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The frequencies  and fo rms  of the normal  vibrations of 3-az ido-  and 3 -az ido -5 -me thy l -  
1 ,2 ,4- t r iazoles  and their  1-deutero-subs t i tu ted  derivatives were calculated, the effect of 
the geomet r i ca l  pa r ame te r s  of 3 - az ido - l , 2 , 4 - t r i a zo l e  on the vibrat ional  spect ra  was in- 
vestigated,  and the most  probable three-d imens ional  model of the molecule was selected.  
The solution of the inverse spec t ra l  problem was effected by the method of least  squares ,  
and the potential energy constants of the azidotr iazoles  were  calculated. It is shown that 
the force  constants of the azido group increase  and the elast ic constants of the ring de- 
c r ea se  when an azido group is introduced into the 1 ,2 ,4- t r iazole  molecule.  The f r e -  
quencies in the experimental  spect ra  were  ass igned to the principal  types of normal  
vibrat ions.  

The vibrat ional  spec t ra  and electronic s t ruc tures  of aliphatic azido compounds were  investigated in 
[2-4], and it was shown that the introduction of e lec t ron-accep tor  groups into the fl and, particularly-, the 
c~ positions leads to a decrease  in the negative charge on the N 3 a t o m  of the azido group (Fig. 1) and, co r -  
respondingly,  to an increase  in the react ivi t ies  of the alkyl azides in 1 ,3-dipolar  cycloaddition react ions.  
Data on the electronic and three-d imens ional  s t ruc tures  of heterocycl ic  azides are  lacking, in connection 
with which we also undertook a study of the vibrat ional  spec t ra  of 3-az ido- ,  1 -deu te ro -3 -az ido- ,  3-az ido-  
5 -methy l - ,  and 1 - d e u t e r o - 3 - a z i d o - 5 - m e t h y l - l , 2 , 4 - t r i a z o l e s .  

The natural vibrational coordinates of the investigated compounds are presented in Fig. I. The geo- 

metrical parameters of the triazole ring presented in [5] were used for the calculations of the vibrational 

spectra; parameters determined by microwave spectroscopy [6, 7] were selected for the azido group: bond 
lengths NIH = 1.03, NIN 2 = 1.359, N2C 3 = 1.323, C3N 4 = 1.359, N4C 5 ~ 1.324, CSH = 0.93, C5C = 1.54, CH = 1.09, 

* See [1] for  communicat ion IV. 
t Deceased.  
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F ~ .  1.. S t ruc tu res  and n a t u r a l  coo rd ina tes  of 3 -  
az i d o - 5 - m e t h y l - 1 , 2 , 4 - t r i a z o l e .  
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T A B L E  1. F r e q u e n c i e s  and F o r m s  of  the  N o r m a l  V i b r a t i o n s  of  
3 - A z i d o - l , 2 , 4 - t r i a z o l e  

Syrn- ! 

metry ii R ~l~ctrum" 
!y, cm "1 

3110s 

1 - D-3 -A zido-1, 2,4 - I 
3-Amzido-l,2 4-~iazole ]triazole . Vibrational 

iamanspec-~alc.~. ~Rspectrum, calc.,v,i forms" 
~um, y,cm-l(crn, ' iv, cm -1 cm" ' 

- -  ~ 3109 3110s 3109 
3061 2274 q~ 
2160 2160 
1507 1606 
I493 1493 
1422 14t8 
I322 1321 

1268 
1209 
1148 
1087 

A ! 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A" 
A' 
A' 
A" 
M 
A,, 

A" 
A zz 
A' 
A" 
A' 
M 
A" 

3065 
2160Vs 2137 (0,6) 
1514s 1522(1,1) 
1486o,S 1493 (2,6) 
1455o.s [444 (3,9) 
1338o.s 1321 (4,3) 
1286s 1281 (0,9) 
1220m 12290,3) 
1173vs 1187 (3,5) 
1086s 
1010m 1047 (4,0) 
976vs 
956W t 9_~(1,5) 
854s,br i ! 838(3 ,3 )  

790w 775 (10,0) 
631 m 622 (3,5) 
524m 496(0,4) 
415m 423(0,6) 
340w i - -  
- -  t 233 (0,2) 
-- ~ 207 (0,6) 

2285 s 
2155 vs 
1518~s 
1470vs 
1400w 
.1336s 
1260 m 
1197m 
1163w 
t086s 
780w 
976s 
730 
902w 

{ 854s,br, 

q5 

% - qa 
-q,, Q4, Q~, -/3~, --fi6 

1269 
1214 
1 1 6 4  

1087 
1026 
954 
945 
89l 
835 

789 
624 
5O4 
407 
325 
239 
194 

- %  Ql, -Q~, ~5, f~6 
-Q, ,  q~, Q,, - i~,  1~6 
-q2, Q2, -1~3, 1~4 
--q2, --q3, --[~3, ~4 

p4, % 
754 -~3. ~4 
953 - %  --cq, "x~ 

a ,"  
890 , ~r ~z~. - - a4 ,  - a ~  

851. I-p2, 7. 
623 p~. % 
5o0 iq,, I~, ~ 

, 363 --p3, p4, z 
324 
238 i% -132 
190 !p2, Z 

* O u t - o f - p l a n e  v i b r a t i o n s :  Pl f o r  the  N6H! bond,  P2 f o r  the  C3N 7 
bond,  P3 f o r  the  NH bond,  P4 f o r  the  CH bond,  and  X f o r  the  r i n g  
v i b r a t i o n s .  

C3N 6 = 1.47,  N6N ? = 1 .24 ,  and  NTN 8 = 1.12 A; v a l e n c e  a n g l e s  iHbNtN2 = 124 ~ LNtN2C 3 = 102 ~ LN2C3N4 = 
l l 5 o ,  LC~N40 5 =103O, LN4C5Nl=110~ =126O, LNZC~N6=122030 ,, c H C H = 1 0 9 o 2 8  ,, 
LC3N~N 7 = 120 ~ and L N6N~N 8 = 180~ R o t a t i o n  of  the  a z i d e  and m e t h y l  g r o u p s  about  the  C -  N and 

C----C bonds  w a s  d i s r e g a r d e d .  T h e  f o r c e  c o n s t a n t s  of  the  t r i a z o l e  r i n g  and the  az ido  g roup ,  wh ich  a r e  p r e -  
s e n t e d  in [2, 8], w e r e  s e l e c t e d  a s  the  z e r o  a p p r o x i m a t i o n  of  the  p o t e n t i a l  e n e r g y  c o n s t a n t s .  

I n a s m u c h  a s  the  t h r e e - d i m e n s i o n a l  s t r u c t u r e  of 3 - a z i d o - l , 2 , 4 - t r i a z o l e  is  unknown, we c a l c u l a t e d  the  
f r e q u e n c i e s  and  f o r m s  of  the  n o r m a l  v i b r a t i o n s  of t h r e e  g e o m e t r i c a l  m o d e l s  - t he  p l a n a r  m o d e l  p r e s e n t e d  
in F i g .  1 and m o d e l s  w i t h  90 and  180" r o t a t i o n  of the  a z i d o  g r o u p  r e l a t i v e  to  the  C - N  bond.  

The  p o t e n t i a l  e n e r g y  c o n s t a n t s ,  w h i c h  t a k e  into a c c oun t  the  i n t e r a c t i o n  of the  a z i d e  g r o u p  wi th  the  
r i n g ,  w e r e  a s s u m e d  to be  z e r o  f o r  the  m o d e l  wi th  90 ~ r o t a t i o n  of the  a z i d e  g r o u p ,  i n a s m u c h  a s  in t h i s  c a s e  
the  w - e l e c t r o n  o r b i t a l s  of the  N 3 g r o u p  and  the  t r i a z o l e  r i n g  a r e  o r t h o g o n a l .  The  b e s t  a g r e e m e n t  b e t w e e n  
the  c a l c u l a t e d  s p e c t r a  a n d  the  e x p e r i m e n t a l  s p e c t r a  w a s  o b t a i n e d  f o r  p l a n a r  c o n f i g u r a t i o n s  of  3 - a z i d o - 1 , 2 , 4 -  
t r i a z o l e ,  a l t hough  it  shou ld  be  no ted  tha t  the  r a t h e r  c l o s e  f r e q u e n c i e s  in the  c a l c u l a t e d  s p e c t r a  of the  p l a n a r  
s t r u c t u r e s  do not  m a k e  i t  p o s s i b l e  to u n a m b i g u o u s l y  s e l e c t  a c e r t a i n  g e o m e t r i c a l  m o d e l .  In t h i s  c o n n e c -  
t ion ,  the  g e o m e t r i c a l  c o n f i g u r a t i o n  of 3 - a z i d o - l , 2 , 4 - t r i a z o l e  d e p i c t e d  in F i g .  1 w a s  s e l e c t e d  f o r  the  c a l c u -  
l a t i o n s  of the  v i b r a t i o n a l  s p e c t r a .  The  f o r c e  f i e l d  of 3 - a z i d o - l , 2 , 4 - t r i a z o l e  w a s  r e f i n e d  du r ing  the  c a l c u l a -  
t i ons  in c o n f o r m i t y  w i th  t he  d e r i v a t i v e s  of  t he  f r e q u e n c i e s  wi th  r e s p e c t  to  the  f o r c e  c o n s t a n t s  up to the  
po in t  w h e r e  the  c a l c u l a t e d  f r e q u e n c i e s  c o i n c i d e d  w i t h  t he  e x p e r i m e n t a l  v a l u e s .  

T h e  s e t  of  f o r c e  c o n s t a n t s  o b t a i n e d  in  t h i s  w a y  w a s  u sed  f o r  c a l c u l a t i o n s  of 1 - d e u t e r o - 3 - a z i d o - ,  
3 - a z i d o - 5 - m e t h y l - ,  and  1 - d e u t e r o - 3 - a z i d o - 5 - m e t h y l - l , 2 , 4 - t r i a z o l e s .  The  s a t i s f a c t o r y  a g r e e m e n t  b e t w e e n  
the  c a l c u l a t e d  f r e q u e n c i e s  and  the  e x p e r i m e n t a l  v a l u e s  m a y  s e r v e  a s  a c o n f i r m a t i o n  of the  r e l i a b i l i t y  of  
the  s e t  of  f o r c e  c o n s t a n t s  o b t a i n e d  a b o v e .  The  p o t e n t i a l  e n e r g y  c o n s t a n t s  of the  a z i d o  g r o u p  and the  t r i a -  
z o l e  r i n g  w e r e  s u b s e q u e n t l y  r e f i n e d  f o r  the  i n v e s t i g a t e d  c o m p o u n d s  by  s o l u t i o n  of the  i n v e r s e  s p e c t r a l  
p r o b l e m  b y  the  m e t h o d  of  l e a s t  s q u a r e s  (MLS). 

The  f i n a l  s e t  of  f o r c e  c o n s t a n t s  f o r  3 - a z i d o - l , 2 , 4 - t r i a z o l e  is  p r e s e n t e d  be low (in un i t s  of  106 cm-2) :  * 

* The force constants are designated in accordance with [9]. 
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Kq, = 7.70, Ku: = 13.28, Kq~ = 24,36, 

KQ,= 13.30, Ko. ~ =9.8, KQ~ = 10.65, 

K~= 3,0 , Ka =2.36, K~ =2~20, 

K~= 1.40, K~ =0.96, t(~ ~ 0.80, 

K 1~ = 1.38, Ko, = 2.92, K~ = 0.58, 

q~ q2 I<x =0.25, H~=0.20, H% = 1.15, 

Q3 qt QI, 
HQ~= 1.85, HQ~ =0.15, HQ5 =1.80, 

q~ QI ql 
A~ ~=0.05, A~, =0.80, A~z =0,78, 

QI q~ 
A~ = 0.38, A% =-0 .78 ,  

Q2 S q4,5 
Af~s' ~= 0 .96 ,  AI~_~= 0.20, 

q4 Qa Q3 
A~,a --- --0.15, A%.~ --- 2.30, AI~ = 

Kq,=8.75, K = 8.88, 

KQ,=12.80, KQ=12.0, 

Ka=3.30, K o= 2.80, 

K~5.6 =0.90, K~= 3.30, 

K~, = 0.49, K = 0,54, 

q5 Q4 
HQ&4=0.30, HQ 1.2= 0.80, 

Q3 Q4 
HQ5 =0'60' HQ5 = 2.0, 

q2 % A~ =0.55, A~ =-0 .34,  

QI Q2 Q4 Q5 
A%,2= A % =A~4 =Ac~ 5 =2.10, 

Q5 Q2 Q4 
A~ 3 =AI~4=AI35 =0.58, 

Q3 1.0, A~6 =0"50' 

la~ = 0.35, 1~4 = 0.35 ~' 1:2 =0.43, 1~ ~ =--0.6, 1%_~= -0.8, 3 45 

c~a a4 G'3 ~4 cz3 
lf~3. = 0.28, l13s, 6 =--0.28, lcz 4 = 1~5=0.38 , |=a =--0.6, 

~5 xl 
1~ = 0.33, lz i+i =-0 .03.  

The introduction of a methyl  group into the 5-posi t ion of the ring led to a slight change in the following 
fo rce  constants of the coordinates  of the t r i azo le  ring adjacent  to the methyl  group, during which, as one 
should have expected, the fo rce  constants  of the azido group did not change: 

K% =6.91, Kq 6_s=8.34, KQ4 = 11.2, K~ 5 = t.39, 

Kz 4 =2.9, Ky =0.88, K~ =0.71. K~ s = 1 57. 
on 

K.% =0.43, Kp4 =0.51, H~=0.02, % 
He 7 =0"05' 

Q1 Q4 Q4 
HQ 4=0.56, HQ3 = 1.50, HQ6 =0.60, Q2 

A~ 4 =0"42' 

Q~= Qs A~5 = l: :  = 0.33. A~4 1.02, A~ s =0.40, 
A:S'6 =0.43, 

q6 q6 Q4 Q4 Q5 
A~s =As =0.35, A~ 5 =0.28, A~ 4=2.7, A% =1.63, 

5 =0.17 ,  = 0 . 0 2 ,  ,J = = - o . o 3  

A compar i son  of the potential  energy  constants obtained for  3 - az ido - l , 2 , 4 - t r i a zo l e  der iva t ives  with the 
fo rce  constants of alkyl azides and 1 ,2 ,4- t r iazole  showed that a dec rease  in the force  constants of the t r i a -  
zole ring and, correspondingly,  an increase  in the elast ic  constants of the N=N valence bonds of the azido 
group a r e  observed  for  the azidotr iazoles ;  this should lead to an increase  in the e lec t ron  densi ty of the 
azido group as  compared  with aliphatic azido compounds. 

The resu l t s  of the ass ignment  of the pr incipal  f requencies  in the exper imenta l  IR and Raman spec t ra  
a re  p resen ted  in Tables  1 and 2. 

EXPERIMENTAL 

The IR spectra were recorded by standard methods with Perkin-Elmer 457 and IKS-22 spectrometers, 
The Raman spec t r a  of aqueous solutions were  r e c o r d e d  with a DFS-12 spec t romete r ;  the spec t ra l  scanning 
ra te  with r e spec t  to the slit  was 6 .1 /~ /min ,  k exci t  was 4358 A, and the re la t ive  intensit ies of the Raman 
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TABLE 2. F r e q u e n c i e s  and F o r m s  of the N o r m a l  V i b r a t i o n s  of 
3 - A z i d o - 5 - m e t h y l - l , 2 , 4 - t r i a z o l e  

;ym- 3 - A zido- 5- methyl-l,2,4 -t~iazole 

~etry I IR spectrum Raman spec., calc. 
i ", c m  "~ ~', ~m-~ ~-~ 

A / 
A' 
A' 
A' 
A' 

{ 
A' 
A" 
A' 
A' 
A" 
A' 
A' 
A' 
A" 
A" 
A" 
It" 
A' 
A" 
A" 
A" 
A' 
A" { 
A" 
A" 
A' 
A" 
A" 
A" 
A" 

3o35m 

I 
2992vs 
2160vs 2154(1,1) 

1516(4,2) 

13~(3.7) 

 o6i 
3015 
3O28 
2944 
2157 
1520 

1504 
1469 
1454 
I4t8 
1410 
1364 
1244 
1190 
1158 
1064 
1015 
983 
957 
907 
834 
8O8 
641 
633 

1-D-3-Azido-5- 
methyl-I, 2,4-triazolr 

IR spectrum, calc. 
y, am "t cm-I 

Vibrational 
forms 

2160vs 

2274 
3015 q7 
,3029 ~61-q7,-q8 
2944 q6, qT, q8 
2157 % - q s  
1519 --% Q,, Qs, [~5, -[~6 

15OOs 

1465vs 
1441 sh 
1425vs 
1402vs 
1378vs 
1225m 
1200 sh 
1150w 
1063 vs 
1039 m 
1017 w 
984 vw 
900 m, br. 
850 sh 
800m 
660vw 
500w 
525m 
452m 
350w 
280m 

1346(lO,O) 
1245(5,5) 
1198(9,1) 

i 0~(6 ,0 )  
10t8(0,1) 
989(5,7) 
909(6,7) 
846(2,0) 

469 (0,8) 

213(2 ,7 )  

601 
508 
443 
336 
254 
207 
152 

1510s 

1470 vs 
1430 vs 

1415vs 
1382 m 
1220 m,br 
1209 sh 
1156w 
78O m 

t940 m 
10O0 sh 
988 w 
780 m 
850vw 
840 sh 

1499 
1469 
1454 
14|7 
1499 
1360 
1239 
ll80 
1158 
782 

1020 
982 
959 
781 
841 
838 
635 

236 
206 
152 

-ql, QI, Qs, 7, ~5, 
- Q I ,  -Q4,  Qs, y, -1]  

q-Y, -~l 
--7, 
-Q,, qs, Q,, ~,, -[~4, a4 
--q2, -Q2, -a,, ~3 
- q2, - qa 

-ql, ~3, - ~ ,  7 
Q~, -Q4, - a .  -a3, c~s 
--qI, 0~2, --~Z 

P2, 

P4, 

ql, ~L, - ~ ,  PT, - ~  

ili:: 
l i nes  a r e  p r e s e n t e d  on a t e n - p o i n t  sca le .  The  c a l c u l a t i o n  of the f r e q u e n c i e s  and  f o r m s  of the n o r m a l  v i b r a -  
t i ons  and the  so lu t i on  of the  i n v e r s e  s p e c t r a l  p r o b l e m  by  the method  of l ea s t  s q u a r e s  w e r e  a c c o m p l i s h e d  
wi th  a Minsk -22  c o m p u t e r  f r o m  p r o g r a m s  deve loped  in [9]. The a n h a r m o n i c i t y  of the v i b r a t i o n s  was  t aken  
into accoun t  by i n t r o d u c t i o n  of the s p e c t r o s c o p i c  m a s s e s  of the H and D a t o m s .  
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