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Resonance capture of electrons by substituted pyrazoline molecules 
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The negative ion mass spectra and photoelectron spectra oF substituted pyrazolines were 
studied. A correlation between the ionization energy of the highest occupied molecular orbital 
and the yield of [MeNHNH~-I ions was tbund. Isomerization of molecular negative ions was 
studied by resonance electron capture mass spectrometry. 
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Nondissociative resonance capture of  thermal and 
a b o v e - t h e r m a l  e lec t rons  (REC)  by molecu les  of  
azobenzene and its derivatives has been studied previ- 
ous ly)  The properties of  azo compounds ( R t N = N R  2) 
depend appreciably on both the geometry of  the mol- 
ecules and the nature of  the R groups, z In this work, we 
employed REC mass spectrometry to study the for- 
mat ion and dissociat ion of  negative molecular  ions 
(NI) of  cyclic analogs of  azo compounds in the cis- 
form, substi tuted pyrazolines, namely, 3-methoxy-  
carbonyl-3-methyl-4.5-dihydro-3H-pyrazole (1), 3-vi- 
nyl-4,5-dihydro-3H-pyrazole (2), 3,4-dimethyl-3-vinyl- 
4 . 5 - d i h y d r o - 3 H - p y r a z o l e  (3) ,  3 , 4 - d i a z a t r i c y -  
clo{5.2.1 t,v.02.~]dec-3-ene (4), and 3 ,4-diazat r icy-  
clo[5.2.11.7.02.6]deca-3,8-diene (5). 

N = N  CO2Me N-----N N = N  

1 2 3 

N = N  N=N 

4 5 

Experimental  

The REC mass spectra were recorded on an M 1-1201 mass 
spectrometer adapted for detecting NI. 3 The energy scale of 
electrons was calibrated against the maxima of the curves of 
the effective yield from SF 6 (0 eV) and of NH 2- from NH 3 
(5.65 eV). 

Photoelectron spectra were measured on a spectrometer 
designed at St. Petersbu~ State University and manufactured at 

the Institute of O~anic Chemistry of the Ufa Scientific Center 
of the Russian Academy of Sciences. Tile scale of kinetic 
energy of photoelectrons was calibrated against xenon lines (the 
ionization energies are 12.13 and 13.43 eV). 

Pyrazolines 1--5 were synthesized by known procedures. *-6 
The REC mass spectra are presented in Table 1. 

Results  and Discussion 

Compounds  1--5 tend to form the fol lowing NI:  
[ M e N H N H 2 ] - ,  [M - H - N21-, [M - 491:- ([M - 
2 NH 3 - Me]-  and/or  [M - H - MeNH 2 - NH3]-) ,  
[C4H7N2I-, [C3H5N21-, [C3H51-, [C3H31-, [N2H3]-, 
and [NCI-  (Table 2). The ionization energies of  the n -  
HOMO (E) and the relative intensities of 100% NI 
peaks (/max) are presented below. 

1 2 3 4 5 
E/eV 9.09 8.90 -- 8.90 8.80 
lrn~ (%) 57.8 30.9 8.4 19.9 I 

A distinctive feature of the behavior of pyrazolines 
! - -5  under REC conditions is the formation of unusual 
rearranged ions due to migration of  several hydrogen 
atoms to the - - C H 2 - - N = N  fragment. They include the 
pseudomolecular N ! of  methylhydrazine [ MeN H N H_,I- 
(compounds 1--4), the [ N H - - N H 2 ] -  ions (compounds 
I and 3--5), and the [M - 49]- NI ([M - 2 NH 3 - 
Me]-  and/or [M -- H - MeNH 2 - NH3]-)  (com-  
pounds I, 3, and 4). The REC mass spectra of  c o m -  
pounds ! and3,  in which the-peaks of  the [ M e N H N H 2 I -  
and 1C3H31- N! are the most intense, also exhibit peaks 
of  the [M - MeNHNH21-  and [M - C3H31- ions, 
respectively. 

Apart from the REC mass spectra, we also studied 
the photoelectron spectra of  compounds 1, 2, 4, and 5 
and performed M NDO quantum-chemical  calculations 
in the sp basis set. The following ionization energies 
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Table 1. Mass numbers (re~z). compositions 
mass spectra of compounds 1--5 

of NI, relative peak intensities (lret), and energies of the resonance maxima 

Corn- m/z NI /tel (%) E/eV 
pound 

1 127 [M - M e ] -  0.1 4.5 
111 [M - OMe]-  0.2 3.7 
106 [M - 361- 0.1 3.5 
98 [M - 441- 0.2. 3.85, 

0.2 8.2 
96 [M - MeNHNH_,t- 1.0 0.8 
89 [M - 531- 0.2 1.2 
73 {MeCO2CH2]- 0.5 0.4 
45 [CHzNHNH2]-  0.3 0.8 
29 [N2H- and/or  OCH-I 0.7 0.3 
17 [HO-] 0.3, 7.3, 

0.3 8.5 
16 10-1 0.4 2.1 

2 95 [M - HI-  0.1, 1.2. 
0.2 5.1 

81 [M - Mel -  t.I 8.8 
79 [ M -  171- 1.5 0.75 
67 [M - H - N21- 1.1. 6.5, 

2.7 8.0 
66 [M - 301- 4.2 7.0 
52 [M - 441- 8.0 6.8 
45 [CH2NHNH2[-  1.2 1.4 
42 [C2HzN1- 2.8. 2.7, 

3.8 6.9 
40 [M - 561- 7.4 6.7 
28 [CH.,N-I 7.4 7.0 
27 [C2H31- 7.1 7.0 
25 [CzH]- 3.1 8.4 

3 109 IM - Mel -  1.7 0.5 
99 [M - C2HI-  4.3, 2.6, 

14.1 8.7 
98 [M - 261- 0.9, 3.7, 

I.I 8.2 
97 [M - C2H3]- I.I, 1.0, 

3.5 9.2 
85 [M - C3H3]- 2.3, 3.7, 

3.0 8.5 
84 [M - 401- 2.5, 1.5, 

2.8 9. [ 
82 [M - 421 5.5 1.6 
81 IM - C3H7~- 3.0. 4.7. 

2_7 9.2 
77 [M - 47]- 14.3 8.0 
57 --  29.7 9. I 
55 [C4H7]- 2.2 9.5 
45 [CH2NHNH2]-  1.9, 1.3, 

7.7 9.2 

c o r r e s p o n d i n g  to the  removal  o f  an  e lec t ron  from o c c u -  

(E) in the 

Corn- m/z N I tr~l (%) E/eV 
pound 

3 43 -- 4.3, 4.0, 
5.0, 5.7, 

16.6 9.2 
40 [C2H2N]- 3.2 6.9 
27 [C2H31- 1.0 8.2 
25 [C2H]- 13.1 9.1 
16 [NH2]- 3.3 2.0 
15 [Me]- 5.7, 4.3, 

84.8, 5.9, 
38.3, 8.4, 
43.5 9.7 

14 [CH:]-  6.6 8.4 
13 [CHI- 6.2 8.4 

4 135 [M - H I -  0.3, 4.6,  
0.5 7.7 

133 [M - H, - H I -  0.2 8.1 
109 IM - C2H3]-. 0.3 7.6 
108 [M - 281- 1.0 0.2 
107 [M - H - N2I-  10.4 0.2 
96 [M - 401- 9.1 0.6 
87 [M - 2 NH 3 -  Me]-  100, 0.2, 

and/or 1. I. 3.0, 
[M - MeNH 2 -- 1.5. 7.7, 
- NH 3 -- HI -  1.9 8.7 

80 [M - 561- 0.3 6.8 
67 [C5H7]- 0.7 8.2 
56 [C3H6N]- 0.9, 2.9. 

0.3 4.6 
54 [C3H,,N]- 0.2 6.7 
52 [C3H~NI- 0.2 7.2 
42 [C2H4N1- 0.6 1.5 
40 [C2H2N]- 0.5 6_9 
28 [CH2N]- 0.2, 3.1, 

0.3 6.7 
16 [NH2]- 1.6 5.2 

5 133 [M - HI-  3.3 7.6 
107 [M - C2H31- 42.1 0.7 
96 [M - C3H21- 78.7, 0.7. 

12.1, 3.8, 
15.2 8.0 

73 [M - 611- 3.2, 2.0, 
2.5, 5.6, 
4.5 7.9 

67 [C5H7]- 8.0 8.6 
45 [CH2NHNH2]-  20.9 1.0 
42 [C2H4N]- 32.2 2.1 
25 [C2H]- 37 7_3 

1 ,4-d imcthylb icyc lo l2 .2 .2 loc t -2-ene  (8), and  1,2-diaza-  

p ied  molecu la r  orb i ta l s  ( O M O )  were found,  eV: 

i 9.09 (n-) ,  10.53 (nco),  11.31 (n~), 11.85 (~), 12.48 (~) 
2 &90 (n-) ,  10.31 (~cc), 11.30 (n+), 11.70 (r~), 12.56 (er) 
4 8.90 (n-).  10.42 (n+), 10.91 (x). 11.57 (e0, 12.31 (o), 12.55 ( a )  
5 8.80 (n-), 9.53 (,'~cc), 10.69 (n+), 11.30 (x), 11.93 (c), 12.49 (c0 

Previously, 2 a corre la t ion  between the quan t um  yield 
o f  e l iminat ion  o f  an  N2 molecule  in the photolysis o f  
azaalkanes  with the n -  H O M O  ionization energy has been 
e luc ida ted .  For  2 , 3 -d i azab i cyc l o [ 2 .2 .1 ] hep t - 2 - ene  (6) ,  
1 ,2-d iaza-3 ,3 ,5 ,5- te t ramethylcyclopentene  (71, 2 ,3-diaza-  

3 ,3 ,6 ,6 - te tmmethylcyc lohexene  (9),  the q u a n t u m  yields 
for the  el iminat ion of  an  N 2 molecule  in the  photolysis  
( n -  ~ re*) are 1.0, 0.88, 0.14, and  0.02, and n -  ioniza t ion  
energies are 8.94, 8.63, 8.06, a n d  7.89 eV, respectively. 

6 7 8 9 
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Table 2. Relative intensities (/ret) of the most intense peaks of characteristic N I in the REC mass spectra of 1--5 

m/z Composition /~l* (%) 

of the ion 1 2 3 4 5 

46 MeNHNH 2- 10010.55) 17 (0), 100 (0.85) 18.6 (0.2), 48.1 (1.0) 5.8 (0.4) -- 
83 C4H7N 2- 0.2(4.5), 0.4(4.1), 0.6 (8.4) 24.7 (9.1) 0.5 (4.1), 1.3 (7.9) 17.0 (3.9), 6.5 (5,2) 

0.5 (8.4~ 52.6 (7.9) 
[M - 29] [M - H - N_~I- 0 .2  (0 .6) ,  2.7 (6 .5 ) ,  2 .8  (8 .0 )  - -  10.4 (0 .2)  - -  

0.1 (2.2.t 
IM - 491 IM - 2 NH 3 - 0.2 (0.3) -- 1.8 (0.8), 1.0 (8_5) I00 (0.2) -- 

- Me]- and/or 
IM - MeNH 2 - 
- NH 3 - HI-  

69 [C3HsN2]- 0.2 (8,2) 1.6 (1.2), 1.8 (5.1), -- 0.9 (8.1) 9.1 (5_2), 8.5 (6.2), 
5_0 (8.4) 27.4 (8.0) 
- -  I.I (5 .7) .  8 .8  (9 .0)  0.2 (7 .5) .  0 .3  (8 .7)  11.3 (1 .9)  
1.3 (7.5) 44.0 (9.6) 1.0 (7.91 2.5 (4.5) 
33.1 (1.2), 5.4 (8.4) 100 (I.4), 2.9 (9,2) 13.8(0.2) 
-- 0.7 (7.6) 0.5 (0.5), 2.2 (7.3) 27.8 (0.6), 

27.8 (7.3) 
11.5(I .9) ,31.7(6.8)  3 .3(I .8) ,3 .2(7.6)  2.3(I.6), 1.1 (6.8) 100(2.0) 

65 1C5H5]- -- 
41 [C3H51- 0.2 (8.61 
39 [C3Hsl- 0.4 (0.8) 
31 IN2H3]- [OMe]- 1.2(0.8), 

0.6 (7.4) 
26 [NC]- 1.8 (1.1) 

* The values in parentheses are the energies in the resonance maximum (eV). 

We were unable to follow any corre la t ion be tween 
the n-- H O M O  ionizat ion energy and the  yield o f  
f ragmenta t ion  products  from the molecu la r  N!  such as 
[M - N2]-  or  [M - H - N2]- in the mass spectra  o f  
1--5. However ,  the n -  H O M O  ionizat ion e n e m y  was 
found to correlate with the yield of  the [ M e N H N H 2 ] v  NI.  
Destabil ization o f  the n -  H O M O  induces a decrease  in 
the intensity Of the [ M e N H N H 2 ] -  N1 peaks down to 
their comple te  loss in the spectrum of 5. This  cor re la -  
tion becomes  even more  clearly defined if one  takes into 
account  the relative yields of  the max imum ion peaks in 
the mass spectra o f  1--5;  the yield of  the m a x i m u m  N! 
peak in 5 is taken to be unity (see Table 2). Thus,  unl ike 
the photolysis o f a z o  compounds ,  which is a c c o m p a n i e d  
by eject ion of  an N 2 molecule,  d issocia t ion o f  tile 
molecular  N i in the ground state gives f ragments  many  
of  which still con ta in  the N 2 atoms. 

Judging by the results o f  q u a n t u m - c h e m i c a l  ca lcu la -  
tions, the lowest unoccupied  molecular  orbital  ( L U M O )  
in azo c o m p o u n d s  is the ,x*~=N MO. This  is c o n f i r m e d  
by the data o f  e lec t ron  transmission spect roscopy (ETS) ,  
accord ing  to wh ich  shor t - l ived  N I s tates were  found  
at energies o f  1.96 eV (ester group), 1.73 eV (ethylene) ,  
1,70 eV (norbornene) ,  and 0.65 eV (azo group)  7 -9  and 
were idemified as-the ,-t~co, ~-c-=c,-rc~'r~eo, and n*,q_ N. MO, 
respectively. Therefore ,  for energies of  up to I eV, the 
double peaks o f  the [ M e N H N H 2 ] -  NI in the mass 
spectra o f  c o m p o u n d s  2 and 3 can be in te rpre ted  as 
being due to the products  o f  dissociat ion o f  mo lecu l a r  
N I resulting upon the capture o f  an e lec t ron  by the 
r~*N= N and ~*c=c  orbitals. 

In addi t ion,  compar i son  of  the pho toe lec t ron  spec-  
tra with the R E C  mass spectra allowed us to ident i fy the 
series o f  resonance  states (RS) of  the N! which  corre la te  
in energy ranges with the ionization energies  ( IE)  o f  

c o m p o u n d s  i ,  2, 4. and 5. The  corresponding RS/eV 
and I E /eV are presented below. 

Com- 
pound 

1 
2 

RS IE 

2.2, 3.7.4.5 9.09, 10.53, 11.31 
2.7, 4.1, 5.1. - ,  6.5; 8.90, 10.31, 11.30, 
5.1, 6,5. 7.5.8.0, 8.8 11.70, 12.56 
3.0, 4.6.5.2, - ,  6.7; 8.9, 10.42, 
5,2, 6.7, 7.2, 7.7, 10.91, 11.57, 
8.3, 8.7 12.31, 12.54 

2.0, - ,  3.8, 8.80.9.53, i0.69, 
4.5, 5.2, 5.6 11.30, 11.93, 12.49 

The presence of  such a series coinciding in energy 
ranges means  that the format ion o f  NI from the com-  
pounds under  study occurs by successive excitation from 
several occupied MO to vacant  MO (a dash means that 
no RS corresponding in energy to a particular IE was 
detected).  The beginning o f  the low-energy series of  
compounds  (2.2 eV for 1, 2.7 eV for 2. 3.0 eV for 4, and 
2.0 eV for 5) correlates with the energy of  the first triplet 
electron transition lbr azo compounds ,  t~ This permits the 
mechanism o f  formation of  the N! to be classified as the 
e lectronical ly  excited Feschbach resonance with two 
.coupled-eleGtrons on-the .vm:ant ,-v*~e=_~r M O  . . . . . . .  

In addi t ion,  the series o f  RS starting with energies of  
the captured electron of  about  5 eV were found for 
c o m p o u n d s  2 and 4. The format ion  o f  the NI from 2 
and 4 at this energy is, apparent ly ,  due to the capture 
o f  e lec t rons  into one of  the cr*-MO. No te  as well that 
an n+~cr  * electron transition in 3 -methy l -4 ,5 -d ihydro-  
3H-pyrazole  has been identif ied at 7.3 eV. I~ According 
to our  interpretation of  e lec t ronical ly  excited states in 
molecular  NI ,  the energy of  the n+~c~ * electron transi- 
tion is 7.5 eV for 2 and 7.2 eV for 4. 
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The REC mass spectrum of azo compound 5 differs 
markedly from the spectra of 1--4. The mass spectrum 
of 5 exhibits no peak tbr the [MeNHNH2]-  ion, whereas 
the peak for the [N=-C]- NI is the most intense. This 
points to the possibility of isomerization of molecuJe 5 
during the tbrmation and dissociation of molecular NI 
giving a C=N bond instead of the N=N bond. This 
assumption is confirmed by the data II on the photolysis 
(excitation energy 3.53 eV) of the triplet-excited 12, t2- 
dimethyl-4,5-diazatetracyclo[6.2.13,6.02.7]dodec-4-ene 
(10) molecule (Scheme 1). 

Scheme 1 

10  

J 

--... 

11 

12 

Judging by the photolysis products identified, It com- 
pound 11 is formed upon the ejection of an N 2 mol- 
ecule and compound 12 results from migration of the 
double bond in the initial excited molecule 10. 

Thus, REC mass spectrometry makes it possible not 
only to distinguish structural isomers but also to study 
isomerization processes that accompany the formation 
and dissociation of molecular Nl. 
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