IM.II K. ) x  
X IO0-S . 

6 

215 

33 

56 

41 

209 
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57 

149 

12 

28 

12 
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TABLE 1 (Continued) 

I l l ~  

lll-m 

II ln 

IIIo 

IIIp 

IIIq 

III 

I l l s  

Formula 

H 

I H 
CH3 

H tl 

[ "N ~ "N: \CH 3 
--I H 
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H ~ 6Hs 

] I N  N T S  

~N~N "" "CH C6H ~ l  H 2 s 
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~ N  IO~N 
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H H 
N N~N 
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I 
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vaporl- 
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50 

80 

10 

90 

20 

[00 

[30 
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mlz (/M*) 

4 

204 (loo) 

249 (97,2) 

401 (12,9) 

280 (7,2) 

294 (25,4) 

mlz (IK.) (IM'IIK§ )• 
• 100-S 

5 6 

146 (27,2) 

146 (I00) 

146 (80,9) 

146 (48,3) 
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146 (9,9) 296 (0,99) 

372 (1,1) 146 (100) 

338 (20,3) 146 (]00) 

368 

97 

16 

15 

25 

0,1 

20 
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Examination of the mass spectra of 1,4-diazines annelated by imidazole and pyrrole rings 
shows that the stability of the hydrogenated condensed systems I and II depends weakly on the 
substituents in the 1,4-diazine ring. It is determined mainly by the nature of the C-X and 
C-Y bonds (Table i). Also, introduction of acceptor subsituents in the pyrazine ring confers 
elevated stability to compounds la and lib. The influence of an acceptor substituent on the 
stability of the heteroannelated system is also followed well in the series of thiadiazino[5,6- 
b]quinoxalines lllq-s. The weakly accepting phenyl substituent in'the thiadiazine ring increas- 
es the stability of compound IIIr by ten times in comparison with thiadiazinequinoxaline lllq 
while introduction of an acetyl group in position 4 of the thiadiazine ring (compound Ills) 
leads to a 200-fold increase in the S value (Table I). 

The relative stability of annelated tetrahydropyrazines practically does not depend on 
replacement of the N-methyl group in the pyrazine ring (compound Ib) by an N-ethyl. The deter- 
mining influence on the stability of the annelated tetrahydropyrazine system is the presence 
of bulky substituents on atoms which are directly bonded to the core. Thus, introduction of 
a phenyl substituent in position 3 of the imidazole ring lowers the stability index of compound 
llic in comparison to compound llid. For the same reason, the cyclization product of the N- 
methylquinoxaline cation with diphenylthiourea, 1,3-diphenyl substituted imidazo[4,5-b]quin- 
oxaline llle, has a lower stability coefficient S in comparison to the monophenylsubstituted 
analog lb. Analogous rules are observed in the series of 1,4-diazines condensed with six- 
membered heterocycles. Thus, the values of S for pyrazinoquinoxaline Iiis and triazinoquinoxa- 
line lllm are equal to 368 and 97, respectively, while for 4-phenylsubstituted triazinoquinox- 
aline llln the value is substantially lower and equal to 16 (Table i). 

The accuracy of evaluation of the stability of annelated tetrahydropyrazines using the 
proposed mass spectrometric criteria is confirmed by chemical experiments. Earlier it was 
shown [i0] that thiazoloquinoxaline lifo is formed as a kinetic cyclization product of the 
quinoxalinium cation with thioamide an~ %hat this compound converts into the thermodynamical- 
ly more stable product lllh under the ..ifluence of acid. The large stability of thiazoloquin- 
oxaline lllh presages the mass spectrometric data: the S value for compound lllh is equal to 
149, i.e., almost three times greater than for compound lllg (S = 57). These same rules are 
obeyed even in the pair of regioisomeric thiazoloquinoxaline-2-thiones llli and lllj. The 
kinetic product llli has a smaller stability coefficient (S = 12) in comparison to the thermo- 
dynamic product Illj (S = 28). 

Comparison of the mass spectrometric data for the series of compounds l-III shows that 
thiazoloquinoxalines IIIi, j are less stable than imidazoquinoxalines IIb, c and IIIc-e, and 
that imidazoquinoxalines Ia-e in turn are less stable than their pyrrole annelated analogs 
IIa-e. From the mass spectrometric data it can be expected that reactions of annelated pyr- 
role rings to 1,4-diazines will be very favored since they lead to cyclic adducts which are 
more stable. In fact, amides of acetoacetic acid undergo cyclization reactions with a wide 
range of 1,4-diazinium salts, including pteridinium cations and !,2,4-triazinium [15, 16], 
while N,S-dinucleophiles form comparatively stable cyclic adducts primarily with quinoxalin- 
ium salts. 

In general, the following conclusions can be made based on the data given in Table i: 

- the stability of tetrahydropyrazines condensed with various heterocycles depends both 
on the type of bonds to the annelated fragment, i.e., on the nature and orientation of the 
heterocycle and on the nature and size of the substituent, 

- the successive change of some structural elements by others allows the succession of 
changes in bond stability of the condensed tetrahydropyrazines to be placed in order based 
on mass spectrometric criteria: 

C--S<C--O<C--NR~<C--C<C--N= 

- bulky substituents on atoms directly bonded to the core lower the stability of cycload- 
ducts and the presence of acceptor substituents conversely increases their stability. 

EXPERIMENTAL 

Mass spectra were obtained on a Varian MAT-311A instrument. Standard conditions were: 
acceleration potential 3 kV, cathode emission current i mA, and ionizing electron energy 70 
eV. Direct insertion was used for introduction of samples into the ion source. Mass spectra 
of metastable ions were recorded using DADI [17]. 
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Compounds lh, c, e; lla-e; and llla-s were synthesized by methods given earlier in the 
literature (see reviews [5-7]) and also were donated by coworkers M. G. Ponizovskii and L. 
M. Naumova of the Organic Chemistry Faculty of S. M. Kirov Ural Polytechnic Institute, for 
which the authors are sincerely thankful. 

7-Methy•-3-pheny•-5-meth•xycarb•ny•-2,3,3a,4,7,7a-hexahydr•-•H-imidaz•[4,5-b]pyrazine-2- 
thione (Ia) and ll-methyl-3-phenyl-2,3,3a,4,11,11a-hexahydro-IH-imadazo[4,5-b]benzo[3,4]quin- 
oxaline-2-thione (Ic) were prepared by the method of [18] especially for these studies. Elem- 
ental analyses for C, H, and N corresponded to those calculated. 

la~ C14H~6N402S. mp 180-181~ yield 90%. PMR spectrum (DMSO-D6): 2.88 (3H, s, N-CH3); 
3.49 (3H, s, OCH3); 4.71 (IH, d. d, JTa,NH = 2.5 Hz, JTa,3a = 6.5 Hz, 7a-H); 5.72 (IH, d. d, 
J3a,NH = 3.0 Hz, 3a-H); 6.78 (IH, br. s, NH); 6.9-7.5 (5H, m, C6Hs); 9.48 ppm (IH, br. s, NH). 

Ic~ C20HIsN4S. mp 219-220~ yield 70%. PMR spectrum (DMSO-D~): 3.00 (3H, s, N-CH3); 
5.51 (IH, d, J3a,lla = 9.2 Hz, lla-H); 5.98 (IH, d.d, J3a,NH = 2.8 Hz, 3a-H); 6.76 (IH, d, 
4-H); 6.8-7.8 (IIH, m, aromatic protons); 9.42 ppm (IH, br. s, l-H). 
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