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The kinet ics  of the reac t ion  of diethyl azodicarbona te  with var ious  oxazoles  were  studied, and 
a model  of  the ac t iva ted  complex  with par t ia l  separa t ion  of the cha rges  of opposi te  sign is 
p roposed .  The r e su l t s  of the ca lcula t ions ,  which were  made  via the I-t~ckel MO method,  a r e  
in good a g r e e m e n t  with the two-s tep  m e c h a n i s m  of the he terodiene  synthes is .  

Two m e c h a n i s m s  have been proposed  for  the D i e l s - A l d e r  reac t ion :  a one-s tep  m e c h a n i s m  and a t w o -  
step m e c h a n i s m  with the in t e rmed ia te  format ion  of d i rad ica l  o r  zwit ter ion s t ruc tu res .  The cu r ren t ly  gen-  
e r a l ly  accepted  one-s tep  m e c h a n i s m  sa t i s fac to r i ly  explains a number  of pecu l ia r i t i es  of the o c c u r r e n c e  of 
the diene synthes is  such as the p redominant  fo rmat ion  of endo adducts and re tent ion  of the s t e r eochemica l  
s ta te  of the dienophile.  

However ,  the two-s tep  m e c h a n i s m  cannot be comple te ly  re jec ted  as  a specia l  case  of the D i e l s -  
Alder  reac t ion  for  the following r ea sons .  F i rs t  of  al l ,  on the bas i s  of  a study of 13C and tSO isotope effects ,  
it has  been p e r s u a s i v e l y  demons t r a t ed  [1] that  the d is in tegra t ion  of adduct I p roceeds  in two s teps .  
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Second, ca ta lyzed  Diels - A l d e r  reac t ions  p roceed  in two s teps  with the fo rmat ion  {probably) of  a d i -  
polar  in te rmedia te .  P roof  in favor  of a two-s tep  m e c h a n i s m  for  the cata lyzed diene synthes is  is the p r e p -  
a ra t ive  i so la t ion  of a dicyclopentyl  de r iva t ive  in the d imer iza t ion  of cyclopentadiene [2] and the isolat ion 
of  two i s o m e r i c  products  of the reac t ion  of phenylcyclohexenone with butadiene [3]. 

In our  opinion, the concept  of  a two-s t ep  m e c h a n i s m  for the diene synthes is  is pa r t i cu l a r l y  product ive  
in the examinat ion of  reac t ions  in which one of the reac t ing  molecu les  is s t rongly  polar ized  due to inclusion 
of a he t e roa tom,  i .e . ,  he terodiene  synthes is  reac t ions .  In this r e s p e c t ,  pape r s  [4, 5] in which the kinet ics  
of  the reac t ion  of subst i tuted 1-phenylbutadienes  and methyl  4 -pheny lbu tad iene - l - ca rboxy la t e  with sub-  
st i tuted p -n i t rosobenzenes  a r e  studied a r e  of  in te res t .  Using the Hammet t  co r r e l a t i on ,  Kresze  and co -  
w o r k e r s  [4, 5] concluded that  the m e c h a n i s m  of the reac t ion  depends substant ia l ly  on the nature  of  the sub-  
s t i tuents .  Thus,  in the case  of 1-phenylbutadienes  the reac t ion  probably  p roceeds  via a two-s tep  m e c h a n i s m  
through a po la r  t rans i t ion  s ta te  with a high contr ibution of dipolar  s t r u c t u r e  I h  
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TABLE I .  
Azodicarbonate 

Kinetic 
parameters 

k, mole'1, see-1 in 
methanol at 20 ~ 

kr.el 
E a (Arrhenius). kcal/ 

mole 
log A T 
k, mole'* .see'l, in 
metlmg! at 20" 

k, mole'* �9 see "I'.' In 
ethanol at 20 ~ 

k, mole'*, see'*, in 
heptane at 20 ~ 

Kinetics of the Reaction of 5-Ethoxyoxazoles with Diethyl 

5-Ethoxy- 4-Methyl- 
oxazole 5-ethoxy- 

oxazole 

0,0046 +-0,0002 0,063 +-0,002 

1 13,7 
6,42+-0,8 4,94+-0,7 

0,1+0,6 0,74-----0.5 
0,015+-0,001 1.52+-0,5 

0,16+--0,01 

0,56+--0,06 

2-Methyl- 
5-ethoxy-. 
oxazole 

0.0015_0,000,1 0,022+_0,0015 

0,33 4,7 
6,51 +_0,9 4,57+_0,5 

-0,25+0,6 0,13+-0,5 
0,013+-0,001 0,25+-0,015 

[2-M~thyl- " 
2,4-Di- [4-carb- 
methyl-5- |ethoxy-5- 
ethoxt~- | ethoxy- 
oxazote , |oxazole 

<10-a 

* F o r  r e a c t i o n  in  d i b u t y l  e t h e r .  T h e s e  v a l u e s  w e r e  d e t e r m i n e d  a t  
20 to  6 0  ~ . 

T h e  d i m e n s i o n s  o f  A a r e  r e c i p r o c a l  m o l e s  p e r  s e c o n d .  

TABLE 2. Calculated ~r-Bonding Energies of the Ground State of 
Oxazoles and Their Corresponding Localized Cations and Local- 
ization Energies 

; .~ t~  ,~ 
MO energies in increasing order, Elf, ~ units "~ ~ o  _~)>~.~ 

Oxazole = o 

3,08212,181 ] 

2,57711,499 
L82211,999 
3,17212.209 

3,062 [ 2,182 

1,999 

2.251 

2,243 

2,318 

2,152 

2,33s 

5-Ethoxy- 
OX&ZOs 

5-C at*on 
2-Cation 
2-Cation 
(w method) 

4-Methyl- 5- 
ethoxyoxa- 
zole, indue- 
*ion model 

2-Cationo in- 2.801 I 
due*ion 
model 

4-Methyl-5- 3,0941 
ethoxyoxa- 
zole, hetero. 
atom model 

2-Cation. 2,8441 
heteroatom 
model 

2~Methylv5- 3.109' 
ethoxyoxa- l 
zole, hetero- 
atom model ] 

2-Cation. 
heteroatom 
model 

2.4-Dimetkyl ,! 3.016 
5-ethoxy- 
oxazole, in- 
duction i 
model 

2-Canon, in- - -  
due~iqn 
m o f l e /  

2,4-Dimethyl- 3,120 
5-ethoxy- 
oxazole, 
hetematom 
model 
-Cation,, 

hetetoatom 
model 

1,5ooi 3,724 [- 0,907 

1,192 [ 
9,034 l -  1,317 
9,328 - 1,053 

9,606 - 0,915 

- 1.379 --  

- 1,632 [ 

),084 I 
1,41Ol 
[,564 [ 

1,3981 

1,238 0,0051 1,585 

2,179[ 1,3401 ),594 

I, 8! 1,159[ 3,001 

1,999l 1,468 ~,585 

1,366! 0,4921 1,166 
, I 

-! II 
2,236 2~002[ 1,279 

I 

- 1,544 

- 1,420 

- 1 ,082  - 1 , 1 6 ;  

7,487 

4,076 3,411 
6,231 1,256 
7,273 0,214 

7,202 

6,038 1,164 

9,468 

8,244 , 1,214 

9,479 

6,231 3,248 

7,02~ 

6,03~ 0,988 

1 1 , 4 5 (  

8,24' 3,206 
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TABLE 3. Densi ty of  the Boundary Electrons  on the Reacting 
Atoms of  Oxazole and the Dienophile 

Ota--C --C=C--R 
a N ~  ~ ~ a 4 R=AIk R~COOC~Hs: R =CO0- 

Compound 

5-Ethoxyoxazote 
4- Methyt- 5-ethoxyoxazole 
2 - Methyl- 5-ethox~,oxazole 
2,4- Dimethyl-fi- ethoxyoxazole 

q~r on the atoms 

induction heteroatom 
model model 

2 5 

0,620 0,564 
0,646 0,104 

0, 6 0. 2 
3 4 

2 5 

0,~8 0,4"--62 
0,646 0,430 
0,758 0,368 

3 4 

r ketones 
Ethyl ~-acetylacrylate (R = COOC~Hs) 

Anion of t5-acetylacrylic acid (R= COO') 

0,374 
0,586 

0,568 

0,658 
0,804 

0,052 

We have p rev ious ly  postulated a two-s tep  m e c h a n i s m  for  the react ion  of 5-a lkoxyoxazoles  with d i -  
enophiles [6]. For additional kinetic invest igat ions of  this r eac t ion ,  we chose the reac t ion  of  m e t h y l - s u b -  
st i tuted 5-e thoxyoxazoles  with diethyl azodicarbona te ,  s ince ,  f i r s t  of al l ,  the reac t ion  p roceeds  quanti tat ively 
and gives an adduet that does not undergo fu r the r  changes under the invest igated conditions (the s t ruc tu re  
of  the adduct was proved  by the PMR s p e c t r u m  - - s e e  Fig. 1), second,  the p r e s e n c e  of a long-wave a b s o r p -  
tion m a x i m u m  in the s p e c t r u m  of  the azodicarbona te  e s t e r  makes  it poss ib le  to inves t iga te  the kinet ics  of 
this reac t ion  by spec t ropho tomet ry .  

The data obtained were  introduced into a Nairi  compute r .  The calculat ion was made  f rom the in tegra l  
fo rmulas  by the method of  l ea s t  squares .  The r a t e  constants  and act ivat ion p a r a m e t e r s  (Table 1) we re  ob-  
tained d i rec t ly  at  the output of  the computer .  

F i rs t  of all, one should note the low act ivat ion energ ies  and low preexponent ia l  f ac to r s ,  which, as it 
w e r e ,  occupy the middle posi t ion between the ac t ivat ion p a r a m e t e r s  of  the diene syn thes i s ,  for  which a one -  
step m e c h a n i s m  is a s sumed  (typical E a values  of 12-17 k c a l / m o l e ,  log A 5.5-6.5 [7]), and the act ivat ion 
p a r a m e t e r s  of the ca ta lyzed D i e l s - A l d e r  reac t ion  (E a 0-5 k c a l / m o l e ,  log A f r o m  - 2  to 2 [8]), which p r o -  
ceeds  via a two-s tep  m e c h a n i s m .  The re la t ive ly  low act ivat ion energy and the unusually low preexponen-  
t ial  f ac tor  (i.e., the high negat ive act ivat ion entropies)  make  it poss ib le  to a s s e r t  that  the fo rmat ion  of an 
act ivated complex  in the invest igated reac t ion  cons i s t s  in separa t ion  of charges  of opposi te  sign. In this 
c a se ,  the reac t ion  should be acce l e r a t ed  as  the d ie lec t r ic  constant  of the solvent  i n c r e a s e s .  In fact ,  as  s e e n  
f rom Table 1, the r a t e  constant  for  heterodiene synthes is  i n c r e a s e s  by a fac tor  of  10-20 on pass ing  f r o m  d i -  
butyl e ther  to methanol .  However ,  no d is t inc t  co r r e l a t i on  between the r a t e  constant  and the d ie lec t r ic  con-  
stant  is observed .  This is p robab ly  a s soc ia t ed  with the following pecu l ia r i ty  of the two-s tep  mechan i sm.  

ki k2 
The obse rved  r a t e  constant  of the reac t ion  a + b ~-~ x - - - ~ c  is 

k-i  

klk2 
kobs = ~ + k - i '  

It is natural  that  on pass ing  to a m o r e  polar  solvent ,  k I will i n c r e a s e ,  while k_~ and k 2 will d e c r e a s e .  T h e r e -  
fore  kobs m a y  depend in a r a t h e r  complex  manner  on the po la r i ty  of the solvent.  

An additional p roof  in favor  of a t rans i t ion  s ta te  with par t ia l  separa t ion  of cha rges  of opposi te  sign is 
the qual i ta t ively  obse rved  (by us) acce l e ra t ion  of the reac t ion  of 2 -me thy l -5 -e thoxyoxazo le  with 3 -cyc lopen -  
tenone at 10,000 a tm ,  s ince i t  is p r e c i s e l y  these  ac t ivated complexes  that a r e  c h a r a c t e r i z e d  by a negat ive 
act ivat ion volume [9]. 

It is  apparen t  f r o m  the data p resen ted  in Table 1 that  the introduction of an e l ec t ron -donor  subst i tuent  
into the 4 posit ion of oxazole  a c c e l e r a t e s  the reac t ion ,  while the introduction of an e l e c t r o n - a c c e p t o r  sub-  
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TABLE 4. Molecular Extinction of Dlethyl A z o -  
diearbonate in Various Solvents 

Solvent ~ma=' nITl B 

Dibutyl ether 
Methanol 
Ethanol 

403 
403 
403 

38,9 
22,1 
38,9 

T A B L E  5. C o n d i t i o n s  U s e d  f o r  t h e  Study o f  t h e  C o n d e n s a t i o n  o f  

D i e t h y l  A z e d i c a r b o n a t e  w i t h  O x a z o l e s  

OC~h s 
N./COO C2 H,. R'..~.N/COOC~ H, 

p ~ ~  2ti5 

II - II o ~ 
N'COOC~ Jt~ N ~ /  N'~N'COOC, H~ 

R P 

Solvent Temp., 
*C 

Molar conch. 
of the oxazole. 
c-  10 ~'~ 

Molar concn. 
of diethyl 
azodicarboxyl- 
ate 

Clta 

CHa 

CH 

CH~ 

Dibutyl ether 

Methanol 

Dibutyl ether 

Methanol 

Diisopropyl ether 

Dibutyl ether 

Methanol 

Ethanol 

Heptane 

Dibuty ! ether 

Methanol 

20 

30 

45 

60 

20 

20 

30 

45 

60 

20 

20 

30 
45 
60 

20 

20 
30 
45 
20 
30 
45 
60 
20 
30 
45 
60 
20 

11,46 
114,6 

11,46 
114,6 

11,46 
114,6 

11,46 
114,6 

11,46 
114,6 
11,47 
24,9 

101,2 
11,47 
22,7 

101,2 
I 1,47 
22,8 

101,2 
11,47 
21,8 

101,2 
11,47 

1 t3,6 
11,46 
5,75 
1,15 

11,46 
23 
2,3 
1,15 
1,15 
1,15 
1,15 

I 1,46 
1,15 

11,46 
1'1,46 
11,46 
11,46 
11,46 
11,46 
11,46 
11,46 
10,31 
10,31 
10,31 
10,31 
10,31 

2,26 
4,52 
2,26 
4,52 
2,26 
4,52 
2,26 
4,52 
2,26 
4,52 

2,8 
2,26 
4,78 
2,26 
2,26 
4,57 
2,28 
2,26 
4,51 
2,18 
2,26 
4,38 
2,12 
4,78 
2,26 
1,13 
1,13 
4,52 
2,26 
2,26 
2,26 
2,26 
2,26 
2,26 
2,26 
2,26 
4,52 
2,19 
2,t2 
2,03 
2,26 
2,26 
2,26 
2,26 
2,44 
2,26 
2,18 
2,62 
2,38 
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COOC2H~ 

CO0~H s OC2Hs 

t s - ci~ I! HsCzO N~.N/COOC~s COOCzI~S 

H3C I 

Fig. 1. PMR spec t rum of the adduct of 
4-methyl-5-e thoxyoxazole  and diethyl 
azodicarbonate.  

stituent into the 4 position inhibits the reaction.  Thus 2-  
methyl -4-carbe thoxy-5-e thoxyoxazole  reac ts  with the azodi-  
carbonate es te r  more  slowly {by a factor  of at least  100,000) 
than in the case  of 2-methyl-5-e thoxyoxazole .  On this bas is ,  
it can be concluded that the positive charge  is localized on the 
oxazole portion of the molecule in the t ransi t ion state. 

Thus the data obtained a re  in good agreement  with the 
model of an activated complex with part ial  separat ion of 
charges  of opposite sign; f rom the point of view of the he te ro -  
diene, this model can be called "electrophil ic ."  

o 2 

An examination of this model in MO t e r m s  makes it possible to deepen the understanding of the mech-  
anism of the heterodiene synthesis .  Relying on the "electrophil ic"  react ion mechanism,  we selected the 
localization energy[10] andthe boundary electron density [11] as the react ivi ty  indexes. The calculations were 
made by the Hdckel MO (HMO) method with a H]~SM-4 computer  and the following p a r a m e t e r s :  hl~ = 0.5, 
h~ = 2, 1~ = 1, CH 3 (induction model) h C = - 0 . 5 ,  CH 3 (heteroatom model) h X = 2, VIP = 0.1hx, k C = C = 1, 

k c =  N = 1, kc_  O = 0.8, k c =  O = 1, kC_CH 3 = 0.7. 

The resul ts  of the calculations a re  presented in Table 2. As one should have expected, the in t roduc-  
tion of a CH 3 group into both the 2 and 4 positions of oxazole lowers the energy of the ground state.  

Since localization of the positive charge  in the "oxazole" portion of the molecule inc reases  in the t r an -  
sition state,  the stabilizing effect of methyl groups should be exerted still more  sharply.  In fact,  the in t ro -  
duction of a CH 3 group into the 4 position of the oxazole molecule acce le ra tes  the react ion by a factor  of 
N 14, but 2-methyloxazoles  reac t  s lower  by a factor  of  three than the corresponding 2-unsubstituted c o m -  
pounds. 

However, this apparent  contradict ion is readily explained within the f ramework of the two-step m e c h -  
anism of the heterodiene synthesis .  Since only one bond is initially formed,  the intermediate  zwitterion 
compound (and it se rves  p rec i se ly  as a model of the t ransi t ion state in calculations of the local izat ion energy) 
may  have two i somer ic  s t ruc tu res  (III and IV): 

d 
, Is , ~  
 o,-U . 

a N ~  ~ 3 

III IV 

The alkoxy group in III is conjugated with the localized cation and part ic ipates  in resonance s tabi l iza-  
tion, while that in IV is excluded f rom conjugation, and this leads to an increase  of 2.155 fl in the energy of 
this s t ruc ture .  Within the f ramework of the two-step mechanism,  this means that initially, in the step that 
l imits the ra te ,  a bond is formed with the 2 position of the diene molecule.  If this is so, the 2-CH 3 group,  
which stabil izes the ground state ,  is par t ia l ly  cut off f rom the conjugated sys tem of the cation in the t r an s i -  
tion state,  and this leads to an inc rease  in the activation energy and slowing down of the reaction.  

Thus the localization energies  a re  in qualitative agreement  with the experimental  data and do not con-  
t radic t  the two-step mechan i sm of the heterodiene synthesis.  However, the absence of a l inear corre la t ion  
between the localization energies  and the relat ive ra te  constants and the ve ry  low fl values indicate sub-  
stantial deficiencies of this react iv i ty  index as applied to the investigated reaction.  This is part ial ly due to 
the intr insic inadequacies of the HMO method in calculations of charged sys tems  and par t ia l ly  due to the 
crude model of the t ransi t ion s tate ,  which a s sumes  complete localization of the two electrons.  A test  ca l -  
culation of the localization energy by the more  c o r r e c t  w method (w = 1.4) is presented in Table 2. 

In addition, the method of localization energies  does not take into account the dienophile and thus does 
not make it possible to examine the problem of orientation in the heterodiene synthesis .  

In this connection, we turned to the method of boundary e lec t rons ,  which is based on a t ransi t ion state 
model that is c lose  to that of the s tar t ing compounds. The ~ -e lec t ron  densit ies of the upper occupied MO 
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(for dienes) and lower  antibonding MO (for the dienophiles) ,  which were  calculated by the HMO method,  a r e  
p resen ted  in Table  3. In all  c a s e s ,  q2 lr for  the oxazoles  exceeds  q5 r , i . e . ,  a bond is f i r s t  fo rmed  with the 
2 posi t ion of the oxazole  molecule .  In conformi ty  with the calculated va lues ,  one should expect  that  the r e -  
act ion of 5-a lkoxyoxazoles  with ethyl f l - a ce ty l ac ry l a t e ,  just  as with a ,  f l -unsa tura ted  ketones ,  will lead to 
a product  in which the acetyl  group will be  in the 4 posi t ion,  while reac t ion  with f l - ace ty l ac ry l i c  acid should 
lead to the 5-ace ty l  der iva t ive .  This predic t ion is  in comple te  a g r e e m e n t  with the exper imenta l  data.  

It should be  noted that  the calculated data ,  which were  obtained using the induction model of the methyl  
group,  a r e  in substant ia l ly  poore r  a g r e e m e n t  with the exper imenta l  values  obtained on the bas i s  of  the h e t e r o -  
a tom model .  This again conf i rms  the inapplicabi l i ty  of the induction model  to calculat ions of carbonium ions. 

For compar i son ,  we calcula ted the energ ies  of the d i radica l  t rans i t ion  s ta tes .  We selected a model  
with elongation of the conjugated s y s t e m  in which the newly fo rmed  bond was ass igned a fl value of 0.7. Al -  
though the o r d e r  of  change of the energ ies  coincides with the values  calculated for the "e lec t rophi l ic"  model ,  
the quanti tat ive d i f fe rences ,  however ,  a r e  so smal l  that this coincidence is accidental  and cannot s e r v e  as 
a re l i ab le  bas i s  for  co r re l a t ions  with the exper imenta l  data.  

o" d d ~ d 

" ~ C -  ~C-- 

0 0 

/L, B uni t s  1.133 1.150 1,161 1,137 

As B uni t s  0 0.017 0,027 0,004 

Thus the r e su l t s  obtained a r e  in good a g r e e m e n t  with the two-s tep  m e c h a n i s m  for  the heterodiene syn-  
thes i s .  In addition, the theore t ica l  approach that  we proposed  makes  it poss ib le  to evaluate both the re la t ive  
reac t iv i t i e s  of oxazoles  in the diene synthes is  and the  or ienta t ion  of the u n s y m m e t r i c a l  dienophiles.  

E X P E R I M E N T A L  

The PlVIR spec t r a  were  r eeo rdedwi th  a J E O L  JNM-H-100 s p e c t r o m e t e r .  The kinet ics  of the reac t ion  
of diethyl azodicarbonate  with the oxazoles  were  r eco rded  with an EPS-3T doub le -beam spec t rophotomete r .  

The reac t ion  of diethyl azodicarbonate  with the var ious  oxazoles  was invest igated in a number  of so l -  
vents at var ious  t e m p e r a t u r e s .  In the kinetic expe r imen t s ,  the change in the diethyl azodicarbonate  con-  
cent ra t ion  was recorded  spec t ropho tomet r i ca l ly  with al lowance for  the change in i ts  mo lecu l a r  extinction 
on pass ing  f rom one solvent  to another  {Table 4). 

The oxazoles  and the conditions under which the reac t ion  was studied a r e  p resen ted  in Table 5. 

The authors  thank A. S. Ol 'khovyi and V. G. Tumanyan for the i r  a s s i s t a n c e  in p e r f o r m i n g  the ca l cu l a -  
t ions.  
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