
amine fragments are practically insensitive to the nature of the Li +, Na +, K +, NH~ +, and 
Mg 2+ cations. The Ni 2+ cation is an exception. 

2. The es~tablished differences in the IR spectra of the solid samples and the Raman 
spectra of solutions of the nickel salt and other salts of N,N'-dinitroethylenediamine can 
be explained by difference in the coordination of the cations. 

. 

2. 
3. 
4. 

. 
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VIBRATIONAL SPECTRA OF FLUORINE-CONTAINING AZOXYBENZENES 

I. K. Korobeinicheva, O. M. Fugaeva, 
and G. G. Furin 

UDC 543,422.4:535.33: 
547.556.9'161 

We previously showed on the basis of data from Raman spectra that the introduction of 
fluorine atoms into the benzene rings of aromatic azomethines and azobenzenes has a weak in- 
fluence on the frequencies of the stretching vibrations of the bridging groups bonded to them 
and, at the same time, significantly alters the intensity of the ~C=N and ~8 vibrations of 
the benzene rings [i, 2]. The intensity changes were attributed to the difference in the ef- 
fectiveness of the conjugation of the nonbonding electron pair of the nitrogen atom of the 
azomethine group with the T-system of the benzene ring [2]. In order to ascertain the gen- 
erality of the laws revealed, it would be useful to study the influence of the number and ar- 
rangement of the fluorine atoms in the benzene ring on the frequencies and intensities of the 
stretching vibrations of other unsaturated bridging groupings. In the present work we ex- 
amined the influence of the introduction of fluorine atoms into aromatic fragments on the 
spectroscopic characteristics of bridging azoxy groups. For this purpose we obtained and 
analyzed the IR and Raman spectra of azoxybenzene (I) and some of its fluorinated derivatives: 
4,4'-difluoro- and 3,3'-difluoroazaoxybenzene (II and III), 2,2',4,4',-tetrafluoro- and 
2,2',5,5'-tetrafluoroazoxybenzene (IV and V), 2,2', 3,3', 4,4', 5,5'-octafluoroazoxybenzene 
(VI), and compounds of the type 4-XC6F~N~---N(O)C6F~X-4' (VII) [where X = F (a), H (b), CHs (c), 
OCH3 (d), CF3 (e), and Br (f)], as well as samples labeled with ~SN at both nitrogen atoms 
(compounds I', IV', VIIa', VIIb', and VIId', respectively). The enrichment with ~bN amounted 
to 94-96%. 

The vibrational (as a rule, IR) spectra of azoxybenzenes have already been discussed in 
[3, 4]. The Raman spectra of azoxybenzene, 3,3', 5,5'-tetrachloro-, 4,4'-dimethoxy-, and 
4,4'-dihexyloxyazoxybenzene are presented in catalog [5]. However, the available data do not 
permit the confident interpretation of the stretching vibrations of the azoxy group. For 
example, the bands at 1315-1340 and 1450-1480 cm -I were assigned, respectively, to the sym- 
metric and antisymmetric stretching vibrations of the azoxy group. In [6] the 840-890 cm -I 
range was indicated for the vibrations of the N+O group in methylated and halogenated (chlori- 
nated and brominated) azoxybenzenes. An investigation of the IR and Raman spectra of I and 
its *bN- (at both nitrogen atoms of the azoxy group) and D-labeled derivatives permitted the 
assignment of the bands of the stretching vibrations of the azoxy group in the following man- 
ner [4]: ~N==N = 1440 (A~*bN = 30 cm-:), vN->O = 1330 (A~IbN = ii cm-1), and vC-qq = 1276 cm -~' 
(Av~bN = 18 cm-1). However, it is noteworthy that, according to the data in [5], the Raman 
spectrum of I shows another band at 1490 cm-*, which is displaced upon the introduction of 
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1544, July, 1986. Original article submitted January 8, 1985. 
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TABLE i. Experimental and Calculated Frequencies of Azoxybenzene 

Experiment 

iR Raman 

t594 

1572 
t556 
1484 

~472 
1450 
1440 
1330 
13tt  
t300 
t276 
12t6 

I165 
1t55 

~075 
1067 
1023 

998 

906 

675 
6t5 

582 
425 

t595 
t580 

1484 

t480 

t444 
1335 
t307 

t282 
1220 

1t84 

t t65 

t t07 
t084 

1025 

t006 

9t2 
830 
682 
620 

Av,~N 

IC 

3C 
9 

16 

3 

Calculation 

~606 
t589 
1557 
t556 
t491 
t4% 
t476 
144t 
t413 
t349 
~330 
1314 
1298 
1225 
t223 
~178 
1178 
~t49 
~t46 
t t06 
t084 
1072 
t034 
t020 
t0 t3  
t 0 t l  
909 
856 
671 
621 
620 
596 
415 

287 

i6 
6 

5 
5 

239 
143 

4 

2 
i 
6 

27 
i6 

9 
t2 

9 
2 
1 
t 

8 
7 
6 

6 
4 

As s ignment 

Ar (u 

nr(~sb) 

Ar (~xga) 

Ar(vigb); qi~; q,~; q,3 

qia; qt6; ql~; qt5 
qis; qis; ql~; qi~ 
Ar (v~) 

qts; q~5 
Ar(v~0 

Ar(v~5) 

Ar (vi~) 

0~; qlG qi~ '~6,13; ~13,i4; ~i5,t6 
Ar (vlsb) 

Ar(vts~), 

Ar(v~2) 

Ar(~;0; 71~,i~; qis; qi6 

Ar(vsa); ~h~,ts; ~h5,i6 
Ar (v61~ 

Ar(v6a); ~/i~,i6; ~i~,i5 
~i5,t6; ~t2,15; ~i3,i~; ~l&,i6; 

~6,i3 
7~,~; ~fT,~; ~f~5,~; "fl~,i5; 

~13,t4 
~ ,16;  ~ir 

*The participation of the aromatic rings in a vibration is indi- 
cated by the symbol Ar; the Wilson numbers of vibrations are given 
in parentheses; the coordinates participating in the vibrations are 
listed in order of decreasing contributions to the mode of vibration. 

*SN into the azoxy group (A~SN = 12 cm-~). An assignment was not given for it in that work. 
In addition, in our opinion, the assignment of the band to vN+O proposed in that work (at 
1330 cm-~) seems questionable in view of the fact that this band is the most intense band in 

the Raman spectrum of I. 

In order to interpret the stretching vibrations of the N§ group in I, we utilized the 
shifts of the absorption bands in solvents of different nature. For this purpose, we veri- 
fied the dependence of the positions of the absorption bands in the IR spectrum of I on the 
polarity%f the following solvents: CCI~, CDCIs, CD3OD, (CD3)2C0, and (CD3)2S0. It turned 
out that there are several bands which experience small (up to 5 cm -~) in the 1200-1500-cm -I 
region, which is accessible to observation in all the solvents indicated. These data do not 
permit the rigorous interpretation of the stretching vibrations of the azoxy group. 

We obtained and analyzed the IR and Raman spectra of ~SN-labeled trans-azoxybenzene (see 
[7]) and calculated the frequencies and modes of the in-plane vibrations of azoxybenzene (I 
and I'). As is seen from the data in Table i, the introduction of ~SN results in changes in 
the positions of a number of bands in the 800-1500-cm -~ region. 

The calculation of the vibrational spectrum of trans-I was performed in the intramolecul- 
ar force field approximation according to the programs in [8]. The geometric parameters pub- 
lished in [9] were used in the calculation, and the force constants for the benzene fragments 
were taken from [i0]. Figure i and Table 2 present, respectively, the numbering of the atoms 
and the bonds and the force constants of I used for the calculation (the force constants of I 
refined during the solution of the inverse spectroscopic problem are presented). The results 
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Fig. i. Natural vibrational coordinates of the azoxyben- 
zene molecule. 

TABLE 2. Values of the Force Constants Used for the Calcu- 
lation of the Vibrational Spectrum of Azoxybenzene (-i0 ~, 
cm -=) , 

K1 = t0 ,39  

K2 = 18,56 

KI.  = 9,36 

JQ~ = 12,75 

KI5 = t0 ,20  

Kts  = 9,56 

K h l a =  i , 30  

K s j a  = t , 30  

Kxad4 = 0,70 

K14,~5 = t ,  t0 

Kla,16 = 0,70 

ft 'lsds = 0,40 

H12 = t ,  t6 

H1 a = - -0 ,73  

H1 ~ = 0,83 

Hla ~.* = 1,30 

H1415 = t , 40  

H141s = t , 20  

H151a = 0,95 

A~'la __ --0,04 

A11,13 = 0 , 0 i  

A*a,14_ 0 63 

A~  13 =1 ,20  

a ~  13 = O, 77 

A13,44 ~ 0 , 4 0  
14 

A1435 0 , 3 2  
14 = 

A11,16 = 9,80 

A l y o  = - o , 1 t  

~I~, '~ = t,o7 

A l y ~  o,21 
AI~,'o = - 0 , 4 0  

AI~,'~ = - o , o 9  

A~,  '6 = o, 16 

A l y  ~ = 0,46 
6,13 _ _  ll ,la - -  - -0 ,04  

~ 6 #  = o,o7 

rP 4,15 -- 0,03 
i,-13,14 - -  

*The notation follows [ii]: Ki is the force constant of 
the i-th bond; Ki, j is the force constant of the angle 
formed by the i-th and j-th bonds; Hj i is the force con- 
stant of the interaction of the stretching coordinates of 
the i-th and j-th bonds; Ain, TM is the force constant of 
the interaction of the stretching coordinate of the i-th 
bond and the variation of the bond angle formed by the 
n-th and m-th bonds; ~i,jn, TM is the force constant of the 
interaction of the two angular coordinates with indices 
corresponding to the i-th and j-th bonds and the n-th and 
m-th bonds. 

of the calculation of the frequencies and modes of vibration of I are presented in Table 1 
(the frequencies of the stretching vibrations of the C--N bonds were not included in the table). 

An analysis of the data in Table 1 allows us to draw the following conclusions. The vi- 
brations of the aromatic fragments mainly do hot interact with the vibrations of the azoxy 
group. The calculation confirms that a vibration with predominant participation of the N=N 
bond in I is observed at 1444 cm-~; however, the N=N bond makes appreciable contributions to 
a number of vibrations (1480, 1335, and 1107 cm-1). The vN+O stretching vibration is not 
characteristic; the N->O bond makes significant contributions to a whole series of vibrations 
(see Table i), the greatest contribution being made to the vibrations with frequencies equal 
to 830 and 1107 cm -:. According to the calculation, two vibrations, viz., those with vcal = 
1349 and 1298 cm-:, have predominant contributions from the C--N bonds. The greatest contribu- 
tion to the potential energy of the vibrations are ~40 from q:5, ~ii from q~a, and ~8% from 
q:,), and the greatest contribution to the latter is made by the q:3 coordinate (the contri- 
butions to the energy are ~50 from q13 and ~8% fro D q~5). Since the C--N bonds vibrate in 
phase in the former vibrations and in antiphase in the latter vibration, these vibrations may 
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TABLE 3. Frequencies (v, cm -~) and Intensities (I*) of Stretching 
Vibrations in the IR and Raman Spectra of Fluorine-Containing Azo- 
xybenzenes% 

CON- ' 

pound  

(1) 

(I') 
(H) 

(IH) 

(IV) 

(Iv') 

(V) 

(vi) 

(VlIa) 

(VIIa ' )  

(VlIb) 

(WlW~ 

(vIIc) 

(VIle 

(Vlld~ 

(VlIe)  

(viif) 

}vC6H~,vCsF5 
h m a n ( I )  

t595 
i592(2,8) 
1595 
1604(2,0) 

1608 
t583 
1616(t,2) 
1595 
t6 t4  
1596 
t616 

1637 

1060 (0,6) 

t661 

t640(0,6) 

1646 

t66~(t,1) 

t654 

t653 

1666 

1637 

IR 

vN=N V cophas C-N 

Raman 

S 

S 
N 

m 

S 

S 
N 

N 

r~ 
S 

N 

S 
W 

N 

IR Raman (I) 

v antiphas C-N 

t335 v s  (5,7) 

t326 v s  
1334 v s  (5,6) 

i320 vs 

t338 v s  (~,6) 

132t vs 

t335 v s  

1345 v s  

t359 v s  (1,5) 

t342 v s  

t356 v s  (t,3) 

t334 v s  

t356 v s  (2,8) 

1360 v s  (3,5) 

t342 v s  

t365 vs ( t , t )  

1349 v s  

IR Raman (I) 

i282s  (5,4) 

1266 s 
1282 s(4,2) 

1267 s 

t286br(3,8) 

t271 s 

1293 s 

t263 s 

129t s (0,3) 

t279 s 

1 2 4 7  m 

1241 m 

t274 w (0,5) 

1285 w (0,9) 

1275 w 

i1272 - ~  
(0,04) 
1253 w 

*In relative units in comparison to the band of acetone at 1710 
cm -1 . 

#The designations vs, s, m, w, vw, and br refer to the distribu- 
tion of the intensity within the particular spectrum. 

be considered approximately as cophasal and antiphasal stretching vibrations of the C--N bonds. 
It should be noted that the introduction of *SN into the azoxy group results in the observa- 
tion of some redistribution of the intensities of the bands at 1335 and 1282 cm-* in the Raman 
spectrum of I and a number of fluorinated derivatives of azoxybenzenes (for examples see [12]). 
This is possibly due to some alteration of the modes of the corresponding vibrations, which is 

indicated by the calculation. 

The frequencies of the stretching vibrations of the N=N and C--N bonds of the polyfluori- 
nated azoxybenzenes presented in Table 3, as well as the frequencies of the va vibrations of 
the aryl (vC6Hb) and polyfluoroaryl (vC~Fb) rings, were revealed by comparing the IR and Raman 
spectra of the samples labeled with ~SN (the complete IR and Raman spectra of the azoxyben- 
zenes investigated were published in [12]). The spectra of all the fluorinated azoxybenzenes 
display two bands in the 1410-1490-cm -I region, which are displayed upon the introduction of 
~SN into the azoxy group (see Table 3). In an~logy to I, we assigned the bands in the region 
just indicated to vibrations of the N=N bond. It should, however, be noted that it is not al- 
ways possible to single out a vibration with a predominant contribution from the N=N bond on 
the basis of the magnitude of the isotope shift of these bands in the spectra of polyfluori- 
nated azobenzenes, as was done in the case of I. For example, in the case of decafluoroazoxy- 
benzene (Vlla) labeled with the *bN isotope, there are shifts of the band at 1481 cm -~ in the 
Raman spectrum and of the band at 1432 cm -~ in the IR spectrum by 21 and 12 cm-*, respectively, 
whereas in the Case of Vllb, the band at 1490 cm -~ in the Raman spectrum and the band at 1454 
cm-* in the IR spectrum are displaced by 15 and 16 cm-*, respectively. 

The band in the 1330-1350-cm-* region is characteristic Of polyfluorinated azoxybenzenes. 
As a rule, it is the most intense hand in the Kaman spectrum, is weak in the IR spectrum, is 
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displaced by 15-20 cm-: upon the introduction of the :SN isotope, and shows little sensitivity 
to the nature of the solvent. It should apparently be assigned to the cophasal vibration of 
the C--N bonds. The band in the 1250-1290-cm -I region is assigned to the antiphasal vibration 
of the C--N bonds. The IR spectrum of VIIb shows an isotope shift A~:SN = 8 cm -: for the ab- 
sorption band at 830 cm -I, which, in analogy to I and the data in [6], may be assigned to a 
vibration with participation of the N~O bond. 

Thus, the introduction of fluorine atoms into the benzene ring in I is not accompanied by 
significant changes in the frequency ranges for the appearance of the stretching vibrations of 
the azoxy group. 

The intensities of the Raman lines corresponding to vibrations of groups with multiple 
bonds are known to be sensitive to conjugation effects and to be relatively insensitive to 
induction effects [13, 14]. Unfortunately, we are not able to compare the intensities of the 
~N=N bands in the Raman spectra of fluorinated and unfluorinated azoxybenzenes, since changes 
in the relative intensities of the bands in the 1400-1500-cm -~ range in the Raman spectra of 
acetone solutions in comparison to the solid state oocur for many fluorinated compounds. The 
reason for these changes is still not clear to us. Table 3 presents the intensities for the 
vsa,bC~Hs, Vsa,bC~Fs, and ~C--N bands in the Raman spectra, which were measured relative to the 
band of acetone at 1710 cm -: No correction for the spectral sensitivity of the instrument 
was introduced, since we were only interested in a qualitative comparison of the intensities 
of the same vibrations upon the introduction of fluorine atoms and other substituents into the 
benzene rings. From the data in Table 3 it follows that the introduction of fluorine atoms 
into the benzene rings lowers the intensity of the measured bands to a greater extent, the 
greater is the number of fluorine atoms in each ring. 

The intensity of the C--N bands for the polyfluorinated compounds (see Table 3) displays 
a clear dependence on the nature of the substituent in positions 4 and 4' of the benzene rings, 
their intensity increasing along the series CF3 < H < F < CH3 < OCH3. Increases in intensity 
by hypsochromic shifts of the long-wavelength maximum in the UV spectra of these compounds are 
observed along the same series (Table 4). This is qualitatively consistent with the conclu- 
sions which we drew in [2] that the intensity of the stretching vibrations of the bridging 
group depends on the effectiveness of the conjugation of the nonbonding electron pair of one 
nitrogen atom of this group with the ~ system of the benzene ring. 

EXPERIMENTAL 

The IR spectra were recorded on a UR-20 spectrophotometer in KBr (1:800), CC14, CDCI3, 
CD2OD, (CD3)2S0, and (CD3) 2C0 (C = 5%, d = 0.i mm), and the Raman spectra of the solid samples 
and solutions in acetone (C = 0.39 M) were recorded on a Coderg PH-I spectrometer with an He--Ne 
laser (lexc = 6328 ~). The integrated intensities in the Raman spectra were evaluated with re- 
spect to the acetone line at 1710 cm -~, which served as an internal standard, and the bands 
corresponding to the Vsa and Veb vibrations of the aromatic fragments were integrated together. 
The UV absorption spectra were recorded on a Specord UV-VIS spectrophotometer. The calcula- 
tions were performed on an ES-I035 computer. The fluorine-containing azoxybenzenes were ob- 
tained by oxidizing the corresponding anilines by peracetic acid according to the method in 
[15]. Compound I was synthesized according to [16], 15N-labeled azoxybenzene was obtained 
from ~N-labeled nitrobenzene, compound II was obtained according to [17], compound VIIa was 
obtained according to [18], and compound III had mp 82-83~ and the following UV spectrum 
Imax = 226 nm (log s = 3.96), 260 nm (log e = 3.89), and 322 nm (log ~ = 4.21). 

Synthesis of Fluorine-Containing Azoxybenzenes. A mixture of 0.i mole of polyfluorinated 
aniline, 30 ml of 30% H20=, and 150 ml of glacial CH3COOH was held for 50 h at 20~ The re- 
action mixture was poured into water and extracted by ether. The ethereal extract was dried 
over MgSO~. After the solvents were distilled off in a rotary vacuum evaporator, the residue 
was passed through a column with silica gel (the eluent was a i:i0 mixture of diethyl ether 
and petroleum ether, 40-60~ After the solvents were distilled off, the residue was recrys- 
tallized from hexane. The yields and the characteristics of the products are presented in 

Table 4. 

The synthesis of the 15N-labeled azoxybenzenes containing fluorine atoms was carried out 

in a similar manner. 
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CONCLUSIONS 

The vibrations of the azoxy group in azoxybenzene have been assigned on the basis of 
calculations of the frequencies and normal modes of vibrations for it. The introduction oi 
fluorine atoms into the benzene rings has practically no influence on the frequencies of the 
stretching vibrations of the azoxy group. An increase in the number of fluorine atoms in the 
benzene rings of azoxybenzenes lowers the intensities of the stretching vibrations of the 
azoxy and phenyl groups in the IR spectra. 

LITERATURE CITED 

i. I. K. Korobeinicheva, O. I. Andreevskaya, M. I. Podgornaya, and G. G. Furin, Izv. Sibo 
Otd. Akad. Nauk SSSR, Set. Khim. Nauk, No. 12(5), 102 (1982). 

2. I. K. Korobeinicheva, G. G. Furin, and A. V. Zibarev, Izv. Akad. Nauk SSSR, Ser. Khim., 
568 (1984). 

3. W. Maier and G. Englert, Z. Electrochem., 62, 1020 (1958). 
4. A. Gruger and N. LeCalve, Spectrochim. Acta, 28A, 1253 (1972). 
5. Sadtler Standard Raman Spectra, Nos. 295R, 736R, 1935R, 2454R, Sadtler Research Labora- 

tories, Philadelphia (1976). 
6. Y. Yamamoto, Y. Nishigaki, M. Umezu, and T. Matsuura, Tetrahedron, 36, 3177 (1980). 
7. W. Schwotzer, C. Leurnberger, L. Holsch, A. S. Dreiding, and W. Philipsborn, Helv. Chim. 

Acta, ~, 382 (1977). 
8. L. A. Gribov and V. A. Dement'ev, Methods and Algorithms of Calculations in the Theory 

of the Vibrational Spectra of Molecules [in Russian], Nauka, Moscow (1981). 
9. A. I. Kitaigorodskii, P. M. Zorkii, and V. K. Bel'skii, Structure of Organic Matter [in 

Russian], Nauka, Moscow (1980). 
i0. L. A. Gribov and V. A. Dement'ev, Tables of Parameters for the Calculations of the Vi- 

brational Spectra of Polyatomic Molecules [in Russian], Nauchnyi Sovet po Spektroskopii, 
Moscow (1979). 

Ii. M. V. Vol'kenshtein, L. A. Gribov, M. A. El�82 and V. I. Stepanov, Molecular Vi- 
brations [in Russian], Nauka, Moscow (1972). 

12. V. A. Koptyug (ed), Atlas of Spectra of Aromatic and Heterocyclic Compounds [in Russian], 
No. 29, Novosibirsk (1984). 

13. E. D. Schmid and R. D. Topsom, J. Am. Chem. Soc., 103, 1628 (1981). 
14. P. P. Shorygin, Usp. Khim., 40, 695 (1971). 
15. J. Burdon, C. J. Morton, and D. F. Thomas, J. Chem. Soc., 2621 (1965). 
16. W. J. Hickinbottom, Reactions of Organic Compounds, Longmans, Green, and Co., London 

(1936). 
17. J. Lichtenberger and R. Thermet, Bull. Soc. Chim. France, 318 (1951). 
18. L. A. Wall, W. J. Pummer, J. E. Fearn, and J. M. Antonucci, J. Res. Nat. Bur. Stand., 

67A, 481 (1963). 

1397 


