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Abst rac t : The tautomerism of 5-hydroxytetrazole is discussed on the basis of its fragmentation 
patterns and molecular orbital calculations by MNDO and PM3 methods. The calculated results of 
the fully optimized structures of 5-hydroxytetrazole and radical cations indicate that, in the 
gaseous phase, the enol form is energetically preferred form. 

I n t r o d u c t i o n 

In a previous paper (1), the present first author examined the thermal decomposition of 5-
hydroxytetrazole £ by use of sealed-cell, as a concerning research series about the 
availability of gas-gcncrating chemicals. The main products were N2 and urazole, and included 
a small amount of a resinoid in the condensed phase. Small amounts of CO, CO2, carbamoylazide, 
and trace amounts of NH3 and H2O were also found in the gaseous and sublimated products. 
According to the theory, tetrazole and 5-substituted tetrazoles are known to exist in either two or 
four tautomeric forms. The thermal decomposition, mass spectrometric fragmentation, and 
molecular orbital calculation of tetrazole and its derivatives have been examined in numerous 
studies (2-9). Razynska et al. (2) reported on the tautomerism of tetrazole i , 5-methyltetrazole 2., 
and associated isotopically substituted derivatives in the gaseous phase. It was demonstrated from 
the mass-spectrometric results, supported by semiempirical calculation (CNDO/2) and then only 
the 2H tautomer occurred in the gaseous phase. From the results of ab-initio calculation, Mazurek 
and Osman (3) reported that the preference of the 2H tautomer in gaseous phase, taken together 
with the suggested fragmentation from structure optimization, explained the observed 
fragmentation in the mass-spectra of 1 and 2.. According to the mass-spectrum analysis of L, 2., 
and 5-aminotetrazole 2., the most abundant ions are formed owing to the loss of N2 fragments (2-9). 
On the other hand, a characteristic feature of the high-resolution mass-spectrum of 5-
hydroxytetrazole 4 showed at m/z 86 (M+), 69 (M+-OH). 44 (CH2NO), and 43 (HN3 or CHNO) (1). 
Compound ± was found to have no fragment ion peak in its mass-spectrum owing to the loss of N2. 
Here, the investigations were extended to include the fragmentation of 

the tetrazole ring in t. along with the revision of several earlier reported results. To advance the 
further investigation of the properties of tetrazole tautomers, the full geometrical optimizations 
of the molecules were carried out by MNDO and PM3 methods. 
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Figure i : Illustrations of tautomeric forms of 1-4 

Tabic I ; Heat of formation AHf (kJmol"') on tautomcrs 
1-i by MNDO and PM3 methods 

AHf 
MNDO PM3 MNDO PM3 
225.279 360.870 I J i 214.681 350.778 

L b 243.166 369.953 232.170 358.393 
i x 277.567 392.041 
2_d 319.469 432.797 

2_a 177.213 316.992 16.468 173.945 
2J2 194.477 328.674 39.079 192.301 
2s. 268.592 378.903 40.238 150.252 
2-d 313.649 429.747 91.701 198.937 
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T h e o r e t i c a l P r o c e d u r e 

The molecular orbital calculations by MNDO and PM3 methods were performed with the 
application of MOPAC program (Version 6.01) (10). The geometries of the neutral species i-4. and 
their radical cations H-H were optimized with respect to all geometrical parameters using 
Broydcn-Flctchcr-Goldfrab-Shanno algorithm incorporated in the program. The transition states 
were determined cither by the normal reaction coordinate method, or with the use of NLLSQ 
algorithm, refined by minimizing the energy gradient norm. Force constant calculations were 
conducted on the transitional state geometry to verify the existence of only one negative 
eigenvalue. 

Results and Discussion 

Tctrazolc 1 can exist in two tautomenc forms, while S-substituted tetrazoles 2.-£ arc known to exist 
in each four tautomeric form (2-9) (Fig. 1). First, the geometries of 1-1 were optimized. Tabic I 

H H H 
N=N N - / N=N^ ^ ^ N ; N - M ; 

I I I I II II 
H H CH, CHj CHj CHj 

f=\ /^^ M fr\ 
I I I! II 
NH, NH, NH NH 

2a 2b 2s. M 
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AHf AHf 
MNDO PM3 MNDO PM3 

la' 1227.167 1376.440 3a' 1116.069 1211.795 
1 b • 1254.313 1343.336 3b • 1 100.584 1174.679 

3c' 1 152.960 1226.422 
3d • 1226.414 1297.103 

la- 1173.093 1300.546 4 a • 994.784 1137.843 
lb • 1 177.457 1265.405 4b • 983.011 1115.392 
2c' 1045.255 1158.211 4c' 992.449 1072.920 
2 d • 1116.806 1226.473 4d ' 1042.071 1 107.287 

Table II summarizes the values of AHf for the radical cations (lal-lbl. 2a!-2dl. 3al-3dl. and 4al-
4d[) obtained by MNDO and PM3 methods. The relevant geometrical parameters for PM3 method of 
the tautomers are summarized in Table III. From the date listed in Table II, IH tautomer l a l is 
preferred over 2H tautomer U i l by 27.15kJmol-l according to MNDO method, but I b l is preferred 
over l a l by 33.10kJmol-' using PM3 method. Mazurek and Osman (3) reported that on the radical 
Ib^ the N(3)-N(2) bond length increased beyond 2A during optimization at the UHF/3-21G level. 
In the UHF/PM3 optimized structures, the N(3)-N(2) bond lengths of LH.1. OIL. and H i I were 
calculated as 1.783A, 1 . 7 4 9 A , and 1.673A, respectively, in agreement with the results of Mazurek 
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summarizes the values of the heat of formation fAHfWf la-lb. 2a-2d. 3a-3d. and 4 a . - H obtained 
by MNDO and PM3 methods. The IH tautomer l a is preferred over 2H tautomer JJi by 17.89 and 
9.08kJmol-l, according to MNDO and PM3 methods, respectively. On the other hand, the results of 
the 6-3IG**, by Mazurek and Osman (3) reverse the evaluation of energy compared with the 
present MNDO and PM3 calculations. The difference in the optimized bond lengths docs not exceed 
O.O3A for tautomers 1 - 1 . The largest change in the optimized angles was about 3.0° for tautomers 
of 1 - 1 . The microwave estimate of the dipolc moment of l b was 2.19D (11) and the present MNDO 
and PM3 calculations were 1.89D and 2.34D, respectively. Krugh and Gold (11) obtained a dipole 
moment 5.30D for the IH tautomer l a . The present MNDO and PM3 calculations gave dipole 
moments for l a of 5.09D and 5.41D, respectively. Two dipole moments were also supported by 
Krugh and Gold (11). The positions of the lone-pair electron on the nitrogen atom in l a and U i 
are located at N(2) and N(4) atom, respectively. If it is assumed that the lone-pair electron on N(2) 
or N(4) atom is ionized by electronic impact, then N2 fragment is expected. For 2a and 2A 
tautomers, the position of the lone-pair electron is located at N(4) atom. For 4a and l b . tautomers, 
the positions of the lone-pair electron arc located at N(3) and N(4) atom, respectively. Under such 
circumstances, the preferred fragmentation of tautomers 2 . - 1 could yield N2 fragments. 
Therefore, the results expected for tautomer 1 did not agree with the observed mass-spectra of ±. 
Second, the geometries of the radical cations 1 1 - 4 1 were optimized. 

Table II I Heat of formation AHf (kJmol'̂ ) on the radical cations 
l'-4' by MNDO and PM3 methods 
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and Osman. Thus, the transit ion states and energies o f act ivat ion (Ea) for the radical cations H-U 

were determined by UHF/PM3 method. The A H f values of l a I - 4 l L were calculated by PM3 method 

as 1137.8, 1115.4, 1072.9, and 1107 .3kJmo l ' l , respectively. Compound 4c ' had the most stable 

Table I I I I Optimized geometries of radical cations l ' - 4 ' on calculation by PM3 method 

S t r u c t u r a l 
Tetrazole (1) 5-Methy l te t razo le (2) 

p a r a m e t e r s 1 a ' 1 b ' 2 a ' 2 b ' 2 c ' 2 d ' 

Bond lengths (A) Bond lengths (A) 

N1N2 1 . 6 4 8 1 . 2 5 2 1 . 3 0 2 1 . 2 5 1 1 . 3 5 2 1 . 3 7 9 
N2N3 1 . 2 0 0 1 . 7 8 3 1 . 4 0 8 1 . 7 4 9 1 . 2 6 8 1 . 3 8 6 
N3N4 1 . 4 0 3 1 . 1 7 5 1 . 2 3 8 1 . 1 8 0 1 . 3 5 1 1 . 2 4 6 
N4C5 1 . 4 0 4 1 . 4 6 3 1 . 4 5 2 1 . 4 7 3 1 . 4 0 2 1 . 4 3 4 
C 5 N 1 1 . 3 2 9 1 . 4 0 1 1 . 4 1 3 1 . 4 0 9 1 . 4 0 2 1 . 4 1 3 

Bond angles (degrees) Bond angles (degrees) 

N1N2N3 1 0 4 . 4 2 1 0 4 . 3 1 1 0 8 . 3 4 1 0 5 . 1 4 1 0 9 . 4 3 1 0 8 . 0 6 
N2N3N4 1 1 3 . 6 5 99.69 1 0 9 . 5 0 1 0 0 . 8 9 1 0 9 . 6 4 1 0 9 . 9 1 

N3N4C5 1 0 9 . 8 7 1 1 7 . 6 4 1 1 0 . 4 6 1 1 6 . 4 3 1 0 9 . 6 7 1 1 1 . 2 9 
N 4 C 5 N 1 1 0 6 . 6 8 1 0 6 . 2 2 1 0 2 . 3 5 1 0 5 . 8 6 1 0 1 . 5 1 1 0 3 . 9 7 
C5N1N2 1 0 5 . 1 8 1 1 2 . 1 4 1 0 9 . 3 6 1 1 1 . 6 7 1 0 9 . 7 5 1 0 6 . 6 0 

5-Aminote t razo le (3 ) 5-Hydroxyte t razo le (4) 
S t r u c t u r a l 
p a r a m e t e r s 3 a ' 3 b ' 3 c ' 3 d ' 4 a ' 4 b ' 4 c ' 4 d • 

Bond lengths (A) Bond lengths (A) 

N 1 N 2 1 . 3 1 6 1 . 3 0 2 1 . 3 3 7 1 . 3 4 4 1 . 3 1 5 1 . 2 7 0 1 . 3 0 8 1 . 3 1 7 
N2N3 1 . 3 3 1 1 . 3 9 5 1 . 2 8 0 1 . 4 5 3 1 . 3 9 0 1 .673 1 . 3 1 0 1 . 6 6 8 
N3N4 1 . 2 7 0 1 . 2 5 1 1 . 3 3 5 1 . 2 2 3 1 . 2 4 0 1 . 1 9 4 1 . 3 0 7 1 . 1 8 2 
N4C5 1 . 4 2 6 1 . 4 3 6 1 . 4 2 0 1 . 4 6 7 1 . 4 6 6 1 . 4 7 8 1 . 4 7 8 1 . 5 1 8 
C 5 N 1 1 . 4 1 6 1 . 3 9 4 1 . 4 2 2 1 . 4 7 3 1 . 4 1 0 1 . 4 0 2 1 . 4 7 8 1 . 5 1 4 

Bond angles (degrees) Bond angles (degrees) 

N1N2N3 1 0 9 . 4 4 1 1 0 . 6 6 1 0 9 . 8 6 1 0 8 . 7 3 1 0 9 . 2 6 1 0 6 . 6 8 1 1 0 . 9 1 1 0 6 . 9 6 
N2N3N4 1 1 0 . 7 3 1 0 8 . 7 2 1 1 0 . 1 7 1 0 9 . 4 1 1 1 0 . 6 9 1 0 4 . 1 4 1 1 1 . 1 1 1 0 5 . 5 1 

N3N4C5 1 0 9 . 1 5 1 0 8 . 6 2 1 0 9 . 4 0 1 1 2 . 3 3 1 0 8 . 6 0 1 1 2 . 2 2 1 0 9 . 4 8 1 1 5 . 8 3 
N 4 C 5 N 1 1 0 2 . 6 7 1 0 5 . 7 6 1 0 1 . 1 2 1 0 2 . 6 3 1 0 3 . 8 0 1 0 7 . 9 7 98.94 1 0 2 . 9 5 
C5N1N2 1 0 8 . 0 2 1 0 6 . 2 5 1 0 9 . 4 4 1 0 6 . 8 3 1 0 7 . 6 6 1 0 9 . 0 0 1 0 9 . 5 6 1 0 8 . 6 2 

cat ion among these tautomers. The total bicentre energies and propert ies o f the transi t ional 

states o f the radical cations aa : -4 i i : are l isted in Table IV . An analysis o f the values o f the 

bicentre energy E a p of tautomer a c : shows that N(4)-C(5) or C ( 5 ) - N ( l ) bonds should be easily 

broken. To determine exactly what happens dur ing and after the N(4) -C(5) bond or C ( 5 ) - N ( l ) 

bond f iss ion, the react ion coordinate calculat ions were performed by stretching the N(4) -C(5) or 

C ( 5 ) - N ( l ) bonds in the radical cat ion 4c_'. The reaction pathway was calculated by the appropriate 

reaction coordinate N(4) -C(5) bond lengths. The geometry o f the molecule when the bond is 

stretched to 2.247A is suggestive of a transit ional state, since there is only one negative 
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eigenvalue of 295.6cm-'. From the results of normal coordination analysis, the most probable 
fragmentation of 4c' would yield N3H or NCOH fragments (Figure 2A). The activation energy for 
this process was determined as 86.73kJmor *. The optimization of the transitional state of radical 
cation 4 C ' was accomplished by stretching the C(5)-N(l) bond as the reaction coordinate 

Table IV : Calculated properties of the transitional states for the bond cleavage of 4aJ-4dJ 
JS^ 

Ea3« Reaction coordinate 

N1N2 -16.506 
N2N3 -13.032 not determined 
N3N4 -20.260 
N4C5 -13.311 2.145 1266.75 503 170.71 
C5N1 -15.907 
N1N2 -18.803 
N2N3 -7.178 2.104 1135.45 477 19.08 
N3N4 -23.335 
N4C5 -12.602 
C5N1 -16.011 
N1N2 -16.764 
N2N3 -16.345 
N3N4 -16.780 
N4C5 -13.111 2.247 1157.34 296 86.73 
C5N1 -13.115 2.247 1165.70 297 86.65 
N1N2 -16.992 
N2N3 -7.140 1.995 1114.87 292 7.28 
N3N4 -24.047 
N4C5 -11.916 
C5N1 -11.126 

4a 

4c' 

i j t : 

a) Transition state. b) Bicentre energy in eV. c) Heat of formation in kJmol'^ 
d) Imaginary mode in cm ̂  e) Energy of activation in kJmoP^ 

with the application of NLLSQ algorithm. When the C(5)-N(l) bond is stretched to 2.247A, the 
geometry of the molecule suggests a transitional state, since there is only one negative eigen 
value of 296.8 cm"*. In Figure 2B, the most probable fragmentation process of Ifil would yield N2H 
or CON2H fragments. The activation energy calculated for this process was 86.65kJmol- * 
(Table IV). The analysis of the Bap values of IdJ shows that N(2)-N(3) bond should be readily 
broken in this radical. The transitional state was calculated by N(2)-N(3) bond length as the 
reaction coordinate. In Figure 2C, the preferred fragmentation of IdJ could yield N2 or CON2H2 
fragments. The activation energy for the process was 7.28kJmorl (Table IV). For the radical 
cation I b l , from the results of the imaginary mode (Figure 2D) with a eigenvalue of 477cm-1, the 
most probable fragmentation of ihl could yield N3H or NCOH fragments. 

399 



Vol. 1. Nos. 5-6.1995 Molecular Orbital Study of the Fragmentation 
Mechanism on 5-Hydroxytetrazole 

/ 

I 

F i g u r e 2 1 

c D B 

I l lustrat ions o f vectors o f imaginary modes 

The EQP values for the radical cation 4al showed that N(2)-N(3) or N(4)-C(5) bonds should be more 

readi ly broken. When the reaction pathway was calculated by N(2) -N(3) bond length as the 

reaction coordinate, the transit ional state could not be determined. Because two negative 

eigenvalues were found. When the N(4)-C(5) bond o f lal is stretched to 2.145A, the results are 

suggestive o f a t ransi t ional state w i th one negative eigenvalue o f 503 .0cm-1 . In Figure 2E, the 

preferred f ragmentat ion o f lal could yield N3H o r ,NCOH fragments. Wh i le the radical Id had the 

smallest A H f value, the value o f Ea determined for d£l was larger than those o f 4 b ' and 4 d ' . 

There fore , the f ragmentat ion mechanism f rom 4 a ' could not expla in the observed f ragmentat ion 

in the mass-spectra o f ± . The results o f the present UHF/PM3 level calculations suggest that the 

preferred f ragmentat ion o f 4! could y ie ld fragments o f N2 or COHN2H2 f rom 4̂ 11 when compar ing 

w i th the Ea values. The difference between the Ea values in the transit ional states o f 4 b ' and 4d . ' 

was small . By PM3 method, i t is found that 4 d ' was sl ight ly preferred over 4 b ' by S . l l k J m o l - ' 

(Table I I ) . By M N D O method, however, 4Jil was preferred over M I by 5 9 . 0 6 k J m o l - ' . From the 

above results, the most preferred fragmentation o f the radical cation 41 could y ie ld N3H or C H N O 

fragments, because the most susceptible bond for stretching is the N(2) -N(3) in radical iiil. The 

total bicentre energies o f i ! , 21. and 21 are l isted n Table V . The transit ional states and energies 

Table V ; Total bicentre energy Eap (eV) o f the radical cations 11-21 by UHF/PM3 method 

EoP 
Te t razo le 5 - M e t h y l t e t r a z o l e 5 - A m i n o t e t r a z o l e 

EoP 1 a ' l . b j 2 . a ' 2.bJ 2 c J lAl 3 a ' 3 b ' 3 c ' 3 d ' 

N 1 N 2 - 7 . 6 3 - 1 9 . 5 8 - 1 6 . 9 7 - 1 9 . 7 1 - 1 4 . 7 9 - 1 4 . 5 0 - 1 6 . 4 7 - 1 7 . 5 0 - 1 5 . 4 3 - 1 5 . 8 6 
N2N3 - 2 2 . 5 4 - 4 . 8 8 - 1 2 . 4 1 - 5 . 5 3 - 1 8 . 6 1 - 1 3 . 2 2 - 1 5 . 2 4 - 1 3 . 2 4 - 1 7 . 9 0 - 1 1 . 2 7 
N 3 N 4 - 1 2 . 1 2 - 2 4 . 5 5 - 2 0 . 3 9 - 2 4 . 2 6 - 1 4 . 8 1 - 1 9 . 8 8 - 1 8 . 4 2 - 1 9 . 8 2 - 1 5 . 5 2 - 2 1 . 3 1 
N4C5 - 1 5 . 8 0 - 1 2 . 8 9 - 1 3 . 9 9 - 1 2 . 7 8 - 1 7 . 1 7 - 1 4 . 8 6 - 1 5 . 2 6 - 1 4 . 8 8 - 1 6 . 5 8 - 1 3 . 7 0 
C 5 N 1 - 2 0 . 0 4 - 1 5 . 8 5 - 1 6 . 0 8 - 1 5 . 6 6 - 1 7 . 1 8 - 1 6 . 2 9 - 1 7 . 1 9 - 1 6 . 4 3 - 1 6 . 2 0 - 1 3 . 5 3 

o f acdvat ion o f l a ! and Ihl were carried out in a manner that stated above. The values o f the Eap 

for iaJ and Ual revealed that the respective bonds N ( l ) -N (2 ) and N(2))-N(3) should be most 

readily broken. The transit ion state o f the radical l a ! was calculated by N ( l ) -N (2 ) bond as the 

reaction coordinate. The geometry o f the molecule when the bond is stretched to 2.053A suggests 
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A 
Figure 3 ! Illustrations of vectors of imaginary modes 

suggests a transitional state with one negative eigenvalue of 459.60cm-'. The most probable 
fragmentation of Uil might yield a N2 fragment (Figure 3B). The activation energy for this 
process is 10.67kJmoI-l. Consequently, for the radical cation H, comparing with the Ea values, 
the most abundant ions are formed due to the loss of N2 fragments. The present UHF/PM3 level 
calculations reasonably could explain the preferential bond breaking observed in the mass 
spectrum of tetrazole 1. For the radical cation 2hl. when N(2)-N(3) bond was stretched to 1.839A, 
only one negative eigenvalue of 469.8cm-̂  was found. From a vector analysis of 469.8cm-̂ , the 
most probable fragmentation of 2hl might yield N2 or, CH3CN2H fragments. 
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