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A b s t r a c t  

T e m p e r a t u r e  d e p e n d e n t  nmr s p e c t r a  h a v e  b e e n  

o b s e r v e d  f o r  a s e r i e s  o f  p a r a - s u b s t i  t u t e d  1 - a r y l - 3 , 3 -  

d i m e t h y l t r i a z e n e s  . The t e m p e r a t u r e  dependence  has b e e n  

i n t e r p r e t e d  i n  t e r m s  of r e s t r i c t e d  i n t e r n a l  r o t a t i o n  a b o u t  

t h e  N2,Fj bond of t h e s e  t r i a z e n e s  a n d  a c t i v a t i o n  p a r a -  
5 

m e t e r s  AF', AH', a n d  AS h a v e  b e e n  c a l c u l a t e d  f rom the 

s p e c t r a l  d a t a .  The o r i g i n  of t h e  r o t a t i o n a l  b a r r i e r  i s  

c o n s i d e r e d  t o  l i e  i n  p a r t i a l  d o u b l e  bond f o r m a t i o n  be tween  

hT2 and  T3 d u e  t o  t h e  c o n t r i b u t i o n  of 1 , 3 - d i p o l a r  r e s o n a n c e  

h y b r i d s  t o  t h e  qround  s t a t e s  of t h e s e  t r i a z e n e s .  T h i s  

i n t e r p r e t a t i o n  i s  s u p p o r t e d  by  a s i z a b l e  s u b s t i t u e n t  e f f e c t  

o =  - 2 ' 1  f o r  t h e  r o t a t i o n a l  p r o c e s s  i n  t h e  s e r i e s  s t u d i e d .  

Chemica l  s h i f t  d a t a  a t  low t e m p e r a t u r e s  i n d i c a t e s  a s t e r e o -  

s p e c i f i c  a s s o c i a t i o n  of  benzene  w i t h  t h e  t r i a z e n e s  s t u d i e d  

which p l a c e s  t h e  b e n z e n e  r i n g  c l o s e r  t o  t h e  t r a n s  N-Me 

g r o u p  i n  t h e  1 , 3 - d i p o l a r  r e s o n a n c e  h y b r i d .  

The t h e r m a l  d e c o m p o s i t i o n  of ~ T - a r y l a z o a z i r i d i n e s  

f o l l o w s  two r o u t e s ;  one g i v i n g  a r y l a z i d e  and a l k e n e  

( s t e r e o s p e c i f  i c a l l y )  a n d  t h e  o t h e r  g i v i n g  p r o d u c t s  t y p i c a l  

of h o m o l y s i s  of t h e  a z o - l i n k a g e .  The p r o d u c t s  o f  t h e  

h o m o l y t i c  r o u t e  i n  b e n z e n e  s o l v e n t  a r e  a z i r i d i n e s ,  b i a r y l s  

and  a r e n e s .  3 0 t h  t h e  r a t e  a n d  e x t e n t  o f  a z i d e  a n d  a l k e n e  

f o r m a t i o n  a r e  f a v o u r e d  by  i n c r e a s i n g  t h e  e l e c t r o n e g a t i v i t y  

of s u b s t i t u e n t s  i n  the a r y l  r i n g  a n d  p e r f o r m i n g  the r e a c t i o n  

i n  more p o l a r  s o l v e n t  ( C H C L  3 ) . P y r o l y s i s  and  p h o t o l y s i s  

of M-ary lazo  d e r i v a t i v e s  o f  l a r g e r  c y c l i c  a m i n e s  p r o c e e d s  v i a  

h o m o l y s i s  of t h e  a z o  l i n k a g e  t o  t h e  e x c l u s i o n  o f  f r a g m e n t a -  

t i o n  of  a z i d e  a n d  u n s a t u r a t e .  

iii 



The t h e r m a l  r e a c t i o n  of N-aryl -2 ,3-diphenyl  

a z i r i d i n e s  w i t h  a c t i v a t e d  a l k e n e s  s u c h  as  d i m e t h y l  m a l e a t e  

and d i m e t h y l  f u m a r a t e  h a s  been shown t o  y i e l d  2 ,5 -d ipheny l -  

3 ,4-dicarboalkoxy p y r o l l i d i n e s  . The r e a c t i o n  i s  s t e r e o s p e c i f l c  

with r e s p e c t  t o  t h e  a l k e n e  r e a c t a n t .  K i n e t i c  i n v e s t i g a t t o n  

of t h e  r e a c t i o n  r e v e a l e d  a two s t e p  r e a c t i o n .  The f i r s t  

s t e p  i s  c o n s i d e r e d  t o  be r a t e  d e t e r m i n i n g  c o n r o t a t o r y  r i n g  

opening v i a  C-C bond c leavage .  A Hamrnett r e a c t i o n  c o n s t a n t  

of p = -0.8 was de te rmined  f o r  t h e  P I - s u b s t i t u e n t s  i n  t h i s  

s t e p .  The second s t e p  i s  t h e  c o n c e r t e d  l , 3 - d i p o l a r  c y c l o -  

a d d i t i o n  of t h e  r i n g  opened a z i r i d i n e  of  t h e  a l k e n e s .  The 

r e a c t i o n  of 7 -a ry l -6a ,  7a-dihydro-acenaphthai . [ l ,  2-b] - 
a z i r i d i n e s  w i t h  a l k e n e s  p roceeds  v i a  s low d i s r o t a t o r y  r i n g  

opening v i a  C-C bond c l e a v a g e  ( p  = +0.74) w i t h  subsequen t  

s t e r e o s p e c i f  i c  1 ,3 -add i  t i o n  t o  a l k e n e s  . 
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CHAPTER I 

NMR STUDY OF HINDERED ROTATION I N  

1-ARYL- 3,3-DIMETHYLTRIAZENES 



In t roduc t ion  --- 

I n  order  t o  l a y  a  foundation on which t o  base t h e  

study of the  fragmentation of N-arylazoazir idines descr ibed 

i n  chapter  11. We s tud ied  t h e  va r i ab le  temperature nmr 

spec t ra  exhib i ted  by 1-aryl-3,3-dimethyltri~zenes . 

I n  genera l ,  amine d e r i v a t i v e s  which possess  fl- 

conjugat ive systems d i r e c t l y  a t t ached  t o  n i t rogen,  1-1, 

e x i s t  p a r t i a l l y  a s  t h e  1,3-dipolar  resonance s t r u c t u r e s ,  

1-2, and may be represented  a s  1-3. 

An observable e f f e c t  of such resonance h y b r i d i s a t i o n  i s  an 

increase  i n  t h e  e f f e c t i v e  b a r r i e r  t o  r o t a t i o n  about X-N 

bond. This occurs t o  an apprec iable  extent  i n  d e r i v a t i v e s  

i n  which t h e  d ipo la r  resonance s t r u c t u r e s  1-2 a r e  s t a b i l i z e d  

by t h e  presence of e l ec t ronega t ive  s u b s t i t u e n t s  a t  t h e  Y 

1 
p o s i t i o n .  Amine de r iva t ives  such a s  amides (x=c, Y = o ) ,  

2 nitrosoami ?es (x=N, Y = O )  , enamines3 (x=Y=C ) , hydrazones 3 

5 (X=N, Y = C )  , amidines4 (X=C, Y = N ) ,  thioamides (x=c, Y=S ), 
6 

and selenamide (x=c, Y = s ~ ) ,  e x i s t  t o  a s u f f i c i e n t  ex tent  

i n  t h e  1,3-dipolar  s t r u c t u r e ,  1-2, t o  cause t h e  b a r r i e r  

(7-23 Kcal) t o  r o t a t i o n  about the  X-N bond t o  be measurable 

by nmr techniques.  



We have found thet 1-aryl-3,3-dimethyltriazenes 

1-4 produced upon the coupling of aryl diazonium salts with 
7 

dimethylamine are excellent models for the study of the 

1-1-1-2 resonance hybridization. 



Resul t s  

Each of t h e  p a r a  s u b s t i t u t e d  t r i a z e n e s  l i s t e d  i n  

Table I exh ib i t ed  temperature v a r i a b l e  nmr s p e c t r a  which were 

i n t e r p r e t a b l e  i n  terms of hindered i n t e r n a l  r o t a t i o n  about 

t h e  N2,N3 bond of  1-4. The N-methyl s i g n a l s  i n  t h e  nmr 

s p e c t r a  of  t h e  t r i a z e n e s  s tud ied  ( see  Table I )  appeared a s  

a s i n g l e  peak a t  room temperature.  A t  lower temperatures 

t h e  s i g n a l s  broadened and eventua l ly  emerged as two d i s t i n c t  

s i g n a l s  of equal  i n t e n s i t y .  This type of temperature 

dependence may be described, vide i n f r a ,  a s  a case of hydrogen 

exchange between two s i t e s  with equal  populat ions and l i f e -  

t imes.  The temperature dependence was examined by t h e  l i n e  

width method above and below t h e  coalesence temperatures.  

The r a t e s  of  t h e  exchange process  were est imated above t h e  

coalesence temperatures using equat ion 1. 2,8 I n  t h i s  equat ion 



5 

A V  i s  t h e  s e p e r a t i o n  of t h e  N-methyl s i g n a l s  when t h e  r a t e  

process  i s  slow and W i s  t h e  exchange broadening, i . e . ,  t h e  

width of t h e  methyl s i g n a l s  a t  ha l f  he ight .  When it was 

apparent t h a t  t h e  sepera t ion  of t h e  methyl s i g n a l s  var ied  

wi th  temperature,  Av was p l o t t e d  as  a func t ion  of temperature 

and k was obtained a t  each temperature from t h e  p l o t .  The 

observed exchange broadening was correc ted  from n a t u r a l  l i n e  

width by s u b s t r a c t i n g  from it t h e  l i n e  width of t h e  t e t r a -  

methyleilane s i g n a l  a t  t h e  same temperature.  A t  t h e  coale-  

sence temperatures t h e  r a t e s  of exchange were ca lcul  a t ed  

from equat ion 2 and below t h e  coalesence temperature k was 

ca lcu la ted  us ing  equat ion 3. 2 y 8  The exchange broadening 

term W - i n  equat ion 3 was correc ted  as  descr ibed f o r  high 

temperature determinat ions.  Although t h i s  method of o b t a i  - 

ning exchange r a t e s  from t h e  nmr s p e c t r a  i s  not  a s  accura te  

a s  complete l ine-shape matching, we f e e l  t h e  r a t e s  obtained 

by t h i s  method a r e  s u f f i c i e n t l y  p r e c i s e  f o r  t h e  present  

study. 

k = nAv/ n/2 (2) 

k = TTW ( 3 )  

If t h e  p resen t  N-methyl interchange i s  t r e a t e d  as a t y p i c a l  

r a t e  process ,  t h e  temperature dependence of t h e  r a t e  constant ,  

k f o r  t h e  interchange may be expressed by t h e  Eyring r a t e  

equat ion 4.  



where, K = Boltzman cons t an t ,  f = t r ansmis s ion  c o e f f i c i e n t .  

The t r ansmis s ion  c o e f f i c i e n t  f  i n  t h i s  equa t ion  

8 
i s  assumed t o  be u n i t y .  The t r a n s i t i o n  s t a t e  f o r  t h e  i n t e r -  

convers ion r e p r e s e n t s  t h e  conformation about t h e  N2,N3 bond 

i n  which any p - o r b i t a l  over lap  between t h e s e  atoms i s  minimal. 

This conformation thus  r e p r e s e n t s  t h e  energy maximum i n  t h e  

p o t e n t i a l  energy curve f o r  t h e  N2-N3 r o t a t i o n .  9 y  lo S u b s t i t u t i o n  

of  numerical  c o n s t a n t s  and f = 1 i n t o  equa t ion  4 followed 

+ by rearrangement g ives  equa t ion  5 .  S ince  AF = AH' -TAS', 

equa t ion  4 may be expanded t o  equa t ion  6.  For t h e  purposes 

o f  comparison of  d i f f e r e n t  t r i a z e n e s  t h e  f r e e  energy of 

a c t i v a t i o n  (AF*)  was c a l c u l a t e d  (eq .  5 )  a t  a s i n g l e  
0 

tempear ture  (298 A )  f o r  a l l  t r i a z e n e s .  p l o t s  of l o g  ic/T v s  

l/T y i e lded  s t r a i g h t  l i n e s  (F ig .  1) from which t h e  a c t i v a t i o n  

+ entropy (AS  ) were c a l c u l a t e d  (eq .  6 ) .  E r r o r s  i n  t h e s e  

de te rmina t ions  were es t imated  by drawing l i n e s  of maximum 

and minimum s lope  con ta in ing  between them a l l  t h e  exper imental  

p o i n t s .  The values  f o r  AF', AH', and AS' r e p o r t e d  i n  Table 11 

a r e  t h e  means of  t h e  values  c a l c u l a t e d  i n  t h i s  manner. 
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log - T 

(o), x = H (+) and x = OCH (A) CDCl s o l u t i o n .  3 3 



- -  

l o g  - 
k~ 

O x  

F i g u r e  2: 
kx 

Corre la t j -on  of l o g  -- and x f o r  the 
k~ 

W-methyl i n t e r c h a n g e  i n  t r i a z e n e s  of t y p e  T-4. 
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Discussion 

Triazenes of type 1-4 a r e  azo d e r i v a t i v e s  and as 

such may undergo - c i s - t r a n s  i somer iza t ion  about t h e  azo 

l inkage.  This process would produce nmr s p e c t r a  i n  which 

t h e  N-methyl hydrogens resonated a t  d i f f e r e n t  magnetic 

f i e l d s .  Furthermore, t h i s  process would be expected t o  be 

temperature dependent. We f e e l  t h a t  t h i s  process i s  not t h e  

o r i g i n  of the  temperature dependence i n  the  nmr s p e c t r a  of 

t r i a z e n e s  because the  exchange process which i s  observed 

involves exchange of the  N-methyl hydrogens between two 

equal ly probable s i t e s  with equal  l i f e t i m e s .  This would 

not be t h e  case i f  c i s - t r a n s  i somer iza t ion  of 1-4 

observed s ince  

of 1-4 (shown) 

conclusion a r e  

the  s t e r i c a l l y  l e s s  hindered t r a n s  

a r e  t h e  more s t a b l e .  1n support  

X-ray c rys ta l lograph ic  s t u d i e s  of 

were being 

isomers 

of t h i s  

t r a n s  p,pl-dibromodiazoaminobenzene which show i t  t o  be 

i n  the  s o l i d  s t a t e .  l2 Final ly ,  the  observat ion t h a t  t h e  

s i g n a l s  due t o  t h e  aromatic hydrogens a r e  not temperature 

dependent i n d i c a t e s  t h e  r a t e  process i s  not - c i s - t r a n s  

isomerizat ion about the  azo l inkage .  

The observed temperature dependence of t h e  nmr 

s p e c t r a  of t h e  t r i a z e n e s  s tud ied  i s  most e a s i l y  i n t e r p r e t e d  

i n  terms of hindered i n t e r n a l  r o t a t i o n  about t h e  N2, N3 

bonds of these  compounds. This process would g ive  r i s e  t o  

temperature dependent s p e c t r a  q e s u l t i n g  from v a r i a t i o n  i n  

t h e  r a t e  of t r a n s p o s i t i o n  of t h e  N-methyls about t h e  azo 
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l inkage of 1-5. Furthermore, t h i s  process  would be expected 

t o  involve interchange of t h e  N-methyl hydrogens between two 

equal ly probable s i t e s  with equal l i f e t i m e s  as  was observed. 

A t  a given temperature t h e  observed d i f fe rences  

i n  t h e  r a t e s  of i n t e r n a l  r o t a t i o n  about t h e  N2, N3 bonds 

of t h e  para  s u b s t i t u t e d  t r i a z e n e s  s tud ied  a r e  i n t e r p r e t e d  

i n  terms of t h e  a b i l i t y  of t h e  para  s u b s t i t u e n t s  t o  s t a b i l i z e  
* 

t h e  1,3-dipolar  form 1-5 of these  compounds. This form 

represents  the  ground s t a t e  f o r  t h e  r o t a t i o n  process  whereas 

the  t r a n s i t i o n  s t a t e  i s  represented  by t h e  conformation 

about t h e  N2, N3 bond i n  which t h e  p - o r b i t a l s  on these  atoms 

a r e  perpendicular and they a r e  thus  s ing ly  bonded. The 

chemical s h i f t  of t h e  N-methyl s i g n a l s  of t h e  s u b s t i t u t e d  

t r i a z e n e s  when r o t a t i o n  i s  f a s t  (room temp.) g ives  an 

i n d i c a t i o n  of t h e  t ransmission of induct ive  e f f e c t s  of t h e  

s u b s t i t u e n t s  through t h e  N2,N3 s i n g l e  bond. The da ta  i n  

Table I reveals  these  e f f e c t s  t o  be r a t h e r  small .  

T rans i t ion  s t a t e  theory considers  t h e  t r a n s i t i o n  

s t a t e  i n  a r a t e  process a s  being i n  equi l ibr ium wi th  t h e  

ground s t a t e .  Thus es t imates  of r a t e  cons tants  i n  t h e  

present  case a r e  equivalent  t o  es t imates  of f r e e  energy 

d i f ferences  between t h e  various spec ies  considered above. 

* 
The dipole  moments of t h e  t r i a z e n e s  s tud ied  

increases  markedly a s  t h e  a r y l  r i n g  i s  s u b s t i t u t e d  with 
e l e c t r o n  withdrawing groups. This inc rease  has a l s o  been 
ascr ibed  t o  t h e  increased con t r ibu t ion  of t h e  1,3-dipolar  
form 1-5 t o  t h e  ground s t a t e  of these  compounds upon such 
s u b s t i t u t i o n  (Ref. 11) 



Accord ing ly  the p r e s e n t  r a t e  p r o c e s s  e x h i b i t s  a l i n e a r  

Hammett r e l a t i o n s h i p  w i t h  a c l e a r  r e t a r d a t i o n  of  t h e  p r o c e s s  

by e l e c t r o n - w i t h d r a w i n g  s u b s t i t u e n t s  ( ~ i g .  2 )  .I3 The e n t r o p y  

of  a c t i v a t i o n  f o r  t h e  r o t a t i o n a l  p r o c e s s  would b e  expected  

t o  b e  n e a r  z e r o .  The h i g h l y  n e g a t i v e  v a l u e s  r e p o r t e d  a r e  

c o n s i d e r e d  t o  b e  due t o  t h e  approx imate  n a t u r e  of  t h e  method 

used f o r  d e t e r m i n a t i o n  of t h e  a c t i v a t i o n  p a r a m e t e r s  from t h e  

l i n e  measurements .  Refe rences  t o  d e t a i l e d  d i s c u s s i o n s  o f  t h e  

s o u r c e s  of  e r r o r  i n  t h i s  method can b e  found i n  R e f .  8. 

The N-methyl hydrogens which r e s o n a t e  a t  h i g h e r  

magnet ic  f i e l d  i n  e a c h  of  t h e  s u b s t i t u t e d  t r i 8 . z e n e s  s t u d i e d  

a r e  a s s i g n e d  t o  t h e  p o s i t i o n  i n  t h e  1 , 3 - d i p o l a r  form 1-5 

c i s  t o  t h e  n i t r o g e n  atom b e a r i n g  t h e  n e g a t i v e  c h a r g e .  
1 4  

- 
These hydrogens  a p p e a r  a b o u t  0 . 3  ppm h i g h e r  f i e l d  t h a n  t h o s e  

N-methyl hydrogens t r a n s  t o  t h i s  n i t r o g e n  when t h e  low 

t e m p e r a t u r e  s p e c t r a  a r e  observed i n  d e u t e r o c h l o r o f o r n ~  

 a able I ) .  D i l u t i o n  of d e u t e r o c h l o r o f o r m  s o l u t i o n s  of t h e  

E - n i t r o p h e n y l  and Q-chlorophenyl  t r i a z e n e s  w i t h  benzene 

caused  t h e  r e s o n a n c e s  a s s i g n e d  t o  t h e  t r a n s  IT-methyl 

hydrogens  t o  s h i f t  t o  h i g h e r  f i e l d  more r a p i d l y  t h a n  t h o s e  

o f  t h e  c o r r e s p o n d i n g  cis ( ~ i g .  3 ) .  The h i g h  c o a l e s c e n c e  

t e m p e r a t u r e  of t h e  Q - n i t r o p h e n y l  t r i a z e n e  a l l o w e d  d e t e r m i n a -  

t i o n  of t h e  c h e m i c a l  s h i f t  d i f f e r e n c e  between t h e  two 

N-methyl s i g n a l s  i n  benzene s o l u t i o n .  I n s p e c t i o n  of t h e  

nmr spect rum of t h i s  d e r i v a t i v e  i n  benzene s o l u t i o n  a t  0 '  

r e v e a l e d  t h e  t r a n s  -N-methyl hydrogens s h i f t e d  upf  i e l d  by 

0.9 ppm whereas  t h e  - cis-N-methyl  hydrogens  were s h i f t e d  by 



0.6 ppm. Such a change i s  c o n s i s t e n t  w i t h  s t e r e o s p e c i f i c  

a s s o c i a t i o n  of benzene w i t h  t h e  t r i a z e n e s  i n  such a manner 

a s  t o  p l ace  t h e  benzene r i n g  c l o s e r  t o  t h e  t r a n s  than  t o  

the  cis hydrogens.  Such a s i t u a t i o n  i s  dep ic t ed  i n  1-6 an2 

h a s  been e l e g a n t l y  employed by Karabatsos  and T a l l e r  t o  

account  f o r  analogous s o l v e n t  s h i f t s  i n  t h e  nmr s p e c t r a  

of N,X-dialkyl n i  t rosamines  . l4 S i m i l a r  e f f e c t s  have been 

observed i n  t h e  nmr s p e c t r a  of amides.  15 



mole p e r c e n t  C6H6 i n  CDC13  

F i g u r e  3: P l o t  of A v f o r  bhe 3-methyl  s i g n a l s  of 1-4, 
x = NO, ( 0 )  a t  0 C and x = C 1  ( A )  a t  - 2 8 O ~ ,  as 

L 

f u n c t i o n  of mole p e r c e n t  C6H6 i n  CDC13.  



Experimental 

Prepara t ion  of 1-aryl-3,3-dimethyl t r i a z e n e s .  

The 1-aryl-3,3-dimethyl t r i a z e n e s  s t u d i e d  were 

prepared by coupling var ious ly  s u b s t i t u t e d  a r y l  diazonium 

salts  with dimethyl amine i n  buffered  aqueous s o l u t i o n  

according t o  Procedure F of  r e fe rence  7. The y i e l d  i n  

t h e s e  coupling r e a c t i o n s  ranged from 75-90s. Each t r i a z e n e  

was e x t r a c t e d  i n  e t h e r  s o l u t i o n  and p u r i f i e d  according t o  

i t s  p r o p e r t i e s ,  i . e . ,  d i s t i l l a t i o n  under vacuum or  

c r y s t a l l i z a t i o n  from ether-petroleum e t h e r  s o l u t i o n .  

Relevant da ta  a r e  recorded below i n  Table 111. 

The n.m.r. spec t ra  were recorded a t  the  temperatures 

ind ica ted  (t 1 O )  using  a sweep width of 100 c  .p .s .  and a  sweep 

time of 500 sec .  
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D E C O M P O S I T I O N  O F  N - A R Y L A Z O A Z I R I D I N E S  AND 

R E L A T E D  CYCLOAMINES 



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

Thermal ly  induced rea r rangements  of a z i r i d i n e s  

p o s s e s s i n g  n - c o n j u g a t i v e  g roups  a t t a c h e d  t o  t h e  n i t r o g e n  

u s u a l l y  r e s u l t  i n  enlargement  of t h e  a z i r i d i n e  r i n g  o r  

e x p u l s i o n  of t h e  a z i r i d i n e  n i t r o g e n  w i t h  c o n c o m i t a n t -  

a l k e n e  f o r m a t i o n .  Thus, t h e r m o l y s i s  of t h e  N - a c y l a z i r i d i n e  1 8  

(11-1) and t h e  s u l f u r  c o n t a i n i n g  analog19 g i v e  r i n g  expanded 

p r o d u c t s  (11-2) i n  good y i e l d .  

By c o n t r a s t  t h e r m o l y s i  s of N-ni t r o s o a z i r i d i n e s  

20 (11-3) y i e l d  n i t r o u s  ox ide  (11-4) and a l k e n e s  (11-5) . 
The e l i m i n a t i o n  i s  h i g h l y  s t e r e o s p e c i f i c  y i e l d i n g  s u b s t i t u t e d  

a l k e n e s  which posses  t h e  same s t e r e o c h e m i s t r y  a s  t h e  

a z i r i d i n e  from which t h e y  a r e  d e r i v e d .  The t h e r m a l  de-  

composi t ion  of N-pheny l iminoaz i r id ine  (11-6) has been r e p o r t e d  



t o  f o l l o w  a s i m i l a r  cou r se  y i e l d i n g  phenyldiazometham (11-7) 

21  and s t y r e n e  (11-8) . 

Likewise,  ~ u i s ~ e n "  e t  a l .  found t h a t  N-aryl- 

a z o a z i r i d i n e ,  11-9 , underwent smooth t he rma l  f r agmen ta t i on  

t o  p -n i t r opheny l  a z i d e  (11-10) and 11-8. 

Th i s  o b s e r v a t i o n  s u p p o r t s  t h e  r e p o r t  by Rondestvedt  

and ~ a v i s ~  of t h e  fo rma t ion  of a r y l  a z i d e s  upon t h e  d r y  

d i s t i l l a t i o n  of impure N-a ry l azoaz i r i d ine s  . 
The cyc l o e l i m i n a t i o n s  of N-ni t r  oso, N-imino, and 

N-azo a z i r i d i n e s  a r e  a p p a r e n t  examples of e l e c t r o c y c l i c  

r e a c t i o n s .  I n  a n  e f f o r t  t o  de t e rmine  t h e  a p p l i c a b i l i t y  of t h e  

Woodward-Hoffmann o r b i t a l  symmetry theorya2  t o  t h e  p re -  



2 1  
d i c t i o n  of t h e  s t e r e o s p e c i f i c i  t y  of n i t r o g e n  e l i m i n a t i o n  

from the h e t e r o c y c l i c  r i n g  i n  t h e s e  c y c l o e l i m i n a t i o n s  2 3  

and t o  d e t e r m i n e  t h e  e x t e n t  t o  which c y c l o e l i m i n a t i o n  would 

occur  i n  l a r g e r  c y c l i c  amine d e r i v a t i v e s  we have  i n v e s t i g a t e d  

t h e  t h e r m a l  and photochemical  decompos i t ion  of s e v e r a l  N-aryl-  

azoamines .  The c h o i c e  of t h e  N-arylazoamine sys tem was 

based on t h e  e a s e  w i t h  which t h e  e l e c t r o n i c  n a t u r e  of  t h e  

t r i a z o - g r o u p  cou ld  b e  changed by p roper  s u b s t i t u t i o n .  
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R e s u l t s  

The N - a r y l a z o a z i r i d i n e s  s t u d i e d  were prepared  

by c o u p l i n g  v a r i o u s l y  s u b s t i t u t e d  a r y l  d iazonium sal ts  w i t h  

t h e  a p p r o p r i a t e  a z i r i d i n e  i n  b u f f e r e d  aqueous  s o l u t i o n  

7 a c c o r d i n g  t o  t h e  p rocedure  of Rondes tvedt  and Davis  . 
Because of t h e  t h e r m a l  i n s t a b i l i t y  of t h e  t r i a z e n e s  s t u d i e d ,  

e l e m e n t a l  a n a l y s e s  were n o t  a t t e m p t e d .  The t r i a z e n e s  s t u d i e s  

were c h a r a c t e r i z e d  by nmr, i r  and UV s p e c t r a  and by t h e i r  

r e a d y  rea r rangement  i n t o  1 ,2 ,3 ,  - d - t r i a z o l i n e s  by  i o d i d e  

24 i o n  i n  a c e t o n e  . The a z i r i d i n e s  used were e i t h e r  commercia l ly  

a v a i l a b l e  o r  were s y n t h e s i z e d  by w e l l  e s t a b l i s h e d  p r o c e d u r e s  

and were known s t e r e o ~ h e m i s t r ~ ~ ~ .  I n  agreement  w i t h  e a r l i e r  

r e p o r t s  7 y  21 t h e  N-p-nitrophenylazoaziridines were  found 

t o  undergo f a c i l e  t h e r m a l  decompos i t ion .  Thermolys is  of 

c i s  and trans-2-isopropyl-3-methyl-N-p-nitrophenylazo- - 
a z i r i d i n e s ,  1 - a  and,  1-11,  a t  80' i n  benzene gave 

a 78-82s y i e l d  of p - n i t r o p h e n y l  a z i d e  (11-10) and 67-71% 

y i e l d  4-methyl-2-pentenes, 11-12a and 11-12b, which were 

of t h e  same c o n f i g u r a t i o n  a s  t h e  N - a r y l a z o a z i r i d i n e  from 

which t h e y  were d e r i v e d .  



The thermolysi  s of N-a ry l azoaz i r id ines  11-13a-c i n  r e f  l ux ing  

benzene  a able IV) gave a r y l  a z i d e s  (11 - l 4 ) ,  e thy len imine  

(11-15), s u b s t i t u t e d  b iphenyls  (11-16), and s u b s t i t u t e d  

a r e n e s  (11-18) (scheme I ) .  A g lpc  s e a r c h  f o r  b iphenyl ,  

N-arylethylenimine and symmetr ical ly  s u b s t i t u t e d  b iphenyls  

i n  t h e s e  r e a c t i o n  mix tures  was nega t ive .  The l i m i t s  of 

exper imenta l  d e t e c t i o n  of t h e s e  p o s s i b l e  p roduc ts  w a s  2-3%. 

Each of t h e s e  p o s s i b l e  products  was s t a b l e  i n  r e f l u x i n g  

benzene . 
When t h e  thermolyses of N-a ry l azoaz i r id ines  

11-13a,d-e were c a r r i e d  ou t  i n  chloroform, a r y l  a z i d e s  (11-14), 

s u b s t i t u t e d  a r e n e s  (11-18) and N- ( 2 - ch lo roe thy l )  a n i l i n e s  

(11-19) were formed  a able IV. ) 

A g lpc  s ea rch  f o r  N-aryle thylenimines  i n  t h e s e  

r e a c t i o n  mix tures  w a s  nega t ive .  I n  s e p a r a t e  exper iments  it 

was determined t h a t  N-aryle thylenimines  were s t a b l e  i n  

r e f l u x i n g  chloroform. The s t r u c t u r e s  of t h e  N-2-chloroethyl  

a n i l i n e s  were determined by s y n t h e s i s  from t h e  corresponding 
2 24 

1,2,3-A - t r i a z o l i n e s  (11-20) . 
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The thermal  decomposit ion of 11-13b i n  cyclohexene 

s o l u t i o n  gave bromobenzene (34$), 3,3' -b i  scyc lohexenyl  

( 5 0 % ) ~  e thylenimine (20%) and N- ( p-bromophenyl) e thy len imine  

(40%) .  The p h o t o l y s i s  of 11-13b i n  th i s  s o l v e n t  gave 

very  n e a r l y  t h e  same product  d i s t r i b u t i o n .  The N-(p-bromo- 

phenyl)  e thylenimine was i d e n t i f i e d  by comparison wi th  an 

a u t h e n t i c  sample ob ta ined  by photodecomposit ion of t r i a z o l i n e ,  

The r a t e  of a z i d e  fo rmat ion  from t h e  N-arylazo- 

a z i r i d i n e s  11-13 was determined by i r  a n a l y s i s .  The r e a c t i o n  

fol lowed good f i r s t  o rde r  k i n e t i c s  i n  benzene and chloroform 

as long as  t h e  r e a c t i o n  was run i n  a non-pressured v e s s e l .  

I f  t h e  s ea l ed  t ube  technique  was used as t h e  method of 

performing t h e  r e a c t i o n  t h e  appa ren t  r a t e  of a z i d e  fo rmat ion  

decreased s t e a d i l y  from i n i t i a l  va lues  as  t h e  r e a c t i o n  

progressed .  



TABLE V. 

ARYL AZIDE FORMATION FROM N-ARYLAZOAZIRIDINES 
IN BENZENE AND CHLOROFORM 

Solvent Temp. k ,  x l o 6  sec - l  
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That this was due to the reaction of the azide with ethylene 

formed in the decomposition and trapped in the sealed tube 

was indicated by performing the reaction under a nitrogen 

blanket, at atmospheric pressure, conditions which should 

allow the ethylene to escape into the vapour phase. Under 

these conditions the reaction of 11-13 to give azide followed 

first order kinetics. As shown in Table V the rate of 

azide formation from N-arylazoaziridines (11-13) is much 

faster in chloroform than it is in benzene. It is also 

obvious that the rate of azide formation from 11-13 increases 

as the electronegativity of the aryl substituent increases. 

In an attempt to extend this azide elimination 

reaction to other N-arylazocycloamines the N-arylazo- 
3 

derivatives of azetidine, 11-2la, A -pyrroline, 11-22a, 

2,3-dihydro -1~-benz - (de) isoquinoline, 11-23a, and 2,7- 
dihydro -3,4,5,7-dibenzazepine, 11-24a, were prepared by coupling 

the free amine with the appropriate aryl diazonium salt 

in buffered aqueous solution. 
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I n  a d d i t i o n  t h e  known : ; -n i t roso  d e r i v a t i v e s  11-23e and 

11-24d were s t u d i e d .  

The r a t e s  of t h e r m a l  decomposi t ion  of t h e  

" ' - a ry lazoder iva t ives  of 11-21a-1124a were much s lower  t h a n  

t h o s e  of t h e  IT-a ry lazoaz i r id ines  s t u d i e d .  Thus i n  r e f  l u x i n g  

benzene o r  chloroform TI-2lb ,  c-TI-23b, c and 11-24c were 

unchanged a f t e r  34 h r s  . Heat ing  11-21b,c-IT-23bJc and 11-24bJ 

i n  benzene s o l u t i o n  i n  a s e a l e d  t u b e  a t  1 7 0 ~ - 2 0 0 ~  f o r  twelve  

hours  r e s u l t e d  i n  l o s s  of n i t r o g e n  and f o r m a t i o n  of t h e  

s e v e r a l  p roduc t s  shown below (scheme 11) . 
The p roduc t  d i s t r i b u t i o n  observed i n  t h e  photo- 

decomposi t ion  d i f f e r e d  v e r y  l i t t l e  from tha t  observed i n  t h e  

p y r o l y s i s  as can be  seen  from Tab le  V I .  The s m a l l  amounts 

of s u b s t i t u t e d  a n i l i n e s  11-25 which were observed 
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by g l p c  were found t o  a r i s e  from t h e r m a l  decomposi t ion  of 

t h e  N-arylamines i n  t h e  i n j e c t i o n  p o r t  of t h e  g a s  chromato- 

g r a p h .  T h i s  i n t e r e s t i n g  o b s e r v a t i o n  i s  under f u r t h e r  s t u d y .  

Although t h e  product  d i s t r i b u t i o n  from t h e  t h e r m o l y s i s  

of 11-21c-II23c was n o t  i n v e s t i g a t e d  i n  d e t a i l  t h e  a b s e n c e  

(< 2%) of p - n i t r o p h e n y l  a z i d e  and i t s  t h e r m a l  decompos i t ion  

p r o d u c t s  ( e  .g.  p - n i t r o a n i l i n e )  was i n d i c a t e d  by g l p c  and  

t l c .  A s e a r c h  f o r  acenaphthene  i n  t h e  p y r o l y s a t e  and 

p h o t o l y s a t e  of b o t h  11-23c and 11-23d was n e g a t i v e .  
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The thermolysi  s of t h e  N-ni t r o s o d e r i v a t i v e s  

11-23e and 11-24d i n  o-xylene a t  r e f l u x  f o r  two days  

produced no acenaphthene o r  9,lO-dihydrophenanthrene. 

High y i e l d s  of s t a r t i n g  m a t e r i a l  were ob ta ined  from 

t h e s e  thermolyses . 



Discuss ion 

The thermal  decomposition of  N-a ry l azoaz i r i d ines  

t akes  two pa ths  (Scheme I ) .  The compet i t ion  between t h e s e  

two pa ths  depends p r i m a r i l y  on t h e  a r y l  s u b s t i t u e n t .  When 

e l e c t r o n  withdrawing s u b s t i t u e n t s  a r e  p r e s e n t  i n  t h e  a r y l  

r i n g  a cyc loe l imina t ion  occurs  ( p a t h  1) t o  g ive  a lkene  and 

a r y l  a z i d e .  When no e l e c t r o n  withdrawing group i s  p r e s e n t  

the rmal  f ragmentat ion occurs  ( p a t h  2 )  t o  g i v e  n i t r o g e n ,  

e thyleneimine,  and products  a r i s i n g  from r e a c t i o n s  w i t h  t h e  

s o l v e n t .  This l a t t e r  p a t h  (pa th  2 )  l e ads  t o  p roduc t ion  of  

e thylenimine (11-15), b iphenyls  (11-16), and s u b s t i t u t e d  

a r enes  (11-18) i n  benzene and i s  cons idered  t o  i nvo lve  homo- 

l y t i c  expuls ion  o f  n i t r o g e n  t o  g ive  a z i r i d i n y l  and a r y l  
28-31 

r a d i c a l s  and was not  o f  primary i n t e r e s t  i n  t h e  p r e s e n t  

i n v e s t i g a t i o n ,  t h e  mechanis t ic  compl ica t ions  such as t h e  

sequence of  c leavage of  t h e  two bonds t o  t h e  d e p a r t i n g  n i t rogen  

and t h e  p o s s i b i l i t y  o f  r a d i c a l  induced r e a c t i o n s  were no t  

i n v e s t i g a t e d .  The absence of  b iphenyl  i n  t h e  p y r o l y s i s  

mixture  i s  noteworthy s i n c e  t h i s  i n d i c a t e s  t h a t  e thy len imine  

i s  not  formed by t h e  a b s t r a c t i o n  o f  hydrogen from t h e  benzene 

s o l v e n t .  Such a  r e a c t i o n  would y i e l d  phenyl r a d i c a l s  which 

would r e a d i l y  couple30.  The proposed sequence r e a d i l y  

exp la in s  t h e  obse rva t ion  t h a t  t h e  y i e l d  o f  e thy len imine  

11-15 i s  g r e a t e r  t han  t h e  a r y l  d e r i v a t i v e  11-18 and t h e  t o t a l  

y i e l d  o f  11-15 and 11-18 i s  no t  g r e a t e r  t h a n  t h a t  o f  t h e  
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b i p h e n y l  d e r i v a t i v e  (11-16) . A r a d i c a l  mechanism i s  a l s o  

i n d i c a t e d  by t h e  f o r m a t i o n  of h i g h  y i e l d s  of 3,3' - b i s c y c l o -  

h e x e n y l  when 11-13b i s  t h e r m a l l y  o r  pho tochemica l ly  de-  

composed i n  cyclohexene . 
The o r i g i n  of t h e  N-2-ch lo roe thy lan i  l i n e s  (11-19) 

from N - a r y l a z o a z i r i d i n e s  (11-13) i n  ch lo ro fo rm s o l u t i o n  i s  

u n c l e a r .  These p r o d u c t s  (11-19) as w e l l  as  t h e  s u b s t i t u t e d  

a r e n e s  (11-18) d e t e c t e d  a r e  undoubtedly  formed v i a  homoly t i c  

c l e a v a g e  of t h e  N - a r y l a z o a z i r i d i n e  as  d i s c u s s e d  above .  In 

ch lo ro form t h e  a r y l  and a z i r i d i n y l  r a d i c a l s  t h u s  formed would 

b e  expected  t o  coup le  as  w e l l  as  a b s t r a c t  hydrogen from t h e  

s o l v e n t .  While t h e  l a t t e r  p r o c e s s  e x p l a i n s  the o r i g i n  of I 

t h e  s u b s t i t u t e d  a r e n e s ,  t h e  former  would y i e l d  N - a r y l a z i r i d i n e s  

which were s t a b l e  i n  r e f  l u x i n g  ch lo ro fo rm . Fur thermore ,  . j 
I 
1 

i n  t h e  presence  of b e n z o y l  pe rox ide  i n  r e f l u x i n g  ch lo ro fo rm 

we found t h a t  N-ary1aziridine:remained unchange a f t e r  .one day.  

The p o s s i b i l i t y  of t h e i r  f o r m a t i o n  v i a  N - a r y l a e s a z i r i d i n e  

t o  t r i a z o l i n e  i s o m e r i z a t i o n  fo l lowed  by decomposi t ion  

of t h e  l a t t e r  was a l s o  r u l e d  o u t  s i n c e  t h e  t r i a z o l i n e s  i n  

q u e s t i o n  were s t a b l e  i n  r e f l u x i n g  ch lo ro fo rm.  

Competing w i t h  a z o  t y p e  homolys i s  of N-arylazo-  

a z i r i d i n e s  i s  c y c l o e l i m i n a t i o n  t o  g i v e  a r y l  a z i d e  and a l k e n e .  

The h i g h  d e g r e e  of s t e r e o s p e c i f i c i t y  observed i n  t h e  

c y c l o e l i m i n a t i o n  of N - a r y l a z o a z i r i d i n e s  T I - l h  and 1 1 - l l b  

s t r o n g l y  s u g g e s t s  that b o t h  a z i r i d i n y l  C-N bonds a re  broken 



35 

s imul taneous ly .  Indeed t h e  ea se  w i th  which t h e  thermal  

cyc loe l imina t ion  of  az ide ,  n i t r o u s  oxide2' and i s o e l e c t r o n i c  

species2 '  occurs  from a p p r o p r i a t e l y  N-subs t i tu ted  a z i r i d i n e s  

i n d i c a t e s  a g e n e r a l  r e a c t i o n  type .  The cyc loe l imina t ion  

of  a r y l  az ide  from N-ary lazoaz i r id ines  i s  symmetry a l lowed 

(0 2s+0 2a)32 from e i t h e r  t h e  conformation of t h e  N-arylazo- 

a z i r i d i n e  i n  which t h e  p lane  o f  t h e  rr-bond i s  no t  favorab ly  

o r i e n t e d  f o r  over lap  wi th  t h e  lone p a i r  on t h e  a z i r i d i n y l  

n i t r o g e n  11-26 ( a z i r i d i n e  r i n g  i n  yz p l ane  and t h e  azo 

l i nkage  i n  xz p l a n e )  o r  t h e  conformation i n  which t h e  

a z i r i d i n y l  lone  p a i r  i s  i n  t h e  same p lane  a s  t h e  azo rr-bond 

(yz  p l a n e )  and can be d e l o c a l i z e d  i n t o  t h e  a r y l a z o  system 

as i n  11-27. 

We have determined t h a t  t h e  p ropor t ion  of cyclo-  

e l i m i n a t i o n  ob ta ined  i n c r e a s e s  wi th  i n c r e a s i n g  n-overlap 

between N2 and N3 of t h e  r e a c t i n g  a r y l a z o a z i r i d i n e .  This 

t r e n d  sugges t s  very s t r o n g l y  t h a t  conformation 11-27 i s  t h e  

p r e f e r r e d  conformation i n  t h e  cyc loe l imina t ion  r e a c t i o n .  

Recent s t u d i e s 3 3  i n  t h i s  l abo ra to ry  have shown t h a t  t h e r e  

i s  app rec i ab l e  n-over lap between N2 and N3 of N-arylazo- 

amines such as 1-4. This n-overlap i n c r e a s e s  w i th  i n c r e a s i n g  

e l e c t r o n e g a t i v i t y  o f  t h e  a r y l  s u b s t i t u e n t  s i n c e  t h e  d i p o l a r  

resonance hybr ids  o f  t h e s e  N-azoamines a r e  s t a b i l i z e d .  

Although p l a c i n g  t h e  amino n i t r o g e n  i n  t h e  t h r e e  membered 

r i n g  such as i n  t h e  N-ary lazoaz i r id ines ,  11-13, would be 





expected t o  decrease  N2-N3 n-overlap apprec iab ly ,  any 

t r e n d s  i n  amount of n-overlap between t h e s e  two n i t r o g e n s  
-% 

would be expected t o  be i n  t h e  same d i r e c t i o n  . 

* 
I n  agreement wi th  t h i s  t h e  coalescence temperature  

of t h e  a z i r i d i n y l  hydrogens o f  11-13c was observed t o  be 
-57f lo and t h a t  of 11-13a below 60•‹. Although we suspec t  
t h e  o r i g i n  of  t h e  temperature  dependence i n  t h i s  system i s  
r e s t r i c t e d  N2-N r o t a t i o n  we have not  y e t  r u l e d  ou t  t h e  
p o s s i b i l i t y  of Jlow a z i r i d i n y l  n i t r o g e n  i n v e r s i o n .  
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The t h e r m o l y s i s   a able I V )  of t h o s e  N-arylazo- 

*- a z i r i d i n e s  expected  t o  have  t h e  l a r g e r  d e g r e e  of N2-N, 

n - o v e r l a p  11-13 x  =NO2, y=H, x=y=c l )  gave p r o p o r t i o n a l l y  

more c y c l o e l i m i n a t i o n  and a t  a f a s t e r  r a t e   a able v ) .  
Thermolys is  of t h o s e  N - a r y l a z o a z i r i d i n e s  expec ted  t o  have  

t h e  lowes t  amount of N,-N, n -over lap  61-13, x=Br, C 1 ;  

y = ~ )  r e s u l t e d  i n  c l e a v a g e  of t h e  a z o  l i n k a g e  (path 1 )  a t  

t h e  expense  of c y c l o e l i m i n a t i o n  . 
A s  N,-N, IT c h a r a c t e r  i n c r e a s e s  i n  t h e  N-aryl-  

a z o a z i r i d i n e s  t h e  t r i a z o  group becomes d i p o l a r  i n  c h a r a c t e r ,  

t h e  1 , 3 - d i p o l a r  r e sonance  h y b r i d  b e i n g  r e p r e s e n t e d  by 11-27 

(scheme I ) .  The i n c r e a s e d  r a t e  of a z i d e  f o r m a t i o n  as w e l l  

as t h e  i n c r e a s e d  y i e l d  of  a z i d e  from N - a r y l a z o a z i r i d i n e s  

11-13d and 11-13e i n  ch lo ro fo rm as compared t o  benzene  

 a able I V  and V )  a r e  r e a d i l y  i n t e r p r e t a b l e  i n  terms of a  

d i p o l a r  t r a n s i t i o n  s t a t e  i n  t h e  c y c l o e l i m i n a t i o n  which i s  

s t a b i l i z e d  i n  t h e  more p o l a r  s o l v e n t .  I t  i s  notewor thy 

t h a t  t h e  r a t e  of  c y c l o e l i m i n a t i o n  of n i t r o u s  ox ide  from 

N - n i t r o s o a z i r i d i n e s  i s  a l s o  i n c r e a s e d  by i n c r e a s i n g  s o l v e n t  

20 p o l a r i t y  . 
Woodward and Hoffmann have  r e c e n t l y 3 2  p o i n t e d  

o u t  t h a t  c y c l o e l i m i n a t i o n s  which i n v o l v e  c o n c e r t e d  c l e a v a g e  

of t w o ,  bonds t e r m i n a t i n g  a t  a s i n g l e  atom have  d e f i n i t e  

symmetry r e q u i r e m e n t s .  I n  t h e  c a s e  of c y c l o e l i m i n a t i o n  of 

a r y l  a z i d e  from N - a r y l a z o a z i r i d i n e s  t h e  e l e c t r o n s  i n  t h e  



symmetric a z i r i d i n y l  a o r b i t a l  of  t h e  two 0 bonds under-  

g o i n g  c l e a v a g e  may b e  d e l i v e r e d  t o  t h e  n bonding o r b i t a l  

of t h e  a l k e n e  m a i n t a i n i n g  s t e r e o s p e c i f i c i t y  d u r i n g  t h e  

r e a c t i o n .  I n  t h i s  e v e n t  t h e  e l e c t r o n s  i n  t h e  c o r r e s p o n d i n g  

an t i symmet r i c  a z i r i d i n y l  a o r b i t a l  must b e  d e l i v e r e d  w i t h  

c o n s e r v a t i o n  of symmetry t o  a n  o r b i t a l  i n  t h e  c y c l o e l i m i n a t e d  

group, i .e.  a Y symmetric p  o r  s p  o r b i t a l  on N, of t h e  a z i d e .  

T h i s  c o n s i d e r a t i o n  d i c t a t e s  t h e  d i r e c t i o n  i n  which t h e  

d e p a r t i n g  group moves away from t h e  d e v e l o p i n g  a l k e n e  i n  o r d e r  

t o  p r e s e r v e  maximum bonding d u r i n g  t h e  e l i m i n a t i o n .  

C o n s i d e r a t i o n  of t h e  p r e s e n t  c y c l o e l i m i n a t i o n  i n  a n  

i n v a r i a n t  c o o r d i n a t e  sys tem u s i n g  conformat ion  11-27 r e v e a l s  

that t h e  d e p a r t i n g  a z i d e  "OVS away f rom tne 

d e v e l o p i n g  a l k e n e  i n  t h r e e  d i s t i n c t  ways: ( a )  i n  a l i n e a r  

f a s h i o n  a l o n g  t h e  z  a x i s  (11-28), ( b )  i n  a n o n - l i n e a r  

f a s h i o n  i n  t h e  xz p l a n e  11-29, o r  ( c )  i n  t h e  yz p l a n e  

11-30; each of which a l l o w s  e l e c t r o n s  i n  t h e  a n t i s y m m e t r i c  

a z i r i d i n y l  o o r b i t a l  t o  b e  d e l i v e r e d  t o  a n  o r b i t a l  on N, 

of t h e  deve lop ing  a z i d e  p o s s e s s i n g  t h e  p roper  symmetry. 

Only i n  t h e  c a s e  of n o n l i n e a r  mot ion  i n  t h e  yz p l a n e  a r e  

t h e  e l e c t r o n s  i n  t h e  a n t i s y m m e t r i c a l  a z i r i d i n y l  a o r b i t a l  

d e l i v e r e d  t o  t h e  nonbonding s p  l o n e  p a i r  on N, i n  such  a 

manner as t o  a l l o w  s imul taneous  development of t h e  yz symmetric 

4 rr system of t h e  a z i d e .  T h i s  n o n l i n e a r  mode of r e a c t i o n  
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would then  a p p e a r  t o  b e  t h e  most e n e r g e t i c a l l y  f a v o r a b l e  i n  

t h e  s t e r e o s p e c i f  i c  a z i r i d i n e  + a l k e n e  t r a n s f o r m a t i o n  obse rved .  

A l t e r n a t i v e l y ,  c o n s e r v a t i o n  of symmetry may be  

mainta ined by d e l i v e r y  of t h e  e l e c t r o n s  i n  t h e  symmetric 

a z i r i d i n y l  O o r b i t a l  t o  a n  o r b i t a l  of p roper  symmetry on 

N, of t h e  d e p a r t i n g  a z i d e  ( t h i s  would b e  of n e c e s s i t y  a 



4 1  

z  symmetric p  o r  s p  o r b i t a l ) .  I n  t h i s  e v e n t  t h e  e l e c t r o n s  

i n  t h e  a n t i s y m m e t r i c  a z i r i d i n y l  o r b i t a l  would b e  d e l i v e r e d  

t o  t h e  a n t i b o n d i n g  TT o r b i t a l  of the a l k e n e  r e s u l t i n g  i n  a 

s tereorandom a z i r i d i n e  + a l k e n e  t r a n s f o r m a t i o n .  Geometric 

a n a l y s i s  of t h e s e  a l t e r n a t i v e s  r e v e a l s  t h e  most e n e r g e t i c a l l y  

f a v o r a b l e  mode of c y c l o e l i m i n a t i o n  i s  t h e  l i n e a r  one ( i  .e .  

t h e  d e p a r t i n g  a z i d e  moves a l o n g  t h e  z  a x i s ) .  

By t h i s  a n a l y s i s 3 2  l i n e a r  c y c l o e l i m i n a t i o n  i s  

f a v o r e d  i n  t h o s e  c a s e s  where t h e  e l e c t r o n s  i n  t h e  a n t i -  

symmetric 0 o r b i t a l  of t h e  o bonds undergo ing  c l e a v a g e  are 

d e l i v e r e d  t o  t h e  carbon s k e l e t o n  of t h e  r i n g  opened s p e c i e s  

and n o n l i n e a r  c y c l o e l i m i n a t i o n  as i n d i c a t e d  i s  f a v o r e d  i n  

t h o s e  c a s e s  where t h e  e l e c t r o n s  i n  t h i s  a n t i s y m m e t r i c  

o r b i t a l  a r e  d e l i v e r e d  t o  t h e  c y c l o e l i m i n a t e d  g roup .  I n  

t h e  hope of d e t e r m i n i n g  i f  l i n e a r i t y ,  as d i s c u s s e d  above,  

i s  a c h a r a c t e r i s t i c  of  t h i s  t y p e  of c y c l o e l i m i n a t i o n  we 

under took t h e  i n v e s t i g a t i o n  of t h e  t h e r m o l y s i s  and p h o t o l y s i s  
3 

of N - a r y l a z o a z e t i d i n e s  11-21b and 1 1 - 2 l c ,  N-arylazo- A - 
p y r r o l i n e s  11-22a and 11-22c, N-arylazo (and N - n i t r o s o )  

2,3-dihydrobenzisoquinolines (11-23b, 11-23c a n d  11-23e) a n d  

2,7-dihydrodibenzazepines (11-24b and  11-24d) . The p o s s i b l e  

t h e r m a l  c y c l o e l i m i n a t i o n  of a r y l a z i d e  from N - a r y l a z o a z e t i d i n e s  

t o  produce cyc lopropane  was of pr imary  i n t e r e s t  s i n c e  i f  

s t e r e o c h e m i s t r y  i s  main ta ined  i n  t h e  a z e t i d i n e  + c y c l o -  

propane t r a n s f o r m a t i o n  t h e  p r o c e s s  would b e  n o n l i n e a r  by  
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t h e  above treatment .' Our e f f o r t s  i n  t h i s  d i r e c t i o n  were 

completely thwarted by t h e  complete predominance of azo type 

cleavage (Scheme 11, Table V I )  i n  t h e  d e r i v a t i v e s  s tudied .  

A more i n t r i g u i n g  approach t o  deduction of t h e  

l i n e a r i t y  o r  n o n l i n e a r i t y  of t h e  present  cyc loe l iminat ion  

i n  l a r g e r  systems was attempted by s tudy of t h e  thermolysis  
3 and photo lys is  of N-arylazo - A -pyrrol ines  . The production 

of butadiene v i a  thermal cycloel iminat ion of a ry laz ide  from 

these  de r iva t ives  can t ake  p lace  i n  a  conrotatory cr 

d i s r o t a t o r y  fashion .  If t h e  process i n  d i s r o t a t o r y  t h e  

r e a c t i o n  would be predic ted  t o  involve l i n e a r  depar ture  

of t h e  az ide  s i n c e  t h e  e l ec t rons  i n  t h e  symmetric pyr ro l ine  

o r b i t a l  a r e  de l ivered  t o  t h e  z  symmetric s p  lone  p a i r  on 

N3 of the  azide.  In  t h i s  ins tance  t h e  e l ec t rons  i n  t h e  

antisymmetric pyr ro l ine  , o r b i t a l  a r e  de l ivered  t o  t h e  

highest  occupied (yz antisymmetric) o r b i t a l  of t h e  butadiene.  

A conrota tory  cycloel iminat ion i n  t h i s  system should, by 

*   he cycloel iminat ion producing N, and cyclopropan c from aze t id ines  t r e a t e d  wi th  difluoroamine has been repor ted?  . 
This r eac t ion  presumably proceeds v i a  diazene i and should 
be s t e r e o s p e c i f i c  i f  t h e  n i t rogen depar ts  i n  a  nonl inear  
fashion .  



az~aziridines~~. A consistent and qualitative rational 

emerges from a consideration of the electronic reorganization 

occuring during the cycloelimination process. In the 

simplest description of the electronic reorganization of 

the N-arylazoaziridines during cycloelimination, for example, 
pair on 

the 0 C-N Bonds and a sp3 lone N3 are transformed into a I 
n C-C bond, a nN2-N3 bond, and a sp lone pair on N3. It 
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the above analysis, involve a nonlinear departure of azide . 
Our efforts in this direction were again completely 

thwarted by the predominance of azo type cleavage (Scheme 11, 

Table VI) in these derivatives as well as in the N-arylazo 

(and N-nitroso) 2,3-dihydrobenzisoquinolines and 2,7-dihydro- 

dibenzazepines . 
The predominance of azo type cleavage in the N- 

arylazo-cyloamines possessing rings larger than the N- 

arylazoaziridines was at first surprising. Cycloelimination 

was symmetry allowed in each case studied and the extent to 

which N,-N3 n -overlap could occur in the N-arylazocycloamine 

possessing larger rings was larger than in the N-aryl- 

4t 
The elimination of N2 from aziridines treated 

with difluoroamine produces alkenes stereospec ically. The 
reaction is presumed to proceed via diazene ii'5 which by 
the geometric a.nalysis given above must decompose in a non- 
linear f ashi0n3~. 

Similar deamination of ~ ~ - ~ ~ r r o l i n e s  give butadiene 
presumably via diazene iii. The reaction is highly 
stereospecific and disrotatory19 suggesting a linear process 
is favored in this ~ a s e 3 ~ .  
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should proceed with most f a c i l i t y  i n  those systems i n  which 

t h e  C-N bonds a s  wel l  as t h e  lone p a i r  on Ng possess  t h e  

g r e a t e s t  amount of p  cha rac te r .  In  such cases  rr bond 

formation between t h e  two r i n g  carbons as  wel l  as overlap 

i n  t h e  4 IT system of t h e  developing azide a r e  more advanced 

i n  t h e  r e a c t a n t .  Simultaneously t h e  more energy i s  a v a i l a b l e  

t o  t h e  system from rehybr id iza t ion  of one of t h e  r e a c t a n t  

o r b i t a l s  t o  sp on N3 of t h e  azide.  

The geometric ana lys isS2 appl ied above implies  a 

d i r e c t  r e l a t i o n s h i p  between t h e  r o t a t o r y  motion involved i n  
3 

cycloel iminat ions (e .g .  i n  t h e  A -pyrrol ine and 2,7- 

dihydroazepine systems) and t h e  d i r e c t i o n  of depar ture  of 

the  cycloeliminated group. A most i n t r i g u i n g  ques t ion  

r a i s e d  by t h i s  t reatment  i s  whether cycloel iminat ion of 

type w i l l  be c h a r a c t e r i s t i c a l l y  l i n e a r  o r  nonl inear .  Both 

paths  a r e  symmetry allowed and may be charac ter ized  by 

determining t h e  stereochemical course of r eac t ions  i n  a 

homologous s e r i e s ,  e , g .  



Preparation of the aziridines: 

Ethylenimine was used as supplied by Matheson, 

Coleman, and Bell. The - cis and trans -2-isopropyl-3-methyl 

aziridines were prepared by the method of ~ a s s n e r ~ ~  from 

the - cis and trans-4-methyl-2-pentenes supplied by J.T. 

Baker Chemical Co. The pure aziridines were obtained by 

this method in 50-6% yield. Each aziridine was shown 

to be uncontaminated with its geometrical isomer by glpc 

analysis on column B at 50'. The phenylurethane of the 

trans-2-isopropyl-3-methyl aziridine had m.p. 67-69'~. 

Calc. for C13H28N20: C, 71.53; H, 8.31. Found: C, 71.69; I 

H, 8.27. The phenylurethane of the - cis-2-isopropyl-3-methyl 

aziridine had m.p. 71-73'~. Found: C, 71.47; H, 8.46. 

Preparation of N-Arylazoaziridines, 11-13a-e. 

The N-arylazoaziridines studied were prepared 

by coupling various substituted aryl diazonium salts with 

the appropriate aziridine in buffered aqueous solution 

according to Procedure F of ref.7. Each N-arylazoaziridine 

was extracted with ether and where possible crystallized 

from ether-petroleum ether solution. The yield in these 

coupling reactions ranged from 50-8%. Confirmation of 

the structure of the N-arylazoaziridines was obtained by 
2 

conversion of each into the respective 1-aryl-1,2,3 A - 
I 
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24 t r i a z o l i n e  by r e a c t i o n  wi th  sodium iodide  i n  acetone . 

The y i e l d s  of these  conversions were 7 5 - 8 s  a f t e r  p u r i f i c a -  

t i o n  of t h e  t r i a z o l i n e  product by c r y s t a l l i z a t i o n .  See 

Table V I I .  

Thermal Decomposition of N-p-nitrophenylaza-2-isopropyl-  

3-methylaziridines 1 1 - l l a  and 11- l lb  . 
A benzene (15 m l )  s o l u t i o n  of 0.54 g. of 11-12a 

was heated at r e f l u x  f o r  12  h r .  F lash  evaporat ion of t h e  

so lvent  i n t o  a cold t r a p  (-70') yielded 0.307 g.  of 

res idue  which was chromatographed on 35 g. of n e u t r a l  alumina. 

Using petroleum e t h e r  (bp 30-60') a s  t h e  e luent ,  0.281 g. 

( 7 8 . 8 )  p-nitrophenylazide 11-lOa was i s o l a t e d  m.p. 71-72.5" 

(lit37 mp 74') mmp wi th  an au then t i c  sample38 71-73' Thin 

l a y e r  chromatographic ana lys i s  of t h e  crude reac t ion  mixture 
- 

revealed t h e  absence of p-nitrobiphenyl, 11-16c. 

The por t ion  of t h e  r e a c t i o n  mixture which w a s  

evaporated i n t o  t h e  cold t r a p  w a s  analysed by glpc on 

column B and revealed t h e  presence of - cis-4-methyl-2- 

pentene, 11-l2a, and t h e  absence of ( < 0.5%) of t r a n s -  

methyl-2-pentene, 11-12b. By comparison of t h e  t r a p  contents  

wi th  standard s o l u t i o n s  of t h e  methyl pentene i n  benzene 

t h e  y i e l d  of alkene was determined t o  be 67%. 

Decomposition of 11- l lb  i n  benzene yielded 8% 

p-nitrophenyl azide , I I -10 and 71% t r a n s  -4 -methyl-2-pentene , 

11-12b. 
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Thermal Decomposition of N-p-nitrophenylazoaziridine, 11-13c, 

i n  Benzene 
A benzene s o l u t i o n  (10 ml) of 0.482 g. of 11-13c 

was ref luxed u n t i l  i n f r a r e d  s p e c t r a l  a n a l y s i s  revealed t h e  

concentrat ion of p -nitrophenyl az ide  (2090 and 2135 crn-l) 

t o  be constant  ( 6  hr) . The s o l u t i o n  w a s  re f luxed f o r  an 

a d d i t i o n a l  6 h r  a f t e r  which time i n f r a r e d  revealed no 

change i n  az ide  concentrat ion.  The so lvent  w a s  removed 

under vacuum t o  g ive  a reddish  re s idue  (0.42 g) which 

c r y s t a l l i z e d  (mp 69-74O) on s tanding.  A po r t ion  (0.35 g )  

of t h e  res idue  was chromatographed on 40 g of n e u t r a l  alumina. 

Elu t ion  with pe t  e t h e r  (b.p. 30-60') gave 0.30 g (87%) 

p-nitrophenyl az ide  m.p. 71-7z0, (lit38 m.p. 71-73']. Thin 

l a y e r  chromatographic a n a l y s i s  of t h e  crude r e a c t i o n  mixture 

revealed t h e  absence of p-nitrobiphenyl.  The y i e l d  of 

p-nitrophenyl az ide  ca lcu la ted  i n  t h e  r e a c t i o n  mixture by 

use of t h e  2090 and 2135 cm-'absorptions from a ~ e e r '  s l a w  

a n a l y s i s  was 91%. 

Thermal Decomposition of N-Arylazoaziridines, 11-13a, b, 

d and e i n  Benzene. 

The decomposition of 11-13a, b, d and e was 

c a r r i e d  out i n  t h e  manner described above f o r  11-13c us ing  

0.5 g - 0.75 g samples i n  10-15 ml of benzene. The de- 

composition vesse l  w a s  equipped with a s i d e  a r m  vent ing  t o  



a f l a s k  containing a benzene s o l u t i o n  of phenyl isocyanate .  

The r e a c t i o n  w a s  run under a N2 gas purge. I n  t h i s  manner 

t h e  ethylenimine formed was swept i n t o  t h e  isocyanate  

so lu t ion .  The N-aziridinyl-N-phenylurethane, 11-1.7, formed 

w a s  i s o l a t e d  by c r y s t a l l i z a t i o n ,  m.p. 75-77'~. The y i e l d s  

f o r  each r e a c t i o n  a r e  repor ted  i n  Table I V .  Compound 11-17 
0 

had mrnp 75-77.5 wi th  au then t i c  sample (mp 77)78.5') 

prepared from ethylenimine and phenyl i socyanate .  Calc. f o r  

CgHIONOg : Found: C, 66.83; H, 6.37. 

The non-vola t i le  r e a c t i o n  products were concentrated 

and chromatographed on n e u t r a l  alumina. Elu t ion  with 

petroleum e t h e r  (b.p. 30-60') gave a r y l  az ides  which were 
I 

i d e n t i f i e d  by comparison wi th  au then t i c  sample prepared by I 
I 

t reatment of t h e  corresponding a n i l i n e  d e r i v a t i v e  wi th  ! 

n i t r o u s  ac id  then  sodium azide (Table V I I I ) .  Elut ion wi th  1 

I 

petroleum e t h e r :  e the r ,  9 : l  gave biphenyl d e r i v a t i v e s  t 

which were i d e n t i f i e d  by comparison of t h e i r  U.V. s p e c t r a  

and mp with l i t e r a t u r e  values.  The y i e l d s  of each of these  

products a r e  recorded i n  Table I V .  Each a r y l  az ide  w a s  

independently demonstrated t o  be s t a b l e  under t h e  r e a c t i o n  

condi t ions .  Glpc a n a l y s i s  of t h e  crude r e a c t i o n  mixture on 

column A ind ica ted  t h e  absence of ( <a) of biphenyl i n  

each pyrolysa te .  S imi la r ly  t h e  pyrolysa tes  of 111-13a 

and 11-13b were shown t o  conta in  no 4 ,  4-dichlorobiphenyl 





rn 

corresponding to loss of nitrogen from 11-13a, b, d, e were 

i shown by glpc analysis (Column A) to be absent from the .- 
reaction mixtures and were independently shown to be stable 

* 

in ref luxing benzene. 

Thermal Decomposition of N-Arylazoaziridines 11-13 in 

Chloroform 

The typical procedure for the isolation of the 

products of the thermal decomposition of the N-arylazo- 

aziridines in chloroform is illustrated below. 

A chloroform solution (10 m l )  of 1.1 g of 11-13 

was refluxed for 2 hr. During this time the reaction vessel 

was purged with N2 gas, the effluent being carried via 

a side arm to a flask containing a benzene solution of 

phenylisocyanate. Work up of the benzene solution after the 

thermal decomposition was complete, revealed no N-aziridinyl- 

t N -phenylurethane, 11-17, had been formed in an case. 

The decomposition of .II-13 was followed by infrared analysis 

in the 2090-2135 cm-' region. After 2 hr, ir analysis revealed 

that in all cases the production of azide had stopped. 

Refluxing the solution for an additional 2 hr did not alter 

the amount of azide. The reaction was allowed to reflux 

for an additional 10 hrs. after which time the solvent was 

removed in vacuo. Nmr analysis of the nonvolatile residue 
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revealed t h a t  a l l  t h e  N-arylazoaziridine has been consumed. 

Analysis of t h e  res idue  by glpc on column A us ing  a l i n e a r  

temperature program r a t e  of ~ O ' C  min from 60' t o  250' 

revealed t h e  presence of arene,  a r y l  az ide  and a t h i r d  

component which was i s o l a t e d  by column chromatography as 

described below. 

A por t ion  of the  r e a c t i o n  mixture was chromatographed 

on -60 g. of n e u t r a l  alumina. Using petroleum e t h e r  

(b.p.  30-60') a s  t h e  e luent  t h e  a r y l  azide and arene were 

e l u t e d  together .  Glpc analyses on column A us ing  comparison 

wi th  standard so lu t ions  revealed t h e  composition of t h e  mixture. 

Elut ion with petroleum e t h e r :  e t h e r  (3 : l )  gave t h e  N-2-chloro- 

e t h y l a n i l i n e s  (11-lg), t h e  s t r u c t u r e s  of which were confirmed 

by t h e i r  s p e c t r a l  p roper t i e s  (Table I X )  and by comparison 

24 with  an authent ic  sample prepared by t h e  method of Heine . 
Photodecomposition of N-p-chlorophenyl azoaz i r id ine  11-13a 

i n  Benzene 

was i r r a d i a t e d  with a 250 watt  medium pressure  Hanovia 

mercury lamp through a Pyrex f i l t e r  f o r  1.5 hr. During 

t h i s  time t h e  s o l u t i o n  was purged wi th  N2 gas,  t h e  e f f l u e n t  

being passed through a benzene s o l u t i o n  of phenyl isocyanate .  

Work up of t h i s  s o l u t i o n  a f t e r , t h e  photoreact ion was complete, 

gave only a few mg of N-aziridinyl-N ' -phenyl-urethane 

(11-17). The solvent  w a s  removed from t h e  photoreact ion i n  
r' 
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vacuo. Inf rared  ana lys i s  of the  res idue  revealed no azide 

absorption. Glpc ana lys i s  of the  mixture on column A showed 

no presence of chlorobenzene ( l7$) ,  p-chlorobiphenyl 

(47$), and N-p-chlorophenylazir idine (28%) ; (bp 65-67' 

0.5 rnm). The s t r u c t u r e  of t h e  l a t t e r  compound was ascer ta ined  

from i t s  spec t ra :  i r  ( t h i n  f i l m ) ,  3010(C-H, 1595, 1490 

(aromat ic) ,  1325, 1095 (C-N), and 843 em-' (1 ,4-d isubs t i tu ted  

benzene r i n g ) ;  nmr ( C D C 1 3 )  61.86 ( s ,  4 H ) ,  6.66-7.10 

(m,  4H,  aromatic) . Mass spec. (M+) =l53, ( ~ + 2 ) + ,  (M') = o . ~ o .  

This compound was i d e n t i c a l  i n  a l l  respects  t o  t h e  product 

formed upon photodecomposition of l , 2 , 3 -  A*-tr iazol ine 

(11-20a) i n  benzene, a  r eac t ion  known t o  lead  t o  N-aryl- 

26 a z i r i d i n y l  products i n  high y i e l d  . 
Kinet ic  Procedure f o r  t h e  Determination of t h e  Rate of 

Azide Production from t h e  N-Arylazoaziridines, 11-13. 

Sealed Tube Method: Solutions of N-arylazo- 

a z i r i d i n e  (11-13) 0.05-0.1M i n  benzene ( o r  chloroform) 

were prepared, a t  room temperature and t r ans fe r red  t o  

small  open tubes.  These tubes were immediately cooled 

t o  - 7 0 ' ~  and sealed.  Inf rared  ana lys i s  of t h e  f r e s h l y  

prepared s o l u t i o n  revealed no azide absorption. A l l  but 

t h r e e  of t h e  tubes (which were r e t a ined  f o r  zero ca lcu la -  

t i o n s )  were allowed t o  warm t o  room temperature a f t e r  which 

time they  were placed i n  a  constant temperature bath.  

Ten t o  twelve s e t s  of th ree  tubes were withdrawn a t  r egu la r  
r' 

i n t e r v a l s  and analysed by in f ra red  using balanced s o l u t i o n  
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c e l l s .  The a n a l y s i s  was performed between 2090 and 2135 cm-l, 

a r eg ion  where s o l v e n t  and o t h e r  p roduc ts  d i d  no t  absorb.  

A t y p i c a l  run  involved a change i n  absorbance of  0.65. The 

r a t e  of a r y l  a z i d e  produc t ion  w a s  c a l c u l a t e d  by comparison 
- 1 

of  t h e  2090-2135 cm a b s o r p t i o n  i n t e n s i t y  w i t h  t h a t  o f  

s o l u t i o n s  of  known c o n c e n t r a t i o n  o f  t h e  same a r y l  a z i d e  i n  

t h e  same so lven t  ( e . g .  F ig .  4 ) .  The r e a c t i o n s  followed 

good f i r s t - o r d e r  k i n e t i c s  on d u p l i c a t e  runs l o g  a/ (a -x)  

vs t t o  45% r e a c t i o n  then  showed d e f i n i t e  nega t ive  

d e v i a t i o n s .  It was assumed t h a t  t h e  a z i d e  and e thy lene  

formed were r e a c t i n g .  This assumption was appa ren t ly  

j u s t i f i e d  when no such d e v i a t i o n  was observed when t h e  

r e a c t i o n s  were run  i n  open v e s s e l s  a s  descr ibed  below. 

Open Vessel  Method: So lu t ions  of t h e  N-arylazo- 

a z i r i d i n e s  0.50-0.1M benzene o r  chloroform were made a t  

room temperature  under a N2 gas  b l anke t  and immediately 

immersed i n  cons t an t  temperature  b a t h s .  Af t e r  t h e  

temperature  o f  t h e  r e a c t i o n  reached t h e  b a t h  temperature  

zero t ime read ings  were taken  and t h e r e a f t e r  10-12 s e t s  of  

d u p l i c a t e  samples were withdrawn and analyzed by i n f r a r e d  

as descr ibed  above. The r a t e  of a z i d e  produc t ion  from t h e  

N-ary lazoaz i r id ines  was c l e a n l y  f i r s t - o r d e r  (e.g. Fig .  5 ) .  

P repa ra t ion  of  N-ary lazoaze t id ines ,  11-2lb ,c  

J 

A s o l u t i o n  o f  p-bromoaniline i n  12N H C 1  

(10 m l )  and water (10 m l )  was t r e a t e d  wi th  sodium n i t r i t e  





Time ( i n  hr ) 

Fig. 5: A p l o t  o f  t h e  r a t e - o f  fo rmat ion  o f  p-rri-trophenyl 
a z i d e  on t h e r m a l  decomposi t ion  of  N-p-ni tro-  
p h e n y l a z o a z i r i d i n e  (11-13c) i n  benzene a t  70•‹. 
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(1.4 g )  a t  0-5'. A f t e r  10 minutes  a s a t u r a t e d  sodium 

a c e t a t e  s o l u t i o n  was added u n t i l  t h e  pH of t h e  r e a c t i o n  

mixture  was maintained a t  5.9-6 . O .  The s o l u t i o n  w a s  then 

t r e a t e d  wi th  d e c o l o r i z i n g  cha rcoa l  and f i l t e r e d .  Addi t ion of 

a ~ e t i d i n e ~ ~ ,  .= I -2 l a ,  (1 .5  M exces s )  t o  t h i s  s o l u t i o n  

gave s t h i c k  p p t  which w a s  f i l t e r e d ,  washed w i t h  w*ater, 

and d r i e d  t o  g ive  3.3 g  (69%) N-p-bromophenylazoazetidine 

(11-2lb). mp 71-74'. R e c r y s t a l l i z a t i o n  from methanol 

gave: mp 73-74'; i r  ( K B ~ )  2920, 2850 (c-H), 1470 ( a roma t i c ) ,  

1402, 1380 ( azo  l i n k a g e ) ,  and 30 cm-l ( l , 4 - d i s u b s t i t u t e d  

benzene r i n g ) ;  nmr ( C D C L ~ )  6 2.33 ( q u i n t e t ,  2H, J = 7.5 H Z ) ;  

4.19 (t ,  4 ~ ,  J = 7.5 Hz), 7.15-7.51 (m,  4H, a roma t i c ) ,  

U.V. ( C H ~ O H )  m p ( E )  320 ( l o g  4.23),  292 ( l o g  4.21).  

Calc: f o r  C H  BrN 239 ( D l f ) ;  ( !4+2)+/  (M') = 0.98 9 1 0  3: 
Found: Mass spec .  239 (M'); (M+~I+ (M') = 0.99. 

The p repa ra t ion  of N-p-nitrophenylazoazetidine 

(11-2lc) was e f f e c t e d  i n  83% y i e l d  by t h e  above procedure 

from p - n i t r o a n i l i n e  and a z e t t d i n e ;  mp 148-149'; i r  ( K B ~ )  

2950, 2860 (c-H,  1585, 1510 ( n i t r o  and a roma t i c ) ,  

1410, 1394 ( azo  l i nkage )  and 843 em-' ( 1 , 4 )  d i s u b s t i t u t e d  

benzene r i n g )  ; nmr ( c D c ~ ~ ,  6 2.41 ( q u i n t e t ,  2H, J = 7.5 Hz), 

4.41 ( t .  41i, J = 7 . 5 ~ ~ ) ~  and 6.6.7-8.21 ( m y  4J3, a r o m a t i c ) ;  

W ( C H ~ O H ) ,  m 1 ( E )  3  0 4 7 ) ;  and 275 ( l o g  4  2 4 ) .  

Calc: f o r  C9H10M402: 206 (M+) ; ( ~ + 1 ) +  M+ = 0 . I 1 4  

Found: Mass spec.  206 (M'), (M+l)+ / M+ = 0.118. 
i 



Preparat ion of N-arylazo -3-pyrroline,  11-22b -c 

The N-(p-chlorophenylazo) -3-pyrrol in  e (11-22b) 

w a s  prepared i n  81$ y i e l d  from p -chlorobenzenediazonium 

ch lo r ide  and A -pyrrol ine,  11-22a, ( Aldrich Chemical co . ) 
R e c r y s t a l l i z a t i o n  from methanol-pet e t h e r  gave: mp 97-98', 

i r  ( K B ~ )  2940, 2860 ( c - H ) ,  1487 (aromat ic) ,  1430, 1403 

(azo l inkage) ,  and 840 cm-' ( l , 4  -d i subs t i tu ted  benzene 

r i n g ) ;  nmr (CDC13)  64.47 ( s ,  4 H ) ,  5.88 (s,  2H), and 7.25 

(s, 4H,  aromatic) .  

Calc : f o r  C10H10C1N3: 207 (M') , (M+2)'/ M+ = 0.37. 

Found: Mass spec. 207 (M'), (~4) '  / M+ = 0.35 

The I!?- (p-nitrophenylazo) 3-pyrrol ine ( 11-22c) 

was prepared by a similar procedure i n  77% y i e l d :  

mp 201-202'; i r  ( K B ~ )  2900, 2850 ( C - H ) ,  1590, 1510 

( n i t r o  and aromatic) 1405, 1398 (azo l inkage) ,  and 

850 (1 ,4-d isubs t i tu ted  benzene r i n g )  ; nmr (CFJCOOH) 

4.10 (s ,  4 ~ ) ,  5.71 (s, 2H), and 7.21-8.11 (m,  4H,  aromatic) 

Calc : f o r  C10H10N402: 218 (M') ; (M+2)' M+ = 0.011 

+ Found: Mass spec. 218 (M'); (M+2)'/ M = 0.009. 

Preparat ion of N-(p-chlorophenyl) -3-pyrroline, 11-22d 

A benzene s o l u t i o n  (90 m l )  of 4 . 1  g of - cis-1,4-  

d i c h l o r 0 - 2 - b u t e n e ~ ~ ~ ,  p-chloroani l ine  (3.8 g )  and t r i -  

ethylamine (10 g )  w a s  s t i r r e d  a t  40-45' f o r  25 hr. The 

ppt  of t r ie thylamine  hydrochloride w a s  removed by f i l t r a t i o n .  
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The supernatant  was washed f i r s t  wi th  % HC1 and then  wi th  

cold water. The organic l a y e r  w a s  d r ied ,  t h e  drying agent 

was removed by f i l t r a t i o n ,  then  t h e  so lvent  w a s  removed t o  

g ive  2.8 g (5%) 11-22d, mp 109-112'. R e c r y s t a l l i z a t i o n  

from methanol gave: mp 113-114.5'; i r  ( K B ~ )  2830 (C-H) ,  

1603, 1505 (aromat ic) ,  1260 (c-n) ,  and 810 cm-l ( 1 , 4 )  

d i s u b s t i t u t e d  benzene r i n g ) ;  nmr (cDC13)  63-95 (s ,  4 H ) ,  

5.81 (s,  2H), and 7.10-7.42 (m,  4H,  aromatic) .  

Calc: f o r  CIOHIOCIN: 179 ( M + ) ;  (M+2)+/ (M') = 0.37. 

Found: Mass spec. 179 (M'); ( ~ + 2 ) + /  M+ = 0.36. 

Preparat ion of N-arylazo-2,3-dihydro -lH-benz - (de )  

i soquinol ines ,  11-23 b, c 

The N-(phenyl) -2,3-dihydro-1H-benz-(de) i s o -  

quinol ine  (11-23 b )  w a s  prepared i n  77% from benzene- 

diazonium ch lo r ide  and 2,3-dihydro-1H-benz-(de) isoquino- 

l i n e 4 4  (11-23a) i n  t h e  manner descr ibed f o r  t h e  p repara t ion  

of N-arylazoazetidines.  R e c r y s t a l l i z a t i o n  from methanol 

gave : mp 103-104.5~; i r  ( K B ~ )  3020, 2850 (c-H) , 1603, 

1510, 1495 (aromat ic) ,  1430, 1402 (azo l inkage) ,  808.775 

(naphthyl r i n g )  ; and 695 cm-l (bromo Stbs t i tu ted  benzene r i n g )  ; 

nmr (cDC13)  6 5.10 (s ,  4 H ) ,  and 7.05-7.66 (m,  1 1 H ,  aromatic) ;  

w (CH30H), m p ( ~ )  299 (1% 4-33). 

Calc : f o r  C18H15N3: 273 (M') ; (~+1)+/ (M') = 0.209; (M+2)+ 

+ M = 0.022 

Found: Mass spec. 273 (M'); ( ~ + 1 ) +  /(M+) = 0.211; ( ~ + 2 ) +  

Idf = 0.025. 
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The N-(p-nitrophenylazo) -2,3-dihydro-1H-benz - 

(de)  i soquinol ine  (11-23c) was prepared i n  8@ y i e l d  i n  t h e  

manner described above f o r  11-23b. R e c r y s t a l l i z a t i o n  from 

methanol gave: mp 183-184'; i r  (KBr) 2900 (c-H); 1580, 

1510 (n i t roand aromatic) ,  1422, 1410, 1395 (azo l inkage) ;  

850 (1 ,4-d isubs t i tu ted  benzene r i n g )  ; 810, and 787 cm-l 

(naphthyl r i n g ) ;  nmr ( c D c ~ ~ )  6 5.54 (s ,  4 H ) ,  and 6.84-7.94 

(m,  1 0  H, aromatic) .  

CalC: f o r  Cl8Hl5N4O2: 319 (M'); (M+2)+/ (M') = 0.023. 

Found: Mass spec. 319 (M+) ; (M+2)+/ M+ = 0.024. 

Preparat ion of N-aryl-2,3-dihydro-1H-benz -(de) i soquinol ine ,  

11-23d, e  

N-(phenyl) -2,3-dihydro) 1 ~ - b e n z - ( d e )  i s o q u n o i n e ,  11-23d 

To a  warm (40-45') benzene s o l u t i o n  (25  m l )  of 

1 ,8-b is  (bromornethyl) (2 .1  g )  w a s  added t o  

benzene (15 ml) conta in ing  a n i l i n e  (1.8 g)  over a period 

of 20 min. After  t h e  add i t ion  was completed, t h e  s o l u t i o n  

was allowed t o  r e f l u x  f o r  1 2  hr .  After  t h i s  t i n e  a n i l i n e  

hydrobromide was removed by f i l t r a t i o n ,  t h e  supernatant  w a s  

washed with two (10 ml) por t ions  of 5% H C 1  then  wi th  water.  

The organic  l a y e r  was separated,  d r i ed  and concentrated 

i n  vacuo. The res idue  remaining a f t e r  removal. of t h e  so lvent ,  

1.2 g  (74%) s o l i d i f i e d  upon s tanding.  R e c r y s t a l l i z a t i o n  

from e ther -pe t  e t h e r  gave orange p l a t e s ;  mp 52-53' 

 it^^ rnp 57-58'); i r  (KBr) 3005 ( C - H ) ,  1605, 1500, 1455 
i 



(aromat ic) ,  810, 70 (naphthyl  r i n g ) ,  and 680 ern-' (mono- 

s u b s t i t u t e d  benzene r i n g )  ; nmr ( c D c ~ ~ ) ,  6 4.48 (s ,  4 ~ ) ,  and 

6.71-7.59 (m,  1 5 H ,  aromatic) .  

Preparat ion of N-(p-chlorophenylazo) -2 , 7-dihydro-34 , 5 , 7-  

d i b e n z a z e ~ i n e  , 11-24b 

The N-(p-chlorophenylazo) -2,7-dihydro-3,4,5,7- 

dibenzazepine, 11-24b, w a s  prepared i n  5% y i e l d  from p- 

chlorobenzenediazonium ch lo r ide  and t h e  hydrochloride of 

46 1H-2,7-dihydro-3,4,5, 7-dihydrobenzazepine , 11-24a, i n  t h e  

manner described f o r  t h e  prepara t ion  of N-arylazoazetidines.  

R e c r y s t a l l i z a t i o n  from methanol-pet e t h e r  gave : mp 114 -115.5'; 

i r  ( K B ~ )  3010, 2920 ( c - H ) ,  1495 (aromat ic) ,  1420, 1392 

(azo l inkage) ,  and 835 em-' ( l J 4 ) d i s u b s t i t u t e d  benzene r i n g ) ;  
I 

nmr ( c D C l 3 ) 6  4.56 ( s ,  4 H ) ,  and 7.05-7.43 (m,  12H, aromatic) ;  

IJV ( C H ~ O H ) ,  m v  ( e )  316 ( l o g  4.40), and 288 ( l o g  4 .41) .  

Calc : f o r  C20HlGN3C1: 333 (M') ; (M+2)+/ (M') = 0.340 

Found: Mass spec. 333 (M') ; ( ~ + 2 ) + /  M+ = 0.338 

3 
dibenzazepine 11-24c 

A benzene s o l u t i o n  (45 m l )  of 2,2 -bis(bromo- 

methyl) biphenyll17 (2.0 g)  and p-chloroani l ine (2.3 g )  

was ref luxed overnight.  The s o l u t i o n  was f i l t e r e d  and t h e  

supernatant  washed wi th  water, d r i ed ,  and t h e  so lvent  w a s  

evaporated i n  vacuo. R e c r y s t a l l i z a t i o n  of t h e  r e s idue  from 

methanol-pet e t h e r  gave 1 .4  g (78%) of 1 1 - 2 4 ;  mp 147-148.5' 
i 
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  it^^ mp 147-9'); ir (KB~) 2940, 2830 (c-H), 1590, 1565, 

1500 (aromatic), 1357, 1305 (C-N), and 830 cm-I (1,4- 

disubstituted benzene ring); nmr (CDC13) 6 4.08, (s, 4H), 

and 6.73-7.43 (m, 12H, aromatic). 

Preparation of N-nitroso-2,7-dihydro-3,4,5,7-dibenzazepine, 

11-24d 

To a suspension of 11-24a hydrochloride (4.5 g) 

in water (5 m l )  and glacial acetic acid (50 ml) was added 

solium nitrite (3.5 g) in water (10 ml). Spontaneous 

warming occurred and the suspended hydrochloride gradually 

dissolved. The reaction was allowed to stand at room tempera- 

ture for 1.5 hr then diluted with water (200 m l )  to ppt 

the N-nitrosoaniline, 3.2 g (73%) . Recrystallization of 

11-24d from hot ethanol gave: mp 109-110.5'; ir (KB~) 

3050 (c-H) , 1490, 1450 (aromatic), 1428, 1350 (N-nitroso), 
and 755 cm-l (l,2-disubstituted benzene ring) ; nmr ( CDCl ) 3 
4.51 (s, 2H), 5.10 (s, 2H), and 7.20-7.55 (m, 8H); W 

(CH~OH) m u  ( c )  347 (log 2.0). 
+ talc: for c ~ ~ H ~ ~ N ~ o :  224 (M'); (M+~)+/(M) = 0.161, 

(M+2)+, (M') = 0.014. 

Found: Mass spec. 224 (M') ; (M+l)+ (Me) = 0.161, 

(M+2)+ (M') = 0.015 

Thermal Decomposition of the N-arylazo derivative of the 

cyclic mines, 11-21b -11-24b. 
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Benzene s o l u t i o n s  1% i n  N-arylazoamine were 

heated i n  sea led  tubes a t  170-200' f o r  8-12 hr. After  t h i s  

time t h e  tubes were cooled, opened, and t h e  contents  analyzed 

by i n f r a r e d  and glpc on columns A and C us ing  temperature 

program r a t e  of 10' min. from 60' t o  250' and 60' t o  190•‹, 

respect ive ly .  The products of each r e a c t i o n  were determined 

by mixed i n j e c t i o n  comparison wi th  au then t i c  samples described 

above. In  t h e  case of i d e n t i f i c a t i o n  of N-p-bromophenyl- 

a z e t i d i n e  11-21d comparison was made wi th  t h e  sample of 

11-21d prepared from i r r a d i a t i o n  of 11-21b as descr ibed 

below. The product y i e l d s  were determined by comparison 

of peak areas  generated upon i n j e c t i o n  of s tandard so lu t ions  

of pure sample of each product with those obtained from 

i n j e c t i o n  of t h e  r e a c t i o n  mixture. The product y i e l d s  from 

decomposition of t h e  N-arylazoamines given i n  Table V I  

a r e  averaged f o r  dup l i ca te  runs which were reproducible  

wi th in  f 2%. 

Photolysis  of N-  (p-bromophenylazo) aze t id ine ,  21b. 

A sample of N-(p-brornophenylazo) a z e t i d i n e  (1.0 g)  

was dissolved i n  anhydrous benzene (100 m l )  and w a s  i r r a d i a t e d  

under n i t rogen  atmosphere with a 250 w a t t  Hanovia lamp f o r  

1 0  hr. The excess so lvent ,  removed under vacuum, was 
0 c o l l e c t e d  at -30 C. The nmr of t h e  red res idue  indica ted  

t h e  complete consumption of t h e  azoazet idine.  Analysis 

of t h e  mixture on column A showed t h e  presence of bromo- 
I 



65 

benzene, p-bromobiphenyl, a  small amount of p-bromoaniline, 

and an un iden t i f i ed  product.  A f r a c t i o n  (750 mg) of t h e  

mixture was chromatographed on 45 g  of n e u t r a l  alumina 

using 30-60 pe t -e ther  a s  t h e  e luen t .  The 30-60 pe t -e the r  

f r a c t i o n  gave bromobenzene (120 mg, 2%), f u r t h e r  e l u t i o n  

with 1% benzene-pet e t h e r  gave a  pa le  yellow compound, 

p-bromobiphenyl (380 mg, 4 l % ) ,  mp 87-gOc. Fur ther  e l u t i o n  

wi th  2% benzene-pet e t h e r  gave a yellow l i q u i d ,  (220 mg, 

2%),  which s o l i d i f i e d  on cooling, mp 39-42'~. Recrys ta l l i za -  

t i o n  of t h i s  s o l i d  from pet -e ther  gave: mp 42-43.5'; 

i r  ( K B ~ )  3020, 2950 ( c - H ) ,  1600, 1470 (aromat ic) ,  1290 

( C - N ) ,  and 835 (1 ,4 -d i subs t i tu ted  benzene r i n g ) ;  nmr ( C D C ~  3 ) d  

2.99 ( q u i n t e t ,  2H, J = 7.2 Hz), 3.97 (t, 4H,  J = 7.2 

Hz), and 6.75-7.45 (m,  4 H ,  aromatic) .  

Calc: f o r  C H BrN: 211 (M'), ( ~ + 2 ) + /  M+ = 0.98 
9  10  

Found: Mass spec. 211 (M'), ( ~ + 2 ) + /  M+) = 0.075 

On t h e  b a s i s  of t h e  observed s p e c t r a  t h e  s o l i d  

was assigned t h e  s t r u c t u r e  11-2ld. Attempted p repara t ion  

from 1,3-dibromopropane and p  -bromoaniline was unsuccessful.  

The so lvent  evaporated from t h e  above photo lys is  r e a c t i o n  

w a s  t r e a t e d  with phenyl isocyanate.  Work up i n  t h e  usual  

manner gave: 198 mg (3%) of ~ - a z e t i d i n ~ l - ~ '  - ~ h e n y l u r e a ,  

mp 189-191•‹, m mp 189-191'~ with an authent ic  sample 

prepared from a z e t i d i n e  and phenyl isocyanate.  



Photodecomposition of N-arylazoderivatives of t h e  c y c l i c  

amines, 11-22b -11-24b 

Benzene s o l u t i o n s  1-2% i n  N-arylazoamine were 

i r r a d i a t e d  i n  Pyrex under n i t rogen  wi th  a  250 w a t t  Hanovia 

medium pressure  mercury lamp f o r  12-18 hr. After  t h i s  

time t h e  solvent  was removed i n  vacuo and t h e  r e a c t i o n  

mixture was analyzed by glpc on columns A and C a s  described 

above f o r  the  thermal decomposition. The y i e l d  of 11-22a 

was obtained by t r e a t i n g  t h e  so lvent  removed from t h e  

photolysate  with phenyl isocyanate  as described above f o r  

aze t id ine .  The y i e l d s  a r e  recorded i n  Table V I .  

Attempted thermal decomposition of N-nitrosocycloamines, 

11-23e and 11-24d 

A s o l u t i o n  of 11-24d (110 mg) i n  o-xylene (10 m l )  

was ref luxed f o r  47 hr. Upon cool ing and evaporation of 

t h e  so lvent ,  85 mg 11-24d w a s  recovered. 

This experiment was repeated using 11-23e (100 m g )  

i n  o-xylene (110 mg) a t  r e f l u x  f o r  47 hr. Evaporation 

of t h e  solvent  gave 90 lmg 11-23e. Analysis of t h e  crude 

reac t ion  mixtures by glpc on column A i n  both  cases  f a i l e d  

t o  r evea l  any accnaphthene o r  9,10-dihydrophenanthrene . 



CHAPTER I11 

CYCLOADDITION OF A Z I R I D I X E S  TO 2 rr AND 4 rr SYSTEMS 



Introduction 

In recent years the chemistry of aziridines has 

received considerable attention. Although there have been 

developed several novel synthetic methods for the 

N-unsubstituted, N-halo-, and N-alkylaziridines, 49 the 

1,3-dipolarcycloaddition of aryl azides to alkenes is still 

the best procedure for the preparation of N-arylaziridines. 

In general, reaction of aryl azides with alkenes results in 
2 the formation of 1,2,3-A -triazolines which can be decomposed 

with loss of a molecular nitrogen to yield aziridine and 

imine . 50 The rate of 1,3-dipolarcycloaddition of aryl azide 

is enhanced by electron-withdrawing groups attached to the 

aryl ring51 or by electron-donating substituents on the 

olefin participant. 26 

The thermal decomposition of l,2, 3-A'-triazolines 

affords mixtures of aziridine and imine products. 50 The 

relative amounts of these two product types is greatly 

affected by aryl substituents as well as the alkene 

precursor substituents. Electron-donating groups attached 

to the aryl ring favor high yields of aziridines, whereas 

highly electron-withdrawing substituents favor the formation 

of imine. 
36 2 

The photodecomposition of 1,2,3-A -triazolines 

affords nearly quantitative yields of aziridines. 6 3 6  



The primary r e a c t i o n s  of a z i r i d i n e s  involve  t h e  

r e a c t i o n  of  t h e  r i n g  n i t r o g e n  as a b a s i c  func t ion  and c leavage 

o f  t h e  s t r a i n e d  three-membered r i n g .  The a z i r i d i n y l  n i t r o g e n  

i s  i n  gene ra l  a  weaker base t han  a r e  secondary o r  t e r t i a r y  

a l i p h a t i c  amines s i n c e  t h e  lone  p a i r  has more s - c h a r a c t e r .  

Recat ions  due t o  t h e  s t r a i n e d  three-membered r i n g  involve  r i n g  

opening e i t h e r  by C , N  bond or  by C , C  bond c leavage t o  g i v e  

a c y c l i c  o r  r i n g  expanded producta .  A d i s cus s ion  of  C , N  bond 

c leavage i s  presen ted  i n  Chapter 11. The p re sen t  d i s c u s s i o n  i s  

l i m i t e d  t o  examples involv ing  C , C  bond c leavage and subsequent 



add i t ion  of the  r i n g  opened spec ies  t o  carbon-carbon and 

heteromult iple  bonds. The cleavage of t h e  C , C  bond of 

a z i r i d i n e  i s  i n  general  promoted by r i n g  carbon s u b s t i t u e n t s  

which can support  a  negat ive charge i n  a conjugat ive fashion  

( e  . g . , carbonyl, a r y l  ) . 1 

! 

The reac t ions  of s u b s t i t u t e d  a z i r i d i n e s  involving 

cleavage of C , C  bond and subsequent add i t ion  t o  carbon- 

carbon, and he teromul t ip le  bonds a r e  u s e f u l  s y n t h e t i c  rou tes  

t o  pyrro le ,  52-55 pyr ro l id ines ,  52,55,57, 59,60,67,68,71 

pyr ro l ines ,  52, 56, 59, 60, 68, 69, 71 th iazo l ines ,  
61,62 

imidazolines,  63'6' and oxazol idines . 58,65,66 

Heine and ~ e a v ~ ~ ~  were the  f i r s t  t o  show t h a t  

hea t ing  1,2,3-triphenylaziridines (111-10) i n  t h e  presence 

of alkynes and alkenes r e s u l t s  i n  a  cycloaddi t ion r e a c t i o n  

y ie ld ing  pyr ro l ines  (111-11) and pyr ro l id ines  (111-12), 

r e spec t ive ly .  Padwa and Hamilton 54'55 have repor ted  t h a t  



the reactions of aziridines 111-13 with dimethyl 

acetylenedicarboxylate ( 111-14) gave a mixture of A 2- pyrrolipe, 
111-15, and a substituted pyrrole 111-16, presumably through 

a ~"~rroline intermediate. 



H5C yhyocF H5cyr2. 
H3co0c COCCH; cooc 

3 

Huisgen and co-workers 56957 have contributed 

to the understanding of the nature of the intermediate 

involved in the cycloaddition reaction of aziridines to 

alkenes and alkynes. They observed that although aziridines 

111-17a and 111-17b were stable at room temperature, they 

equilibrated at 1 0 0 ~ ~ .  Furthermore, reaction of a 15:85 



mixture of 111-17a:III-17b with t e t r a e t h y l  e thy lene te t ra -  

carboxylate  gave 111-18a and 111-1811 i n  65 and 35% y ie ld ,  

r e spec t ive ly .  56 On the  o ther  hand, when pure 111-17a i s  

heated with an excess of 111-14, product 111-19a i s  obtained 

i n  q u a n t i t a t i v e  y ie ld ,  57 whereas a z i r i d i n e  111-17b gave 

111-19b i n  71% y i e l d  with no contamination by adduct 111-19a. 

These experimental  da ta  l e d  them t o  p o s t u l a t e  t h e  following 

r e a c t i o n  sequence. 





The cycloaddi t ion  t o  d ipolarophi les  w a s  considered 

t o  compete with t h e  equi l ibr ium process .  The more a c t i v e  

t h e  d ipolarophi le  t h e  higher  t h e  s t e r e o s e l e c t i v i t y  of t h e  

o v e r a l l  process .  The high r e a c t i v i t y  of d i a l k y l  

azodicarboxylates,  te t racyanoethylene and dimethyl 

acetylenedicarboxylate  completely supresses  e q u i l i b r a t i o n  

between 111-17a and 111-17b. 

O r b i t a l  cons idera t ions  p r e d i c t  t h a t  

t h e  thermal isomerizat ion of t h e  cyclopropyl anion t o  a l l y 1  

anion w i l l  proceed i n  a  conrota tory  manner, whereas 

photochemical cleavage should follow a  d i s r o t a t o r y  course.  

No experimental evidence i s  a v a i l a b l e  i n  support  of  t h i s  

p r e d i c t i o n  f o r  t h e  parent  cyclopropyl system. However, t h e  

q u a n t i t a t i v e  t ransformation of 111-17a and 111-17b t o  

111-19a and 111-lgb,  r e spec t ive ly ,  confirms t h e  above 

p r e d i c t i o n  i n  the  i s o e l e c t r o n i c  a z i r i d i n e  case .  The thermal 

conrotatory r i n g  opening of 111-17a and 111-17b was 

considered by Huisgen and co-workers t o  genera te  t h e  

1,3-dipoles (azomethine y l i d e s )  111-20a and 111-20b, 

respect ive ly ,  which i n  t u r n  reac ted  with 111-14 i n  a 

concerted7' fashion t o  y i e l d  111-19a and 111-lgb, r e spec t ive ly .  

S imi lar ly ,  the  photochemical r e a c t i o n  of 111-17b i n  2% 

s o l u t i o n  of 111-14 i n  dioxane y ie lded  69% of 111-19a. 
57 

However, t h e  photochemical cyc loaddi t ion  of 111-17a with 

111-14 produced a  mixture of 111-19a and 111-lgb, and y i e l d  

of 111-19b increased with increas ing  concent ra t ion  of 111-14. 

suggest ing a competit ion between the  photo and t h e  thermal 



Although the  thermal r eac t ions  t o  y i e l d  111-19a 

and 111-19b from 111-17a and 111-17b, r e spec t ive ly  have 

been termed s t e r e o s p e c i f i c  r eac t ions ,  i t  should be pointed 

out t h a t  i n  such reac t ions  t h e  s t e r e o s p e c i f i c i t y  r e f e r s  t o  

t h e  stereochemistry with r e spec t  t o  t h e  s t a r t i n g  a z i r i d i n e s  

and not t o  any groups on t h e  alkene s i n c e  t h i s  aspect  of 

the  r eac t ion  was not s tud ied .  

Bicycl ic  a z i r i d i n e s  pose a chal lenge t o  t h e  

understanding of the  na ture  of t h e  in termedia te  involved, 

s ince  b i c y c l i c  a z i r i d i n e s  can be envisioned which possess  

geometry i n  which conrotatory C,C bond cleavage cannot 

take p lace .  It would obviously be of i n t e r e s t  t o  determine 

t h e  mode of opening and t h e  ease of r e a c t i o n  of b i c y c l i c  

a z i r i d i n e s .  A few b i c y c l i c  a z i r i d i n e s ,  such as 

1,3-diazabicyclo ( 3 , l .  0) hex-3-ene, 111-21, and 1, la-dihydro- 

1 ,2 -d ia ry laz i r ino  (1,2-a) quinoxaline, 111-22, have been 

thermally decomposed and added t o  a c t i v e  alkynes and 

alkenes . 53,58 



The r e a c t i o n s  of  t h e s e  a z i r i d i n e s  a r e  e s s e n t i a l l y  e q u i v a l e n t  

t o  t h e  r e a c t i o n s  o f  t h e  monocyclic a z i r i d i n e s  d e s c r i b e d  

above.  The the rmal  decomposi t ion  o f  b i c y c l i c  a z i r i d i n e  

111-23 f a i l ed ,71  presumably s i n c e  t h e  geometry o f  a z i r i d i n e  

111-23 pe rmi t s  on ly  a  d i s r o t a t o r y  opening,  and t h e r m a l l y  

such a n  opening i s  fo rb idden  by o r b i t a l  symmetry. 32 

Th is  o b s e r v a t i o n  i s  no t  s u p r i s i n g  s i n c e  photochemical  

opening (presumably i n  a d i s r o t a t o r y  manner) and subsequent  

a d d i t i o n  of 111-23 t o  a l kyne  111-14 gave 111-24 

However, t h e  the rmal  decomposi t ion  o f  t h e  
87 

b i c y c l i c  a z i r i d i n e ,  111-87, i n  t h e  p r e sence  o f  e i t h e r  



dimethyl maleate or  dimethyl fumarate a f forded 111-88. The 

formation of 111-88 from r e a c t i o n  of 111-87 and dimethyl 

maleate may be due t o  e i t h e r  stepwise addi t ion ,  or  p r i o r  

isomerizat ion of dimethyl maleate t o  dimethyl fumarate, o r ,  

subsequent epimerizat ion of the  i n i t i a l l y  formed s t e reo-  

s p e c i f i c  c i s  adduct.  - 
A search  of the  l i t e r a t u r e  r evea l s  t h a t  t h e r e  

exis ted ,  u n t i l  recent ly ,60  ambigui t ies  about t h e  s t e reo-  

s p e c i f i c i t y  of t h e  thermal cycloaddi t ion  of a z i r i d i n e s  t o  

alkene with r e spec t  t o  t h e  geornet,ry i n  t h e  alkene r e a c t a n t .  

Heine e t  a l .  52'53 and ~ r o m w e l l ~ ~  observed t h a t  a z i r i d i n e s  

added t o  alkenes s t e r e o s p e c i f i c a l l y  when t r a n s  1 ,2 -d i subs t i tu ted  

alkenes were used but repor ted  a  change i n  s tereochemistry 

of t h e  o l e f i n i c  p a r t i c i p a n t  when c i s  1 ,2 -d i subs t i tu ted  - 
o l e f i n s  were used. They concluded t h a t  t h e  o v e r a l l  r e a c t i o n  

was stepwise and not s t e r e o s p e c i f i c .  

Outline of Present Study. 

The present  study was undertaken i n  an e f f o r t  t o  



more fully understand the 1,3-cycloaddition of aziridines 

to olefins. In particular we wished to determine the influence 

of geometry of ring opening on the participation of the 

aziridinyl lone pair in the ring opening process. Participa- 

tion of the lone pair in the thermally allowed conrotatory 

opening of monocyclic aziridines seemed likely since the 

transformation (A) would be isoelectronic with a cyclopropyl 

anion to allyl anion transformation (B). 

Orbital symmetry control of the cyclopropyl to 

allyl transformation in theory allows the thermal reaction 

to proceed in a conrotatory fashion for the anion, and in a 

disrotatory fashion for the cation (C). 32 Intriguing questions 



a r e  thus r a i s e d  i n  t h e  case of t h e  apparent ly analogous 

a z i r i d i n e  r i n g  opening ( A ) .  Can thermal d i s r o t a t o r y  opening 

of an a z i r i d i n e  r i n g  be made t o  occur? If d i s r o t a t o r y  

opening i s  achieved, w i l l  t h e  a z i r i d i n y l  n i t rogen  lone p a i r  

p a r t i c i p a t e  t o  generate  a  r i n g  opened species  i s o e l e c t r o n i c  

with t h e  a l l y l  anion or w i l l  t h e  d i s r o t a t o r y  opening force  

t h e  lone p a i r  i n t o  a n i t rogen s u b s t i t u e n t  and genera te  a n  

a l l y l  c a t i o n  analog as t h e  r i n g  opened intermediate? 

To i n v e s t i g a t e  these  p o s s i b i l i t i e s  it was 

necessary t o  determine not only t h e  r a t e  of opening of 

appropr ia te ly  N-subst i tuted monocyclic and b i c y c l i c  

a z i r i d i n e s  but t o  t r a p  t h e  r i n g  opened species  from each 

i n  a  d e f i n i t i v e  manner. To determine t h e  p a r t i c i p a t i o n  

of t h e  a z i r i d i n y l  lone p a i r  i n  t h e  r i n g  opening r e a c t i o n  

it was necessary t o  cons t ruc t  and k i n e t i c a l l y  study both 

monocyclic and b i c y c l i c  a z i r i d i n e s  with N-substi tuents 

capable of varying t h e  e l e c t r o n  dens i ty  on t h e  a z i r i d i n y l  

n i t rogen i n  a  p red ic tab le  manner. The 1 ,2 ,3- t r iphenyl  

a z i r i d i n e  system was s e l e c t e d  a s  t h e  monocyclic models f o r  

t h i s  study s ince  it was s t r u c t u r a l l y  very similar t o  t h e  

b i c y c l i c  system inves t iga ted .  The choice of a  b i c y c l i c  

a z i r i d i n e  system t o  study t h i s  r e a c t i o n  was more d i f f i c u l t  

s ince  s e v e r a l  c r i t e r i a  had t o  be met. F i r s t  of a l l ,  t h e  

C,C bond of t h e  b i c y c l i c  a z i r i d i n e  must be s i t u a t e d  s o  t h a t  

only d i s r o t a t o r y  cleavage i s  geometr ical ly  p o s s i b l e .  



Secondly, t h e  carbon s u b s t i t u e n t s  must be s u i t a b l e  f o r  

support  of e i t h e r  p o s i t i v e  or  negat ive charges which could 

be generated i n  t h e  r i n g  opening process .  F ina l ly ,  t h e  

N-substi tuent must be capable of varying t h e  e l e c t r o n  

dens i ty  on t h e  a z i r i d i n y l  n i t rogen i n  a  p r e d i c t a b l e  fashion.  

A l l  t hese  c r i t e r i a  a r e  met by t h e  new a z i r i d i n y l  system 111-25, 

11 1-25 
s ince  d i s ro ta to ry ,  and from t h e  k i n e t i c  r e s u l t s  apparent ly 

c a t i o n  l i k e  ( c )  opening of a z i r i d i n e s  of type 111-25 were 

achieved. It was poss ib le  t o  design t rapping  experiments 

t o  a s c e r t a i n  t h e  e l e c t r o n i c  na ture  of t h e  r i n g  opened 

in termedia tes .  The design of these  experiments r e s t s  on t h e  

p r i n c i p l e s  of o r b i t a l  symmetry con t ro l  i n  t h e  subsequent 

r eac t ions  of t h e  r i n g  opened a z i r i d i n e s .  Thus, i f  t h e  r i n g  

opened species  i s  i s o e l e c t r o n i c  with an a l l y l  anion, i t  i s  

allowed t o  add i n  a  thermally concerted (and p red ic tab ly  

s t e r e o s p e c i f i c )  r e a c t i o n  t o  o l e f i n s  and i n  a  1 ,2-fashion t o  

1,3-dienes.  I f  the  r i n g  opened species  resembles an a l l y l  

ca t ion ,  thermally concerted add i t ion  i s  allowed t o  proceed 

i n  a  1,4-fashion with 1,3-dienes, but 1 ,2-addi t ion  t o  1,3- 

dienes and o l e f i n s  i s  predic ted  t o  be s tepwise (and thus  



probably not s t e r e o s p e c i f i c ) .  A s  i s  apparent from t h e  above 

d iscuss ion  alkenes s u b s t i t u t e d  with carbonyl and a r y l  groups 

conjugated with t h e  alkene l inkages should be among t h e  most 

e f f i c i e n t  t r a p s  e a s i l y  a v a i l a b l e .  Accordingly, we chose 

dimethyl acetylenedicarboxylate ,  dimethyl maleate, dimethyl 

fumarate, maleic anhydride and s i m i l a r l y  s u b s t i t u t e d  dienes 

as t r a p s .  



Resul t s  

The a z i r i d i n e s  111-25a-f employed i n  t h i s  s tudy 

were synthesized by r e a c t i n g  t h e  appropr ia te ly  s u b s t i t u t e d  

az ide  with acenaphthylene. The r e a c t i o n  of o l e f i n s  wi th  

az ides  t o  give 1,2,  3 - ~ 2 - t r i a z o l i n e s  i s  we l l  e s t ab l i shed .  

These adducts i n  t u r n  can be decomposed thermally o r  

photochemically t o  give a z i r i d i n e  and imine products .  

Thus, a dichloromethane s o l u t i o n  containing an equimolar 

amount of acenaphthylene and phenyl az ide  was allowed t o  

s tand  i n  dark a t  room temperature f o r  a  per iod of two and 

a h a l f  months, a s o l i d ,  mp 168-171O~, was i s o l a t e d  i n  76% 

y i e l d .  The nmr s p e c t r a  of t h e  s o l i d  showed a s i n g l e t  at  

64.21 due t o  two hydrogens, and mul t ip le t  i n  t h e  region  of 

66.51-7.49 due t o  eleven aromatic hydrogens. The expected 

t r i a z o l i n e  111-26 may be discarded on t h e  b a s i s  of t h e  nmr 

s ince  i n  111-26 t h e  two benzyl ic  protons a r e  i n  d i f f e r e n t  

environments and would have d i f f e r e n t  chemical s h i f t s .  The 

s t r u c t u r e  111-26 was f u r t h e r  ru led  out by elemental  and mass 

s p e c t r a l  a n a l y s i s .  The mass spectrum contained a peak a t  

m/e 243, but d id  not  show a  base peak a t  m/e 28, a  charac ter -  

i s t i c  of t r i a z o l i n e  fragmentation upon e l e c t r o n  impact .36 It 

was concluded t h a t  compound 111-26 had decomposed t o  give 

e i t h e r  111-25a o r  111-27, s ince  t h e r e  a r e  many repor ted  

examples f o r  az ide  a d d i t i o n  t o  alkenes occurr ing  t o  g ive  

t r i a z o l i n e s  which r e a d i l y  decompose t o  give a z i r i d i n e s  and 



imines  as t h e  f i r s t  i s o l a t e d  produc ts .  50 We i n v e s t i g a t e d  

t h e  i n f r a r e d  spectrum of t h e  s o l i d  f o r  a b s o r p t i o n  i n  t h e  

r eg ion  of 1700-1600 cm-l which i s  a s s o c i a t e d  w i t h  -C=N 

s t r e t c h i n g  abso rp t ion .  72 The s o l i d  d i d  n o t  show any 

a b s o r p t i o n  i n  t h a t  r eg ion ;  fu r thermore  i t  could no t  be  

hydrolyzed t o  a ketone (111-28). The s t r u c t u r e  111-27 

f o r  t h e  s o l i d  w a s  t h e r e f  o r e  e l imina t ed .  

Large q u a n t i t i e s  of 111-25a-f were prepared by 

r e a c t i n g  1.5-2 inolar q u a n t i t i e s  of a z i d e  w i th  acenaphthylene 

a t  50-60 '~  f o r  vary ing  l eng ths  of time, i . e . ,  from 4-days t o  

15-days. The y i e l d  of a z i r i d i n e  i s  dependent on a z i d e  



s t r u c t u r e ,  t h u s  t h e  more r e a c t i v e  t h e  a z i d e ,  h i g h e r  t h e  

y i e l d  of a z i r i d i n e ,  and s h o r t e r  t h e  r e a c t i o n  t i m e .  I n  t h e  

absence  of exce s s  a z i d e ,  t h e  d i m e r i z a t i o n  and po lymer i za t i on  

of acenaph thy lene  becomes a n  u n d e s i r a b l e  s i d e  r e a c t i o n .  If 

a n  e x c e s s  of acenaph thy lene  i s  used, the a d d i t i o n  of  

a z i r i d i n e  t o  o l e f i n  i s  observed,  whereas a t empe ra tu r e  above 

1 0 0 ~ ~  caused exp lo s ion  and d i m e r i z a t i o n  of a z i r i d i n e  . 
Impor t an t  p h y s i c a l  c o n s t a n t s  of  a z i r i d i n e s  111-25a-f are 

c o l l e c t e d  i n  Tab l e s  W-I11 and-ZIX. 

The a z i r i d i n e s  111-29a-d; 111-30a,b;  and  111-3la ,b  

were ob t a ined  by t h e  r e p o r t e d  p rocedures .  73-75 T h e i r  p h y s i c a l  

p r o p e r t i e s  a r e  l i s t e d  i n  Tab le  X X I .  
R 

I n  c o n t r a s t  t o  p r ev ious  a t t e m p t s  t o  t h e r m a l l y  

decompose t h e  b i c y c l i c  a z i r i d i n e  111-23, t h e  a z i r i d i n e  



presence of alkenes. Thus, heating benzene solution 

equimolar in aziridine and olefin in a sealed tube at 1 4 0 ~ ~  

for 8-16 hr gave, after removal of solvent, solid products 

which were 1:l aziridine:alkene addition products. 

Aziridine 111-25a reacted readily with dimethyl 

acetylenedicarboxylate, maleic anhydride, dimethyl maleate, 

dimethyl fumarate, methyl crotonate, and acenaphthylene but 

sluggishly with cyclohexene, - cis- and trans-stilbene, and 

norbornylene. The bicyclic aziridines 111-25 also add to 

dienes, such as 1,3-cyclohexadiene, trans-trans-2,4-hexadiene, 

and the dimethyl ester of 1,3-butadiene-1,k-dicarboxylic acid. 

The reaction of aziridines 111-29a; 111-30a,b; 

and 111-3la,b with olefins also occurred to give products 

of 1:l addition. 

Reaction of 111-25a with 111-14. 

Dimethyl acetylenedicarboxylate, 111-14, and 

aziridine 111-25a condense readily at 1 4 0 ~ ~  to give a 1:l 

adduct in 93% yield. The infrared spectrum of the adduct 

shows an absorption at 1720 cm-I attributable to a conjugated 

ester. An absorption at 1645 cm-I is attributed to 

tetrasubstituted double bond conjugated with a carbonyl 

group. The two structures, 111-32 and 111-33, are consistent 

with the elemental analysis and infrared spectra, and are 

expected on mechanistic grounds. The nmr spectrum of the 

product exhibits a six proton resonance at 63.73 (two methyl 



e s t e r s ) ,  and a two proton s i g n a l  a t  65.78, and an eleven 

proton mul t ip le t  i n  t h e  region of 66.45-7.71. I f  t h e  c o r r e c t  

s t r u c t u r e  were 111-32, then i t  would be s u r p r i s i n g  t h a t  t h e  

two methoxyl and the  two benzyl ic  proton resonances occur 

a t  t h e  same f requencies .  Only one s t r u c t u r a l  assignment, 

dimethyl 1-phenyl-2,5 [l, 8-naphthol - ~ j - ~ ~ r r o l i n e - 3 , 4 -  

dicarboxylate ,  111-33, i s  compatible with t h i s  evidence. 

The assignment of s t r u c t u r e  111-33 t o  t h e  1:l adduct 

i n d i c a t e s  t h a t  t h e  add i t ion  of alkyne i s  occurr ing across  

t h e  C,C bond and not across  the  C , N  bond of t h e  a z i r i d i n e  

moiety. 

Reaction of a z i r i d i n e  111-25a with o l e f i n s .  

Azi r id ine  111-25a undergoes an a d d i t i o n  r e a c t i o n  

with o l e f i n s  t o  give s u b s t i t u t e d  pyr ro l id ine  d e r i v a t i v e s .  

Temperatures above 130' a r e  des i rab le  fo r  reasonable r a t e s ,  

and the re fo re ,  a sea led  tube vesse l  i s  advantageous f o r  



reac t i o n  with low boi  

s i d e  reac t ions ,  

Most 

means. The nmr 

Table X. These 

similar adducts 

It w 

l i n g  o l e f i n s  . Electron-donating 

s u b s t i t u e n t s  on t h e  o l e f i n i c  bonds decrease t h e  r e a c t i o n  

r a t e ,  whereas electron-withdrawing groups a c c e l e r a t e  t h e  

r eac t ion .  I n  general ,  longer r e a c t i o n  time and high con- 

c e n t r a t i o n  of o l e f i n  were necessary fo r  r e a c t i o n  of  e l e c t r o n  

r i c h  o l e f i n s  i n  order t o  prevent t h e  formation of  undesirable  

i . e . ,  d imerizat ion of t h e  a z i r i d i n e .  

of t h e  adducts were cha rac te r i zed  by s p e c t r a l  

da ta  f o r  t h e  cyclo adducts i f  summarized i n  

da ta  a r e  qu i t e  cons i s t en t  with t h e  da ta  f o r  

52, 60-65 
s tud ied  by other workers. 

ill be seen from t h e  d iscuss ion  below t h a t  

a z i r i d i n e  111-25a adds c leanly  t o  1 ,2 -d i subs t i tu ted  o l e f i n s  

t o  give products which r e t a i n  t h e  s t e r e o s p e c i f i c i t y  of t h e  

r e a c t i n g  o l e f i n s  . Dimethyl fumarate, 111-34, and a z i r i d i n e  

111-25a r e a c t  a t  140•‹ t o  give a  s i n g l e  1:l adduct dimethyl- 

1-phenyl-2,5 [l, 8-naphtha] pyrrolidine-3-exo-4-endo-dicar- - 
boxylate,  111-35, i n  89% y i e l d .  Evidence t h a t  t h e  adduct 

i s  111-35 i s  found i n  the  i n f r a r e d  and nmr s p e c t r a l  data. 

The i n f r a r e d  spectrum of 111-35 shows absorpt ion  a t  1730 

and 1718 cm-I due t o  two e s t e r  groups i n  two d i f f e r e n t  

environments. The nmr spectrum of 111-35 conta ins  s i g n a l s  

due t o  two d i f f e r e n t  e s t e r  groups a t  63.46 and 63.75. The 

resonance due t o  o ther  protons,  except aromatic protons 

gave a simple spectrum. The protons at C3 and C4 exh ib i t ed  

a  doublet a t  63.66 (J3,~! = 5.7 H Z ) ,  and a t  64.28 (d of d, 
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J3,4 = 5.7 Hz; J4,5 = 7.0 H Z ) ,  r espec t ive ly ;  whereas protons 

a t  C2 and C5 were almost magnetically equivalent  and appeared 

a s  a doublet .  Half of t h e  doublet due t o  t h e  C 5  proton 

overlapped with the  s i n g l e t  due t o  t h e  C2 proton (65.55). 

The absence of any s i g n i f i c a n t  coupling of t h e  C2 proton 

with t h e  C3 proton i n d i c a t e s  a t r a n s  r e l a t i o n s h i p  between 

these  two. The coupling between the  C3 and C 4  protons 

(J  = 5.7 Hz) i s  i n  agreement with t h e  repor ted  values f o r  

a t r a n s  r e l a t i o n s h i p  between these  two protons a s  may be 

seen from t h e  following examples, 111-36 and I I I - ~ T . ~ ~  The 

observed coupling of 7 . 0  Hz between t h e  C 4  and C5 protons 

i s  i n  agreement with repor ted  - c i s - v i c i n a l  couplings i n  

pyr ro l id ines .  77 

Reaction of dimethyl maleate, 111-38, and 

a z i r i d i n e  111-25a i n  benzene a t  140' gave, a f t e r  evaporat ion 

of solvent ,  a red  o i l .  Analysis of t h e  r e a c t i o n  mixture by 

nmr revealed the  absence of t r a n s  adduct 111-35. Two isomeric 



adducts 111-39 and 111-40 were obtained i n  43 and 41% y ie ld ,  

r e spec t ive ly .  Both adducts show c h a r a c t e r i s t i c  e s t e r  

absorpt ion i n  t h e  i n f r a r e d  a t  1730 and 1740 cm-l, 

r e spec t ive ly .  The nmr s p e c t r a  of the  isomers a r e  q u i t e  

d i f f e r e n t .  The nmr spectrum of 111-39 shows a sharp s i n g l e t  

due t o  s i x  e s t e r  p r o t o n s . a t  63.29; whereas t h e  protons at  



C 3 , C q  showed a s e t  of  q u a r t e t  cen t r ed  a t  64.05. S i m i l a r l y ,  

t h e  protons  a t  C2,C5 exh ib i t ed  a s e t  o f  q u a r t e t  c e n t r e d  a t  

65.41 (F ig .  6 ) .  

The nmr spectrum of isomer 111-40 shows a sha rp  

s i n g l e t  due t o  two carbomethoxy groups a t  63.73; t h e  

spectrum a l s o  shows two sharp s i n g l e t s  due t o  t h e  C3 ,Cq  

and C2,C5 protons  a t  63.47 and 65.56, r e s p e c t i v e l y .  The 

absence of any coupl ing between protons  a% C2,C3 and those  

a t  C4,C5 i n d i c a t e s  a  t r a n s  r e l a t i o n s h i p  between t h e  C2 and 

C3 p ro tons  and between t h e  C5  and C q  pro tons .  This observa- 

t i o n  i s  s u b s t a n t i a t e d  by t h e  nmr s p e c t r a  o f  t h e  compound 
71 

111-41 which g ives  a somewhat broadened s i n g l e t  due t o  t h e  

C 2  and C5  protons ,  i . e . ,  t h e r e  i s  no coupl ing of  t h e s e  w i t h  

C and C 4  p ro tons .  Only s t r u c t u r e  111-38 i s  compatable w i t h  
3 

t h e s e  s p e c t r a l  data. 

0 
Af te r  8 h r  a t  140 maleic anhydride,  111-42, and 

111-25a gave a mixture of two 1:l adducts  111-43 and 111-44 

i n  57 and 32% y i e l d ,  r e s p e c t i v e l y .  The compound 111-43 was 

i s o l a t e d  a s  a  c r y s t a l l i n e  product ,  mp 256-257.5O. Treatment 

o f  111-43 wi th  e t h e r e a l  diazomethane gave 111-40. The adduct  





111-44 could not be i s o l a t e d  i n  pure form but i t s  s t r u c t u r e  

was es tab l i shed  by conversion t o  i t s  dimethyl e s t e r  

d e r i v a t i v e  111-39. The i n f r a r e d  s p e c t r a  of 111-43 and 111-44 

exhib i ted  anhydride absorpt ion.  The proton spectrum of 

111-43 ( i n  DMSO-d6) exhib i ted  an A2X2 p a t t e r n  f o r  t h e  

pyr ro l id ine  r i n g  protons with no coupling with t h e  

bridgehead protons (c2,C5). The spectrum ind ica ted  a t r a n s  



of these adduct pairs will also indicate the stereochemistry 

in other systems. The stereochemistry of 111-45 adducts 

with 111-46 and 111-47 has previously been reported. 78-80 

The assignment of stereochemistry to the 111-25a 

and 111-42 adducts involves a choice between exo-configuration - 
111-43 and the endo-configuration 111-44. Since the benzylic 

proton resonance position of the adducts 111-48, 111-49 and 

111-50 differ only by a small value, it is apparent that 

those resonances should occur at approximately the same field 

strength as those of the corresponding protons of 111-43 and 

111-44; regardless of the stereochemistry of the latter. On 

the other hand, these protons C 3  and C q  of 111-48 and 111-49 

relationship between C2 and C3 protons, and between C5 and 

C q  protons. Furthermore since the rr-electron system of 

111-42 is electronically very similar to that of N-phenyl 

maleimide (111-45), it is to be expected that the nmr spectra 

of the 111-42 adducts with 111-25a will show features similar 

to these obtained from the 111-45 adducts of 111-46 and 

111-47. Consequently, the determination of the stereochemistry 



resonate  a t  an appreciably higher f i e l d  (63.78; 63.30, 

r e spec t ive ly )  than the  equivalent  hydrogens of  111-50 

(64.10). 

An  examination of molecular models of  t h e  endo 

adducts 111-44 and 111-50 i n d i c a t e s  t h a t  t h e  C3,C4 protons 

l i e  near t h e  periphery of t h e  fused aromatic r i n g . ,  and 

they should be deshielded r e l a t i v e  t o  t h e  corresponding C3, 

C 4  protons of t h e  exo isomers 111-43, 111-48 and 111-49 - 
which l i e  over a por t ion  of t h e  fused aromatic r i n g  . 
Comparison of t h e  chemical s h i f t s  of t h e  C2,C5 protons i n  

111-43 and 111-44 with 111-48, 111-49 and 111-50 revea l s  t h e  

former a t  a lower f i e l d  (Table X ) .  This i s  probably due t o  

deshielding from phenyl group on n i t rogen  atom i n  111-43 and 

111-44. The observat ion t h a t  endo protons a t  C 3  and C 4  of  - 
111-43 appear a t  a higher f i e l d  than those of exo protons - 
at  C3 and C 4  of 111-44 can be e f f i c i e n t l y  used i n  e s t a b l i s h i n g  

more f i rmly t h e  o r i e n t a t i o n  of t h e  s u b s t i t u e n t s  at  C3 and C 4  



posi t ions i n  adducts a r i s i n g  from t h e  a d d i t i o n  of  111-25a 

t o  111-34 and 111-38 discussed above. 

Inspect ion of Table X I  r evea l s  t h a t  i n  compounds 

111-39 and 111-40 the  e s t e r  methyl resonances appear at  

63.29 and 63.73, r e spec t ive ly .  These observat ions a r e  i n  

agreement with the  above deductions s ince  i n  isomer 111-39 

the e s t e r  groups a r e  i n  endo-position and experiencing t h e  

induced shielding e f f e c t  of t h e  naphthalene r i n g .  On t h e  

other hand, the e s t e r  groups on adduct 111-40 a r e  i n  - exo- 

configuration and a r e  being deshielded. Both of  these  e f f e c t s  

should be expected i n  d i e s t e r  adduct 111-35. I n  f a c t ,  111-35 I 

exhib i t s  two e s t e r  resonances a t  63.46 and 63.75, which may 

be assigned t o  endo- and - exo-ester groups, r e spec t ive ly .  A 

s imi lar  phenomenon i s  observed i n  isomers 111-52 and 111-53 I 

It 

discussed below. 

A c a r e f u l  ana lys i s  of Table X I  r evea l s  t h a t  

protons a t  C2 and C5 show a s h i f t  depending on t h e  o r i e n t a t i o n  I 

of subs t i tuents  a t  C3 and C q  p o s i t i o n s .  It i s  observed t h a t  

when e s t e r  functions a re  - exo, t h e  C2,C5 protons show a down- 

f i e l d  s h i f t  ( i . e . ,  higher 6-value);  whereas an u p f i e l d  s h i f t  

i s  noticed when e s t e r  groups a r e  endo. This seems t o  i n d i c a t e  

t h a t  i n  the - exo-configuration t h e  C2,C5 protons l i e  i n  t h e  

deshielding zone of the  carbonyl groups which they a r e  i n  

the shielding cone when the  e s t e r  funct ions a t t a i n  an - endo 

geometry. The methyl subs t i tuen t ,  on t h e  o ther  hand, shows 

a reverse and more pronounced s h i f t .  
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The r e a c t i o n  of trans-methyl c ro tonate  (111-51) 

and 111-25a gave a mixture of two compounds, 111-52 and 

111-53, which were i s o l a t e d  i n  50 and 41% y ie ld ,  r e spec t ive ly .  

Compounds 111-52 and 111-53 were shown t o  be isomeric by 

mass spectrometry (molecular ion  m/e 333, and base peak a t  

m/e 243 common t o  bo th ) .  The i n f r a r e d  spec t ra  of both 

compounds show an e s t e r  funct ion  absorpt ion a t  1730 ern-'. 

The nmr s p e c t r a  of 111-52 and 111-53 a r e  d e f i n i t i v e .  

Compounds 111-52 shows a AAtXX' p a t t e r n  spectrum with no 

coupling between t h e  C2 and C3 protons.  A s i n g l e t  a t  64.70 

i s  assigned t o  t h e  proton a t  C2. The s i n g l e t  s t r u c t u r e  of 

t h i s  resonance i n d i c a t e s  a t r a n s  o r i e n t a t i o n  between t h e  

C2 and C3 protons.  The assignment of t h i s  o r i e n t a t i o n  i s  

subs tan t i a t ed  by the  observat ion t h a t  CH3-group a t  C3 i s  l e s s  

sh ie lded  i n  111-52 than i n  111-53. A doublet a t  65.46 

(J = 6.5 Hz) was assigned t o  the  proton a t  C5 which i s  

coupled with C 4  proton.  The p o s i t i o n  and coupling of t h i s  



s i g n a l  a r e  cons i s t en t  wi th  t h e  chemical s h i f t  f o r  those 

observed f o r  protons i n  similar environments, e .g . ,  s ee  

111-35, 111-39 and 111-40 (Table X I )  a t r i p l e t  centered 

at  63.37 (J  = 6.5 Hz, cen te r  peak overlap with t h e  e s t e r  

methoxyl pro tons)  a r i s e s  from t h e  C 4  proton and i t s  coupling 

with t h e  C 3  and C 5  protons.  The C3 proton i s  expected t o  

e x h i b i t  an e i g h t  l i n e  p a t t e r n  due t o  i t s  coupling w i t h  t h e  

geminal methyl group which i n  t u r n  can be f u r t h e r  s p l i t  by 

t h e  proton a t  C q .  I n  f a c t ,  a  qu in te t  i s  observed at 62.84 

suggest ing an i d e n t i c a l  coupling between C3 proton and CH3; 

and between C3 and C q  protons.  These d a t a  a r e  most r e a d i l y  

i n t e r p r e t a b l e  i n  terms of t h e  assigned s t r u c t u r e  111-52. 

The nmr s p e c t r a  of 111-53 conta ins  a s i n g l e t  a t  

65.49 which i s  assigned t o  t h e  C 5  proton. A t r a n s  geometry 

of Cg and C 4  proton i s  ind ica ted  by t h e  lack  of observable 

coupling i n  these  s i g n a l s .  A doublet a t  65.07 (J  = 6.5 H Z )  

can be a t t r i b u t e d  t o  C2 which i s  coupled wi th  t h e  C3 proton. 
I 

The observed coupling i n d i c a t e s  t h a t  C2 and C3 protons have 1 
a - c i s  geometry. The low f i e l d  p o s i t i o n  of t h e  s i g n a l  assigned 

t o  t h e  proton a t  C2 i n  111-53 compared t o  t h e  p o s i t i o n  of the  

C2 resonance i n  111-52 i s  due t o  the  deshie ld ing  e f f e c t  of  

-CH3 group a t  C3. The C 4  proton appears a s  a  doublet  a t  

62.57 (J = 6.5 Hz) ,  whereas t h e  C3 proton gives a symmetrical 

s e x t e t  a t  63.23 (J = 6.5 H z ) .  These s p e c t r a l  d a t a  unambiguous- 

l y  support  s t r u c t u r e  l l f - 5 3  

The thermal dimerizat ion of  111-25a was found t o  



occur when 111-25a was heated i n  t h e  absence of o l e f i n s .  

This r e a c t i o n  was a l s o  found t o  compete with t h e  a d d i t i o n  

r e a c t i o n  of 111-25a t o  o l e f i n s  when o l e f i n s  lacking  conjugated 

carbonyl s u b s t i t u e n t s  were used. Thus, when a  benzene 

s o l u t i o n  of 111-25a was heated a t  l$oO f o r  24 hr ,  no 

unchanged a z i r i d i n e  was de tec ted  by nmr or TLC a n a l y s i s .  

Two c r y s t a l l i n e  products were i s o l a t e d  by f r a c t i o n a l  

c r y s t a l l i z a t i o n .  The mass spectrum of each showed a  parent  

ion  peak a t  m/e 486 and a  base peak a t  m/e 243 sugges t ing  

a dimeric s t r u c t u r e  f o r  both these  compounds. S t r u c t u r e  

assignments have been made by comparison of t h e  nmr spec t ra ;  
81 

with those of t h e  acenaphthylene photodimers. 

Compound 111-54 i s  very s l i g h t l y  so luble  i n  organic so lvents ,  

whereas adduct 111-55 i s  so luble  i n  chloroform, benzene, 

and e t h e r .  I n f r a r e d  s p e c t r a  f o r  both adducts were very 

s i m i l a r  and were not h e l p f u l  i n  ass igning  s t r u c t u r e .  On 

t h e  o the r  hand, t h e  nmr s p e c t r a  of 111-54 and 111-55 were 



q u i t e  d i f f e r e n t .  The nmr s p e c t r a  of 111-54 ( d i l u t e  s o l u t i o n  

i n  C D C ~ ~ )  shows a  sharp s i n g l e t  a t  65.09 assigned t o  four  
# 

bridgehead protons;  m u l t i p l e t s  i n  t h e  region  of 66.30-7.01 

f o r  t e n  protons (two N-phenyl groups);  and another  s e t  of 

m u l t i p l e t s  i n  t h e  range of 67.33-7.83 f o r  twelve protons 

(two naphthyl group p ro tons ) ,  wh.ile i n  CF3COOH it e x h i b i t s  

a sharp s i n g l e t  a t  65.54 f o r  four  protons,  m u l t i p l e t s  f o r  

t e n  protons i n  t h e  region  of 66.12-6.63, and another  s e t  

of m u l t i p l e t s  i n  t h e  range of  67.10-7.61 fo r  twelve protons.  

The assigned s t r u c t u r e  i s  i n  f u l l  agreement on t h e  b a s i s  of 

chemical s h i f t s  a s  discussed below. 

The proton spectrum of 111-55 ( i n  CDC13)  shows a  

sharp s i n g l e t  a t  65.78 f o r  four bridgehead protons and 

m u l t i p l e t s  i n  t h e  region  of 66.63-7.03 fo r  twenty-two protons.  

The observed nmr spectrum i s  cons i s t en t  with t h e  s t r u c t u r e  

Azi r id ine  111-25a r e a c t s  with acenaphthylene, 

111-56, a t  140' t o  produce 111-54 (8%), and a 1:l adduct i n  

77% y i e l d .  The presence of compound 111-55 was ind ica ted  by 

nmr, but i t  was not i s o l a t e d .  The i n f r a r e d  spectrum shows 

t h e  naphthyl and monosubstituted phenyl group a t  795-775 

and 700 em-', r e s p e c t i v e l y .  The nmr spectrum of  adduct 

111-57 e x h i b i t s  a  A2X2 type resonance very s i m i l a r  t o  those 

observed f o r  111-39 and 111-44. The resonance due t o  C2,C5 

was observed as  a  four  l i n e  p a t t e r n  centered a t  65.09. This 

spectrum a l s o  shows four  l i n e s  due t o  C2 and C5 protons 



centered a t  65.69. The seventeen aromatic protons appeared 

i n  t h e  region 66.95-7.28. The observed chemical s h i f t s  a r e  

i n  accord with t h e  assigned s t r u c t u r e  111-57. 

The assignment of s tereochemistry t o  t h e  dimers 

of 111-25a and i t s  acenaphthylene adduct were s u b s t a n t i a t e d  

by comparison of t h e i r  nmr s p e c t r a  with those of t h e  

acenaphthylene photodimers . Acenaphthylene photodimerizes 

t o  a f f o r d  two dimers, 4-, and fi-heptacyclene 111-58, and 

111-59, r e spec t ive ly .  81 The s tereochemistry of 4-, and B- 
heptacyclene has been f u l l y  documented by x-ray a n a l y s i s .  82 

S i m i l a r i t i e s  between acenaphthylene and a z i r i d i n e  

111-25a dimerizat ion a r e  apparent.  Both 111-25a and 111-56 

a f f o r d  two dimers, and i n  each case one dimer i s  highly 

so lub le  i n  ordinary organic so lvents  and t h i s  dimer has a 

lower melting po in t  than i t s  l e s s  so luble  p a r t n e r .  

I n  a d d i t i o n  i t  i s  wel l  documented t h a t  aromatic 

protons which emanate from aromatic r ings  which l i e  c l o s e l y  



over each o ther  experience an appreciable  s h i e l d i n g  e f f e c t .  83 

This phenomenon i s  very evident i n  t h e  s p e c t r a  of  111-58 and 

111-59. The aromatic protons of 111-58 appear i n  t h e  region  

of 67.46-7.83, whereas those f o r  111-59 a r e  i n  t h e  range of  

66.58-7.28. It i s  a l s o  i n t e r e s t i n g  t o  note  t h a t  t h e  four  
of 

benzyl ic  protons 111-58 resonate  a t  64.07, while those f o r  

111-59 appears a t  64.78. These observat ions a r e  again  i n  

f u l l  agreement with t h e  expected chemical s h i f t s  s i n c e  i n  

111-58 t h e  deshie ld ing  e f f e c t  of naphthalene r i n g s  a r e  i n  

opposi t ion;  consequently, these  protons should resonate  i n  

t h e  normal benzyl ic  proton region.  I n  111-59 t h e s e  protons 

a r e  experiencing t h e  combined deshie ld ing  e f f e c t  from both 

naphthalene r i n g s  which l i e  on t h e  same s ide ,  and should 

show a downfield s h i f t .  

I n  t h e  nmr s p e c t r a  of 111-54 and 111-55 a 

s i m i l a r  s i t u a t i o n  was observed. The nmr spectrum of 111-54 

shows mul t ip le t  due t o  t h e  two naphthyl r i n g  protons,  i n  t h e  



region of 67.33-7.83, i n  addi t ion ,  t h e  spectrum a l s o  shows 

another s e t  of mul t ip le t  i n  t h e  range of 66.30-7.01 t h e  

N-phenyl r i n g  protons,  as wel l  a s  t h e  expected s i n g l e t  f o r  

four benzhydral protons a t  65.07. The resonance of t h e  

naphthyl protons a t  such low f i e l d  (67.83) i s  compatable 

only with the  an t i - conf igura t ion  f o r  t h e  insoluble  dimer, 

111-54. The proton spectrum of t h e  so luble  dimer, 111-55, 

showed complex mul t ip le t s  fo r  a l l  aromatic protons i n  t h e  

region of 66.63-7.03, and a  s i n g l e t  fo r  four benzyl ic  protons 

a t  65.79. The s p e c t r a l  da ta  a r e  i n  q u i t e  agreement with t h e  

syn-configuration 111-55. A f u r t h e r  important f e a t u r e  i s  - 
observed i n  the  chemical s h i f t  of the  N-phenyl group protons.  

I n  t h e  a n t i  dimer 111-54, the  N-phenyl group protons appear 

a t  66.30-7.01, while t h e  corresponding protons i n  the  syn - 
dimer 111-54 were i n  t h e  region of 66.63-7.03. F'urther 

evidence i n  support  of t h e  assigned s t r u c t u r e s  f o r  t h e  dimers 

a r e  obtained from uv s p e c t r a l  da ta .  The proximity of 

aromatic r ings  i n  the  syn-dimers has an appreciable  e f f e c t  - 
on t h e i r  uv s p e c t r a .  Thus, 111-58 has major absorpt ion  

bonds ( i n  C H ~ C N )  a t  313, 299 and 226 mp, whereas 111-59 shows 

major absorpt ion  bonds a t  285 and 224 mv; a s  wel l  as s e v e r a l  

weaker bonds a t  longer wavelength. Likewise, t h e  dimer 111-54 

has absorpt ion a t  303, 291, 250 and 225 my, while dimer 111-55 

e x h i b i t s  absorpt ions a t  303, 282, 250 and 224 mp. 

The proton spectrum of 111-57 shows complex 

mul t ip le t s  f o r  aromatic protons i n  t h e  region of  66.95-7.28, 

and a l s o  A2X2 type s p e c t r a  fo r  t h e  benzhydral protons ( ~ 3  



and C 4  a t  65.07 and C2,C5  protons a t  65.69).  It was again 

observed t h a t  t h e  aromatic protons of 111-57 and 111-59 

appeared i n  t h e  same region i n d i c a t i n g  t h a t  t h e  two 

naphthalene r ings  l i e  over each o ther  i n  both compounds. 

The protons a t  C 3  and C 4  appear a t  s l i g h t l y  lower f i e l d  

than those i n  111-59. This may be due t o  t h e  deshie ld ing  

e f f e c t  of the  N-phenyl group. These da ta  unambiguously 

support  t h e  assigned s t r u c t u r e  111-57. 

Reaction of 111-25a with dienes.  

The r e a c t i o n  of 111-25a with 1,3-dienes was 

of p a r t i c u l a r  i n t e r e s t ,  s ince  these  unsa tura tes  could i n  

theory undergo 1,4-addi t ion across  t h e  C , C  bond of a z i r i d i n e  

111-25a t o  y i e l d  adducts of  type 111-60. 

Although, it was expected on mechanistic grounds (see  

Discussion) t h a t  both 1,2-, and 1,4-, a d d i t i o n  products 

would be formed. The products i s o l a t e d  from t h e  r e a c t i o n  

of t h r e e  d i f f e r e n t  dienes with 111-25a d id  not provide any 



evidence of 1,baddition. In all cases, the product derived 

from addition of 111-25a to diene were of the 1,2-type and 

had the stereochemistry as in diene. The relevant nmr 

spectral data are recorded in Table XII. 

Upon heating a benzene solution of dimethyl trans, 

trans-1,3-butadiene-I,$-dicarboxylic acid, 111-61, and 

111-25a at 140' for 12 hr, two products, a low melting 1: 1 

adduct 111-62, and a high melting - bis-adduct 111-63, were 

formed in 63 and 31% yield, respectively. 

The presence of an46- unsaturated ester function 

in 111-62 was substantiated by infrared absorption at 1710 

(conjugated ester), 1658 (double bond conjugated with a 

carbonyl group), and 970 cm-I (weak band, trans-disubstituted 
84 olefin), in addition an absorption at 1733 cm-I (non- 

conjugated ester) was also observed. The nmr spectrum of 

111-62 shows two vinyl hydrogens mutually coupled ( J ~ B  = 

15.5 HZ) also indicating a trans stereochemistry. 72 The 

appearance of a singlet for C2 proton at 65.52 indicates a 
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t rans-conf igura t ion  between t h e  C 2  and C3 protons;  whereas 

t h e  doublet due t o  t h e  C5 proton (J  = 6.0 Hz) a t  65.20 

supports  a - c i s  s tereochemistry f o r  C 5  and C 4  protons.  A 

doublet assigned t o  t h e  C3 proton (J  = 6 .2  H Z )  at 62.93 i s  

i n  agreement with t h i s  i n t e r p r e t a t i o n .  The protons a t  

C 4 , C 7  and C6 d isp lay  an ABX p a t t e r n  with s i g n a l s  at  63.98, 

5.86 and 6.17, r e spec t ive ly  ( ~ i g .  7 ) .  No coupling was 

observed between t h e  C 4  and C7 protons.  On i r r a d i a t i o n  a t  

66.17, the  mul t ip le t  a t  63.98 col lapsed  t o  a t r i p l e t ,  whereas 

t h a t  a t  65.86 gave a  s i n g l e t .  Thus, c l e a r l y  demonstrating 

t h a t  t h e  Cg proton i s  coupled with t h e  C4 and C7 protons.  

Two e s t e r  methyl s i g n a l s  a t  63.53 and 63.70 could be 

assigned t o  the  - exo-ester  group on C3, and t o  t h e  4,O-un- , 
, 

s a t u r a t e d  e s t e r  funct ion  a t  C 4  i n  an endo pos i t ion ,  respect ive-  

l y .  The observed chemical s h i f t  f o r  NyA -unsaturated e s t e r  

i s  i n  agreement with t h e  recorded f o r  dimethyl fumarates 

111-34, and dimethyl maleate, 111-38, (63.83 and 63.78, 

r e s p e c t i v e l y ) .  Further  evidence f o r  t h e  u( ,I -unsaturated 

e s t e r  funct ion being i n  t h e  endo-posit ion i n  111-62 i s  

provided by t h e  s c r u t i n y  of t h e  chemical s h i f t s  of the  

C2, C3, C 4  and C 5  protons.  A comparison between 111-35 and 

111-62 can be made from the  Table X I I I .  It i s  observed t h a t  

t h e  C2 proton i n  both 111-35 and 111-62 resonates  a t  an 

i d e n t i c a l  f i e l d  s t r eng th ,  whereas t h e  protons a t  C3, C4 and 

C5 i n  111-62 show a p o s i t i v e  s h i f t  i n  comparison t o  t h e i r  

counterpar ts  i n  111-35. Examination of a molecular model 





TABLE X I I I .  COMPARISON OF CHEMICAL SHIFTS OF ADDUCTS 
111-35 AND 111-62 

of compound 111-62 revea l s  t h a t  protons a t tached t o  C3, C 4  I 

and C 5  l i e  over t h e  11-electron c1ou.d of the  double bond 
! 

p a r t  of t h e  time, due t o  f r e e  r o t a t i o n  about t h e  C 4  and C 6  

bond, hence these  protons experience a s h i e l d i n g  e f f e c t  

compared t o  t h e  corresponding protons i n  111-35. I f  t h e  

o l e f i n i c  group had been i n  t h e  - exo-posit ion,  an apprec iable  

p o s i t i v e  change would have been a n t i c i p a t e d  i n  t h e  chemical I 

s h i f t  of C2 proton.  On t h e  b a s i s  of  t h i s  s p e c t r a l  ana lys i s ,  
I I 

t h e  assigned s t r u c t u r e  of 1:l adduct i s  as  shown i n  formula 

111-62. 

The i n f r a r e d  spectrum of 111-63 e x h i b i t s  e s t e r  

carbonyl absorpt ion only a t  1737 cm-l. The nmr spectrum 

e x h i b i t s  a t h r e e  proton s i n g l e t  a t  63.53, a doublet  (65.50), 

and a s i n g l e t  (65.28) which may be assigned t o  methyl e s t e r ,  

C 5  and C 2  protons,  r e spec t ive ly .  The C3 proton e x h i b i t s  a 

doublet a t  63.25 (J = 6.5 HZ); whereas C 4  proton resonance 

appears a s  a  broad peak i n  t h e  region 63.80-4.21. The 

eleven aromatic protons appear i n  t h e  range of 66.48-7.67. 

The nmr s p e c t r a l  da ta  i s  compatible wi th  the  p a r t i a l  s t r u c t u r e  

111-64: 



I n t e r e s t i n g l y ,  t h e  mass spectrum shows a pa ren t  i o n  peak a t  

m/e 656, sugges t ing  t h a t  t h e  group X i s  i d e n t i c a l  t o  t h e  - 
r e s t  o f  t h e  molecule.  This i s  s u b s t a n t i a t e d  by t h e  

obse rva t ion  o f  a peak a t  m/e 328. This type of f ragmenta t ion  

would be expected if t h e  molecule was a symmetrical  b i s  - 
adduct .  85 The s i m p l i c i t y  of  nmr spectrum and obse rva t ion  

o f  only  one resonance f o r  e s t e r  methyl hydrogens c l e a r l y  

i n d i c a t e s  t h a t  bo th  ha lves  a r e  symmetrical  w i th  r e s p e c t  t o  

a common p l ane .  The nmr s p e c t r a  unambiguously suppor t  t h e  

ass igned  s t r u c t u r e  111-63 f o r  t h e  b i s  adduct .  - 



The comparatively high f i e l d  p o s i t i o n  of  t h e  e s t e r  methoxyl 

resonance may be due t o  s h i e l d i n g  e f f e c t  of naphthalene 

r i n g s .  When an equimolar amount of 111-25a and adduct 

111-62 a r e  heated,  a  75% y i e l d  of adduct 111-63 was 

obtained. I n  o ther  words, product 111-62 undergoes a f u r t h e r  

cycloaddi t ion r e a c t i o n  with a z i r i d i n e  111-25a t o  g ive  111-63. 

Reaction of 1,3-cyclohexadiene, 111-65, and 

a z i r i d i n e  111-25a af forded a 1:l adduct (32%) as we l l  as 

dimers 111-54 and 111-55. The proton spectrum of t h e  adduct 

c o n s i s t s  of resonances a t  6 1 . 1 1 - 1 . 8 1  ( four  methylene pro tons) ,  

62.92-35 (two methine pro tons) ,  65.20 (d, two p ro tons ) ,  

111-25d+ 4 111-54 + 111-55 + adduct 

65.51 (quar t .  J = 10 c p s ) ,  and 66.41-7.59 (m, e leven aromatic 

p ro tons ) .  The nmr s p e c t r a l  da ta  do not provide s u f f i c i e n t  

information t o  make a  d e f i n i t e  choice between t h e  I,$-, o r  

1,2-cycloadducts shown, 111-66 and 111-67. 



However, s i n c e  t h e  vinyl  hydrogens do appear a s  an  AB quar t . ,  

t h e  1,2-cycloadduct i s  more reasonable.  A l l  a t tempts  t o  

ga in  information, on t h e  na ture  of addi t ion ,  by  oxida t ive  

cleavage ( O S O ~ - N ~ I O ~ ;  ~IvIn04-Na10!+) gave black res idues  which 

exhib i ted  unresolved nmr s p e c t r a .  

I n  an attempt t o  inc rease  t h e  y i e l d  of t h e  1,3- 

cyclohexadiene adduct, a z i r i d i n e  111-25f was reac ted  with a 

5-molar excess of the  111-65 t o  give a 1:l adduct 111-68 i n  

72% y i e l d  along wi th  some inso lub le  dimer 111-69. The nmr 

spectrum of 111-68 was very s i m i l a r  t o  those obtained from 

r e a c t i o n  of 111-25a with 111-65, i n d i c a t i n g  t h a t  i n  both 

cases  t h e  same type of 1:l adduct had been formed. The 

proton spectrum of 111-68 shows a AB quar t .  (J  = 10 Hz)  

centered a t  65.44 (two protons)  which was assigned t o  v i n y l i c  

protons s ince  it disappeared on c a t a l y t i c  reduct ion of 11-1-68. 

A doublet a t  65.05 (two protons)  remained unaffected,  and 

could be unequivocally assigned t o  t h e  bridgehead (C2,C5) 

protons.  The hydrogenated product has e i t h e r  of  t h e  following 

s t r u c t u r e s ,  111-70, 111-71. When a cyclohexene s o l u t i o n  of 

111-25f i s  heated a t  140•‹, a c r y s t a l l i n e  product i s  obtained 

i n  7-8% y i e l d  which has a nmr spectrum i d e n t i c a l  t o  t h a t  of  

compound obtained on c a t a l y t i c  reduct ion  of 111-68. I n  

addi t ion ,  t h e i r  mixed melting poin t  was undepressed. This 

c l e a r l y  e s t ab l i shed  t h e  s t r u c t u r e  of hydrogenated product 

as 111-p and not 111-71. On t h i s  bas i s ,  t h e  s t r u c t u r e  of 

111-25a and 111-25f adduct with 111-65 i s  assigned a s  111-66 



and 111-68, r e spec t ive ly .  The - endo-configuration of t h e  

C1 

cyclohexene r i n g  i n  111-66 and 111-68 i s  assigned on t h e  

basis of the  coupling constant  between C2 and C3 (J  = 6.5 

Hz) which i s  i n  agreement with observed - c i s  coupling values 

f o r  C2 and C3 protons.  

Reaction of t r a n s ,  t rans-2,  bhexadiene ,  111-72, 

and 111-25d gave a 1:1 adduct 111-73, i n  58% y i e l d ,  along 

with dimer 111-74. The presence of a t r a n s - d i s u b s t i t u t e d  





-1 84 alkene was indica ted  by a weak absorpt ion  of 965 cm . 
The proton spectrum of 111-73 revealed v iny l i c  protons 

mutually coupled (JAB = 15.0 Hz). Two d i s t i n c t  methyl 

s i g n a l s  a t  61.31 (d,  J = 6.5 Hz) ,  and 61.47 (d of  d, J = 6.5 

HZ, and J = 1 . 0  Hz) a r e  observed. The resonance a t  6 1 . 3 1  

i s  assigned t o  methyl group a t  C3 i n  an  exo-configuration - 
s ince  it  remains unaffected on c a t a l y t i c  hydrogenation of 

111-73 t o  111-75. On the  o ther  hand, t h e  s i g n a l s  a t  61.47 

s h i f t  t o  a higher f i e l d  and appear as a t r i p l e t  a t  60.78 

(J = 6.5 H z ) .  They can thus be assigned t o  a  methyl 

s u b s t i t u e n t  double bond. This s h i f t  t o  a  higher  f i e l d  

i n d i c a t e s  an endo-configuration f o r  propyl group i n  111-75. 

A similar observat ion has been made i n  t h e  case of  compound 

111-53 where a  methyl group i s  i n  endo p o s i t i o n .  The C2 and 

C 5  protons i n  111-73 exhib i ted  a  s i n g l e t  a t  64.57 and a 

doublet (J = 6.0  H Z )  a t  64.96, respect ive ly ,  i n  agreement 

with t h e  observed coupling constant  and chemical s h i f t  f o r  

111-53. The o ther  important f e a t u r e  of t h e  nmr spectrum 

of  111-73 includes an ABX p a t t e r n  f o r  protons a t  C 4 ,  C6 and 

C 7  (F ig .  8 ) .  The s t r u c t u r a l  d a t a  a r e  i n  agreement with t h e  

proposed s t r u c t u r e  111-73. 

A s i m i l a r  1:l adduct i s  obtained on a r e a c t i o n  

between 111-25a and 111-72 as i s  ind ica ted  by t h e  s i m i l a r i t y  

of i t s  nmr spectrum with t h a t  of 111-73. 

Ca ta ly t i c  and l i th ium aluminium hydride reduct ion  of 111-25a. 

Both t h e  c a t a l y t i c  and LAH reduct ion  of  111-25a 





afforded compound 111-76. The presence of -NH group was 

e a s i l y  detected by t h e  presence of a  sharp band a t  3450 crn-I 

i n  i n f r a r e d  spectrum. 28 The nmr spectrum shows an  AB 

quar t e t  f o r  protons He, H3, JAB = 16.5 Hz. Amine 111-76 

r e a d i l y  forms a hydrochloride s a l t ,  111-77. 

Reaction of 111-29a, 111-30a,b and 111-3la,b with a c t i v e  

o le  f i n s .  

The reac t ions  of these  a z i r i d i n e s  wi th  o l e f i n s ,  

such as dimethyl fumarate (111-34), dimethyl maleate (111-38) 

and maleic anhydride (111-42) afforded s u b s t i t u t e d  pyrro ld ines  

i n  good y i e l d .  The s tereochemistry of o l e f i n  moiety i n  t h e  

f i n a l  product i s  re t a ined .  I n  general ,  toluene s o l u t i o n s  

containing equimolar q u a n t i t i e s  of the  a z i r i d i n e  and o l e f i n s  

were heated a t  r e f l u x  fo r  6-16 h r .  After  removal of t h e  

so lvent  t h e  crude mixture was analyzed by nmr. Stereochemical 

assignments of t h e  cyclo adducts a r e  made on t h e  b a s i s  of  

nmr spec t ra ;  and observed coupling cons tants  a r e  i n  agreement 

with t h e  repor ted  values.  52,60-65 

Heating toluene so lu t ions  of 111-29a with 111-33, 



111-38, and 111-42 gave t h e  adducts 111-78, 111-79 and 

111-80, r e spec t ive ly .  Maleic anhydride (111-42) adduct 

111-80 has been repor ted  previously.  52 

The observed chemical s h i f t s  and coupling 

cons tants  of t h e  r i n g  protons of adducts 111-78 t o  111-80 

a r e  l i s t e d  i n  Table XIV.  

The anhydride adduct 111-80 has f e a t u r e s  

i d e n t i c a l  t o  those repor ted  previous ly ,7  Table XIV.  The nmr 

spectrum of 111-80 a l s o  e x h i b i t s  a coupling between t h e  C 3  

and C q  protons which has not been repor ted  by previous 

 worker^.^ The observed coupling of 8.7 Hz f o r  C3,Ch protons 

i s  i n  agreement with t h e  repor ted  values f o r  c i s - v i c i n a l  - 
couplings i n  p y r r o l i d i n e s .  15 

Heine e t  a1.  52 claimed t h a t  t h e  cycloadduct 

111-81 of d i e t h y l  maleate and 111-29a has a  s t r u c t u r e  i n  

which t h e  two e s t e r  funct ions a r e  t r a n s  t o  each o the r .  
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Their reason f o r  ass igning  a  t rans-conf igura t ion  was t h a t  

no coupling between the  C3 and C 4  protons was observed. 

However, t h e  nmr spectrum of adduct 111-79 (obtained from 

111-29a and 111-38 r e a c t i o n )  shows t h a t  the  C 3  and C Q  

protons a r e  mutually coupled ( ~ 3 ~ 4  = 7 . 5  Hz), i n  a d d i t i o n  

t o  an almost i d e n t i c a l  coupling constant  fo r  C2, C 3  ( J  = 

7.3  H Z ) ,  and C q ,  C 5  ( J  = 7.0 Hz) protons.  The compound 

111-79 i s  a l s o  i s o l a t e d  i n  q u a n t i t a t i v e  y i e l d  by t r e a t i n g  

the  adduct 111-80 with an excess of e t h e r e a l  diazomethane 

s o l u t i o n  i n d i c a t i n g  t h a t  both the  d i e s t e r  and anhydride 

adducts have a  - c i s  geometry about C 3  and CQ.  

The unusually l a r g e  coupling between t h e  C2,C3 

protons can be due t o  s t e r i c  repuls ion  between t h e  s u b s t i t u -  

en t s  a t  C3, C q  and C5  d i s t o r t i n g  the  pyr ro l id ine  ske~l!eton of 

111-79. This would cause t h e  C Z H - C ~ H  angle  t o  increase  t o  

wel l  over 120'. This twis t ing  would f u r t h e r  r e l i e v e  e c l i p s i n g  

of protons and s u b s t i t u e n t s  a t  C q  and C5. 60 The coupling 

constant  J q Y 5  of 111-79 should thus show a  decrease from t h e  



normal value, whereas the  values fo r  J2 ,3  and J3 ,4  should 

inc rease .  I n  f a c t ,  t h i s  t r end  i s  observed, Table X I V .  On 

t h i s  b a s i s  t h e  assigned s tereochemistry of t h e  111-38 and 

111-29a adduct a s  111-79 i s  reasonable.  The f a i l u r e  by 

Heine e t  a1.52 t o  de tec t  any coupling between C3 and C 4  

protons i n  t h e  d i e t h y l  maleate-azir idine 111-29a adduct may 

be, i n  p a r t ,  due t o  t h e  masking of t r i p l e t s  by t h e  methylene 

e s t e r  proton s i g n a l s .  

The a z i r i d i n e  111-29a and 111-34 r e a c t  t o  y i e l d  

one adduct, 111-78, i n  94% y i e l d .  The nmr a n a l y s i s  shows 

small coupling cons tants  ( J2 ,3  = 2.5 c p s )  which a r e  i n  

agreement with t h e  values f o r  t r a n s  v i c i n a l  coupl ings.  52,m 

Two p a i r  of - c i s - t r a n s - a z i r i d i n e s  111-30a,b and 

111-3la,b have been reac ted  with 111-34, 111-38, and 111-42 

t o  y i e l d  s u b s t i t u t e d  pyr ro l id ines .  These reac t ions  a r e  

s t e r e o s p e c i f i c  with respect  t o  o l e f i n ,  but show complete 

s t e r e o s e l e c t i v i t y  wi th  respect  t o  a z i r i d i n e .  I n  o ther  words, 

both - c i s -  and t r ans - ,  a z i r i d i n e s  with an o l e f i n  gave a  



product i n  which the  a z i r i d i n e  s u b s t i t u e n t s  a r e  t r a n s  t o  

each o ther .  The s tereochemistry i n  t h e  pyr ro l id ine  have, 

again, been es t ab l i shed  by nmr ana lys i s ,  and t h e i r  chemical 

s h i f t s  and coupling cons tants  a r e  l i s t e d  i n  Table XV. 

The r e a c t i o n  of a z i r i d i n e s  111-30a,b and 111-3la,b 

with 111-34 afforded two cycloadducts i n  each case .  Adducts 

111-82a and 111-83a were derived from t h e  reac t ions  of 

111-30a,b while t h e  compounds 111-8211 and 111-83b were 

formed from 111-3la,b. The coupling constants  obtained 

fo r  J2 3  and Jb, 5 i n  adducts 111-83a,b c l e a r l y  i n d i c a t e  a 

t r a n s  r e l a t i o n s h i p  between the  i n t e r a c t i n g  protons.  I n  

o ther  words, i n  adducts 111-83a,b a l l  r i n g  protons a r e  t r a n s  

t o  each o ther ,  and t h e  coupling cons tants  a r e  small  s ince  

the  s t e r i c  i n t e r a c t i o n s  a r e  minimized and t r a n s - v i c i n a l  

couplings i n  these  compounds a r e  r e s to red  t o  t h e i r  normal 

values.  86 On the  o ther  hand, a l a rge  coupling between t h e  

C2,C3 and C + C 5  protons i n  111-82a,b a r e  i n d i c a t i v e  of a - c i s  

geometry f o r  these  protons.  I n  addi t ion ,  the  C 3 , C 4  protons 

exh ib i t  an unusually l a r g e  mutual coupling (10-11 Hz). This 

l a rge  t r ans -v ic ina l  coupling can be explained i n  terms of 

d i s t o r t i o n  of t h e  pyr ro l id ine  r i n g  due t o  s t e r i c  i n t e r a c t i o n s  

between the  s u b s t i t u e n t s  a t  C2,C3 and C4,C5 i n  such a manner 

a s  t o  increase  t h e  angle C3H-CbH over normal values.  A 

very similar observat ion has been made fo r  compound 111-86. 60 

The a z i r i d i n e s  111-30a,b undergo cycloaddi t ion 

reac t ions  with 111-38 t o  y i e l d  one adduct, 111-8ba, i n  which 
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t h e  two e s t e r  groups a r e  - c i s  t o  each o t h e r .  A l a r g e  t r a n s  

v i c i n a l  coupl ing (J2,3  = 6.0 H Z ) ,  again ,  can be explained by 

d i s t o r t i o n  of t h e  p y r r o l i d i n e  r i n g  due t o  s t e r i c  i n t e r a c t i o n s  

between s u b s t i t u e n t s  a t  C3, C q  and C5. An i d e n t i c a l  

obse rva t ion  i s  made i n  t h e  case  of adduct 111-84b which i s  

der ived  from t h e  r e a c t i o n  o f  a z i r i d i n e  111-3la,b w i th  111-38. 

Both a z i r i d i n e s  111-30a,b and 111-42 gave t h e  

adduct  111-85a i n  good y i e l d .  S imi l a r ly ,  t h e  a z i r i d i n e s  

111-3la, b  a f fo rded  adduct 111-85b with  111-42. Their  

s te reochemis t ry  was e s t a b l i s h e d  by nmr. 

K i n e t i c  S tud ie s  

I n  t h e  preceeding s e c t i o n  i t  was demonstrated 

t h a t  t h e  a z i r i d i n e - a l k e n e  r e a c t i o n s  observed i n  t h i s  s tudy  

involved cyc loadd i t i on  of t h e  a z i r i d i n e s  t o  t h e  a lkenes  i n  

a manner involv ing  c leavage of  t h e  carbon-carbon bond o f  

t h e  a z i r i d i n e s .  The r e a c t i o n  was observed t o  proceed i n  

a l l  ca ses  i n  a h igh ly  s t e r e o s p e c i f i c  f a sh ion  wi th  r e s p e c t  

t o  t h e  a lkene s u b s t i t u e n t s  and no 1 , k a d d i t i o n  was noted 



i n  cycloaddi t ions  with t h e  1,3-dienes.  I n  order  t o  determine 

t h e  na tu re  of  t h e  r e a c t i v e  in termedia tes  i n  these  r e a c t i o n s  

and determine the  k i n e t i c  sequence of events,  s t u d i e s  of 

t h e  cycloaddi t ion  of a z i r i d i n e s  111-25a-f t o  dimethyl 

ace ty lenedicarboxyla te  (DMAD, 111-14) have been c a r r i e d  

out  i n  d e t a i l .  A similar s tudy of t h e  r e a c t i o n  of 111-25f 

with an  o l e f i n  has been made. For comparative purposes 

t h e  k i n e t i c s  of t h e  a d d i t i o n  of a z i r i d i n e s  111-2ga-d t o  

DMAD have a l s o  been inves t iga ted .  

Kine t i c s  of  a d d i t i o n  of 111-25a-f t o  DMAD (111-1Q). 

The a d d i t i o n  of  a z i r i d i n e s  111-25a-f t o  DMAD i n  

benzene a t  1 1 9 . 5 ~  gives a s i n g l e  adduct 111-33a-f from each 

r e a c t i o n  i n  q u a n t i t a t i v e  y i e l d s .  The r e a c t i o n  d i sp lays  f i r s t  



order  k i n e t i c s  with r e spec t  t o  t h e  disappearance of t h e  

a z i r i n e .  It i s  poss ib le  t o  ob ta in  reproducible  f i r s t -  

order  r a t e  constants ,  by following e i t h e r  the  disappearance 

of t h e  a z i r i d i n e ,  e s t e r  or  t h e  appearance of t h e  product.  

Since the  product p r e c i p i t a t e s  from t h e  so lu t ion ,  most 

r eac t ions  may only be followed t o  60% completion. The f i r s t -  

order  r a t e  cons tants  f o r  t h e  r eac t ions  of 111-25a-f wi th  

DMAD a r e  given i n  Table X V I .  

The f i r s t - o r d e r  c a l c u l a t i o n  i n  Table XVI f o r  

those reac t ions  involving t h e  use of excess of DMAD a r e  made 

using the  disappearance of t h e  a z i r i d i n e  reac tan t  s i n c e  t h e  

e s t e r  proton s i g n a l s  of the  products a r e  masked by t h e  DMAD 

resonance. The r a t e  cons tants  f o r  the  r e a c t i o n  involving 

comparable concentrat ions of a z i r i d i n e  and DMAD were made 

by following both the  disappearance of the  a z i r i d i n e  and 

DMAD as well  a s  the  appearance of the  product.  

It i s  seen from the  da ta  of Table X V I  t h a t  l a r g e  

changes i n  DMAD concentrat ion have very l i t t l e  e f f e c t  on 

r a t e  of r eac t ion .  This i n d i c a t e s  t h a t  t h e  r a t e  determining 

s t e p  does not involve DMAD, and hence r u l e s  out t h e  

p o s s i b i l i t y  of a  "one-step" r e a c t i o n  process.  

A two-step r e a c t i o n  sequence, considered l i k e l y  

i s  t h e  slow e q u i l i b r a t i o n  of t h e  a z i r i d i n e  with an 

intermediate  a c t i v a t e d  spec ies  t h a t  i n  t u r n  r e a c t s  r a p i d l y  

with the  o l e f i n .  This sequence may be t r e a t e d  k i n e t i c a l l y  

by t h e  app l i ca t ion  of s teady-s ta te  approximation t o  t h e  



TABLE XVI. FIRST-ORDER RATE CONSTANTS FOR THE REACTION 
OF THE AZIRIDINES 1 1 1 - 2 5 ~ - ~  WITH DIMETHYL 
ACETYLENEDICARBOXYLATE (DMAD) 

[ ~ z i r i d i n e  
mole/l. b [DMADJ~ 5 

m o l e / l .  k l  x 10 x sec -1 A z i r i d i n e  



a c t i v a t e d  spec ies .  This formulation leads  t o  t h e  r a t e  

expression 

Azi r id ine  L p z i r i d i n e  
k-1 1 

Jt 
k2 [Aziridine] + 111-14 - Product 

of equation 7 

where P = Product, Az = a z i r i d i n e ,  and E = dimethyl 

acetylenedicarboxylate ,  111-14. 

From the  e q ~ a t i o n  7 i t  i s  apparent t h a t  i f  

product k2[E] i s  s u f f i c i e n t l y  l a rge ,  k-l may be neglected 

i n  t h e  denominator, and equation 7 reduces t o  equat ion 8. 

r a t e  = k l  Az I ]  
Consequently, an increase  i n  the  concentrat ion of a 

s u f f i c i e n t l y  r e a c t i v e  o l e f i n  should have l i t t l e  or no e f f e c t  

on kl. I n  other  words, t h e  conversion of a z i r i d i n e  t o  
Jt 

( a z i r i d i n e )  should become r a t e  con t ro l l ing .  This i s  i n  

f a c t  t h e  case i n  t h e  r eac t ion  of a z i r i d i n e  and DMAD. 

A comparative study f o r  the  r eac t ion  of a z i r i d i n e s  

111-2ga-d with DMAD has been c a r r i e d  out .  It i s  observed t h a t  

they a l s o  d isp lay  a  simple f i r s t - o r d e r  r e a c t i o n  r a t e  with 

DMAD. Since t h e  r a t e  of r eac t ion  of a z i r i d i n e s  111-2ga-d 



with DMAD i s  much f a s t e r  than t h e i r  counterpar ts  111-25a-f, 

t he  k i n e t i c s  were inves t iga ted  a t  110' i n  benzene so lu t ion .  

The f i r s t - o r d e r  r a t e  cons tants  a r e  c o l l e c t e d  i n  Table X V I I .  

COOC H3 
I 

I 
COCK H3 H ~ c O O  

7 ;  
C COOC 



TABLE X V I I  . FIRST-ORDER RATE CONSTANTS FOR THE REACTION 
OF AZIRIDINES 111-2g~-~ AND DIMETHYL 
ACETYLENEDICARBOXYLATE AT l l O . l O f . l o ~  

Azi r id ine  [Aziridine] [DMAD], k l  x l o 4  x sec- I  

X 
The f i r s t - o r d e r  constant  pf 111-29d with 111-14 a t  119 .5 '~  

was found t o  be 4.16 x s e e - l .  



Discussion 

It has  been shown k i n e t i c a l l y  t h a t  t h e  thermal  . 
r e a c t i o n  of 111-2ga-d as we l l  as 111-25a-f wi th  

a lkynes  i s  no t  a s i n g l e  s t e p  r e a c t i o n .  The r e a c t i o n  

t h e r e f o r e  involves  a t  l e a s t  two s t e p s .  The s t r u c t u r a l  

changes occu r r ing  dur ing  t h e  r e a c t i o n  a r e  e a s i l y  accommodated 

by a two s t e p  mechanism. The f i r s t  s t e p  i n  bo th  a z i r i d i n e  

s e r i e s  i s  cons idered  t o  be thermal  c leavage  o f  t h e  a z i r i d i n y l  

C,C bond. The second s t e p  i s  then  t h e  c y c l o a d d i t i o n  o f  t h i s  

r i n g  opened dpec ies  t o  t h e  2rr system o f  an  a l k y n e  . 
A s  p o i n t e d  ou t  i n  t h e  i n t r o d u c t i o n ,  a key f a c e t  

of t h i s  i n v e s t i g a t i o n  was t h e  de te rmina t ion  o f  t h e  

p a r t i c i p a t i o n  of  t h e  a z i r i d i n y l  n i t r o g e n  lone  p a i r  i n  t h e  

r i n g  opening o f  t h e  monocyclic and t h e  b i c y c l i c  a z i r i d i n e s .  

The r e l a t i o n s h i p  o f  t h e  s t e r eochemis t ry  o f  t h e  a z i r i d i n y l  

s u b s t i t u e n t s  observed by ~ u i s ~ e n ~ ~  f o r  t h e  c y c l o a d d i t i o n  o f  

monocyclic a z i r i d i n e s  111-17a and 111-17b t o  DMAD was t h a t  

p r e d i c t e d  f o r  con ro t a to ry  c leavage of t h e  C,C bond o f  t h e  

a z i r i d i n e  t o  g i v e  a r i n g  opened s p e c i e s  which subsequent ly  

added t o  DMAD. I f  t h e  n i t r o g e n  lone  p a i r  p a r t i c i p a t e s  i n  

t h e  opening process ,  t h e  t rans format ion  becomes i s o e l e c t r o n i c  

with t h e  cyc lopropyl  an ion  t o  a l l y 1  an ion  t r ans fo rma t ion .  

The c o n r o t a t o r y  c leavage o f  t h e  C , C  bond of 111-17a and 

111-17b i s  t h e n  expected t o  involve,  a t  one carbon, develop- 

ment o f  a C,N double bond u t i l i z i n g  t h e  e l e c t r o n s  o f  t h e  



ni t rogen lone p a i r  and, a t  t h e  other  carbon, a carbanion. 

Such C,N overlap w i l l  be f a c i l i t a t e d  by increased a b i l i t y  

of t h e  a z i r i d i n y l  n i t rogen t o  support  a p o s i t i v e  charge 

I n  order  t o  t e s t  t h e  e l e c t r o n i c  desc r ip t ion  we have 

determined the  r a t e  of thermal r e a c t i o n  of the  four  

N-aryl-2,3-diphenyl-aziridines , 111-2ga-d . The presence 

of an e l e c t r o n  donating s u b s t i t u e n t  i n  the  N-aryl r i n g  

indeed increases  t h e  r a t e  of reac t ion ,  whereas e lec t ron-  

withdrawing groups r e t a r d  t h e  r a t e  of r eac t ion .  Furthermore 

t h e  r a t e  of r e a c t i o n  bears  a l i n e a r  r e l a t i o n s h i p  t o  t h e  

value of  the  N-aryl s u b s t i t u e n t s  ( ~ i g .  9 ) .  

Since t h e  r eac t ions  were c a r r i e d  out under 

condi t ions where t h e  r a t e  of r e a c t i o n  was independent of 

t h e  DMAD concent ra t ion  the  observed r e l a t i o n s h i p  between 

t h e  N-aryl s u b s t i t u e n t  and the  r a t e  of r eac t ion  a r e  

a t t r i b u t a b l e  t o  p a r t i c i p a t i o n  of the  a z i r i d i n y l  lone p a i r  

i n  a p r i o r  slower r e a c t i o n .  We consider t h i s  p r i o r  r e a c t i o n  

t o  be t h e  thermal r i n g  cleavage. The r i n g  opened species  

may be designated by many resonance forms, the  most 

important of which a r e  111-8ga-d. 

The con t r ibu t ion  due t o  t h e  b i r a d i c a l  from 111-89d 

must be n e g l i b l e  s ince  heat ing 111-2ga-d i n  xylene or  hydro- 

carbon s o l u t i o n  i n  an e s r  cav i ty  t o  t h e  r e a c t i o n  temperature 

(110-130') gave no de tec table  s i g n a l .  Although t h e  now 

polar  open form 111-89c may be formed upon opening of 

a z i r i d i n e s  111-2ga-d, i t  does not appear t o  p a r t i c i p a t e  i n  



of monocyclic  a z i r i d i n e s  (111-29a-d) . 



any of t h e  r e a c t i o n s  observed (as d i scussed  below).  The 

d i p o l a r  forms 111-89a and 111-89b a r e  t h e  r i n g  opened forms 

of  t h e  a z i r i d i n e s  111-2ga-d cons idered  t o  p a r t i c i p a t e  i n  t h e  

subsequent c y c l o a d d i t i o n  r e a c t i o n s  w i t h  a lkenes  and a lkynes .  

Although no k i n e t i c s  were c a r r i e d  ou t  on t h e  r e a c t i o n  o f  

111-30a,b and 111-31b wi th  a lkenes  o r  a lkynes  r e a c t i o n s  

most probably proceed v i a  r i n g  opened in t e rmed ia t e s  similar 

t o  111-89a and 111-89b w i t h  a b i a s  toward carbanion  c h a r a c t e r  

at  t h e  carbon a d j a c e n t  t o  t h e  carbonyl  group. This  type  of 

b i a s  r e a d i l y  exp la ins  t h e  o r i e n t a t i o n  of  a d d i t i o n  of  c l o s e l y  



r e l a t e d  a z i r i d i n e s  such as 111-31 t o  p o l a r i z e d  double bonds 

such as imines and ke tones .  63,66 

The s t e r eochemis t ry  of t h e  cyc loadd i t i on  r e a c t i o n  

o f  t h e  r i n g  opened a z i r i d i n e s  t o  a lkenes  has two a s p e c t s .  

F i r s t ,  t h e r e  i s  s t e r e o s p e c i f i c i t y  w i t h  r e spec t  t o  t h e  a lkene  

if, f o r  example, a 1 , 2 - d i s u b s t i t u t e d  a lkene i s  used.  I n  

a l l  ca ses  i n v e s t i g a t e d  t h e  o v e r a l l  cyc loadd i t i on  r e a c t i o n  

was s t e r e o s p e c i f i c  wi th  r e s p e c t  t o  t h e  a lkene component. 

This r e s u l t  i s  expected i f  t h e  r i n g  opened a z i r i d i n e  

p a r t i c i p a t e s  i n  t h e  c y c l o a d d i t i o n  as a 3p-41-r e l e c t r o n  

component and t h e  a lkene  p a r t i c i p a t e s  as a 21-r e l e c t r o n  

component. Secondly, t h e r e  i s  t h e  s t e r i c  r e l a t i o n s h i p  

between t h e  a z i r i d i n y l  s u b s t i t u e n t s  as they a r e  a t t a c h e d  t o  

t h e  a z i r i d i n e  and as they  f i n a l l y  appear i n  t h e  p y r r o l i d i n e  

produc t .  ~ u i s ~ e n ~ ~  adequa te ly  demonstrated t h a t  under 

cond i t i ons  where a very r e a c t i v e  a lkyne (111-14) was added 

t o  111-17a and 111-17b t h i s  a s p e c t  of  t h e  r e a c t i o n  was 

s t e r e o s p e c i f i c i t y  i n  conce r t  w i t h  con ro t a to ry  opening of 

t h e  a z i r i d i n e  r i n g  and subsequent s t e r e o s p e c i f i c  - c i s - a d d i t i o n  



of t h e  r i n g  opened species  without isomerizat ion.  

The r e a c t i o n  of  e i t h e r  - c i s -  o r  trans-l-benzyl-2- 

benzoyl-3-phenyl a z i r i d i n e ,  111-30a,b, with DMAD, 111-34, 

and 111-38 af forded compounds i n  which t h e  phenyl and t h e  

benzoyl groups were t r a n s  t o  each o t h e r .  Similar  r e s u l t s  

were obtained from t h e  r e a c t i o n  of e i t h e r  - c i s -  or  t r a n s - l -  

cyclohexyl-2-benzoyl-3-phenyl a z i r i d i n e ,  111-3la,b, with t h e  

alkyne and alkenes mentioned above. It seems probable t h a t  

i n  these  r eac t ions  t h e  cycloaddi t ion  i s  s t e r e o s p e c i f i c ,  but 

i n  t h e  case of cis-adduct a post  isomerizat ion t o  t h e  more 
7 

s t a b l e  trans-adduct occurs .  This has been suggested i n  t h e  

cycloaddi t ion of r e l a t e d  a z i r i d i n e s .  63 A similar 

i n t e r p r e t a t i o n  can be advanced f o r  the  r e a c t i o n  of  

1,2,3-triphenylaziridine with 111-34, 111-38 and 111-42, 

which a f fo rds  pyr ro l id ine  de r iva t ives  i n  which t h e  two 

phenyl groups a r e  t r a n s  t o  each o ther .  

A s  mentioned i n  the  in t roduc t ion  t h e  N-aryl 

2 ,3-diphenylazir idine system (111-2ga-d) was chosen f o r  

k i n e t i c  study because of i t s  c lose  s t r u c t u r a l  s i m i l a r i t y  

t o  t h e  b i c y c l i c  a z i r i d i n e  system s tud ied .  Comparison of 

t h e  r a t e  of r e a c t i o n  of these  two systems revea l s  t h a t  r eac t ion  

of 111-29a with 111-14 i s  about 10 times f a s t e r  than  t h e  

r e a c t i o n  of 111-25a under condi t ions where t h e  cleavage of  

t h e  a z i r i d i n e  r i n g  i s  r a t e  determining. We consider  the  

o r i g i n  of the  d i f fe rence  t o  l i e  i n  the  geometrical  c o n s t r a i n t s  

of t h e  b i c y c l i c  system which force  t h e  C , C  bond of t h e  l a t t e r  

a z i r i d i n e  t o  cleave by d i s r o t a t i o n .  I n v e s t i g a t i o n  of t h e  



e f f e c t  of N-arylsubst i tut ion on t h e  r a t e  of r i n g  opening 

revealed qui te  su rp r i s ing ly  t h a t  ( i n  c o n t r a s t  t o  t h e  

observations made i n  t h e  monocyclic s e r i e s  ) e lec t ron-  

withdrawing groups a t tached t o  t h e  N-aryl r i n g  increased  

t h e  r a t e  of r i n g  opening. Indeed t h e  thermal r a t e  of C,C 

bond cleavage gave a  l i n e a r  r e l a t i o n s h i p  with t h e  u s u b s t i -  

tuen t  constants  ( ~ i g .  1 0 ) .  

This r e v e r s a l  of s u b s t i t u e n t  e f f e c t  demonstrates 

t h a t  by forcing t h e  allowed 4n e l e c t r o n  conrotatory opening 

of an a z i r i d i n e  t o  take a thermal d i s r o t a t o r y  course one may 

reverse  the  e l e c t r o n i c  flow from the  a z i r i d i n y l  n i t rogen 

during t h e  cleavage so  t h a t  a s  t h e  r i n g  cleaves e l e c t r o n  

flow proceeds from ni t rogen i n t o  the  N-aryl r i n g  thus  t h e  

t r a n s i t i o n  s t a t e  f o r  cleavage has l e s s  than ~ T T  e lec t rons  

i n  i t s  th ree  developing p - o r b i t a l s  (assuming sp2 hybridiza-  

t i o n  of the  a z i r i d i n y l  n i t rogen and carbons i n  t h e  r i n g  

opened species  ) . 
Consideration of resonance form 111-25~  of 111-25 

reveals  t h a t  during t h e  opening of I I I -25a  minimum of t h r e e  

e l ec t rons  w i l l  occupy t h e  th ree  developing p - o r b i t a l s .  This 

cons idera t ion  makes t h e  present  d i s r o t a t o r y  opening 

fundamentally d i f f e r e n t  than t h a t  observed i n  t h e  so lvo lys i s  

of 111-90 which involves a two e l e c t r o n  system. 88 A bas ic  





quest ion which a r i s e s  a t  t h i s  poin t  i s  whether t h e  r i n g  

opening may be considered more c lose ly  analogous t o  t h e  

cyclopropyl c a t i o n  t o  a l l y l  c a t i o n  ( 2  e l e c t r o n  system) 

t ransformation or  t h e  cyclopropyl r a d i c a l  t o  a l l y l  r a d i c a l  
Longue t 

(3  e l e c t r o n  system) t ransformation)-  ~ i ~ ~ i n s ~ ~  has suggested 

t h a t  t h e  thermal isomerizat ion of t h e  cyclopropyl r a d i c a l  

by a d i s r o t a t i o n  should be more d i f f i c u l t  than  i t s  

isomerizat ion by a  conrota t ion .  Furthermore, s i n c e  both 

modes of isomerizat ions a r e  thermally forbidden by o r b i t a l  

symmetry, t h e  energy necessary t o  e f f e c t  t h e  d i s r o t a t o r y  

i somer iza t ion  of t h e  cyclopropyl r a d i c a l  i s  expected t o  be 

higher  than t h a t  of t h e  c a t i o n  while conrotatory r a d i c a l  

isomerizat ion i s  more d i f f i c u l t  than t h a t  of the  anion. 

Considering t h e  s u b s t i t u e n t  e f f e c t  observed i n  

t h e  cleavage of C , C  bond of 111-25 i n  t h e  present  study 

d i s r o t a t o r y  cleavage of a  cyclopropyl r a d i c a l  appears t o  

r equ i re  l e s s  energy than  d i s r o t a t o r y  cleavage of t h e  anion. 

Since d i s r o t a t o r y  rearrangement of t h e  cyclopropyl c a t i o n  i s  

expected t o  be more f a c i l e  than t h a t  of the  r a d i c a l .  One 

might f u r t h e r  query t h e  na ture  of t h e  i n i t i a l  r i n g  opened 

species  generated upon d i s r o t a t o r y  opening of 111-25; i . e . ,  

w i l l  i t  behave a s  an a l l y l  r a d i c a l  or as an a l l y l  ca t ion?  

This quest ion assumes t h a t  t h e  s u b s t i t u e n t  e f f e c t  observed 

i n  i t s  d i s r o t a t o r y  opening of 111-25 w i l l ,  i n  f a c t ,  generate  

an intermediate  possessing e l e c t r o n  deficiency i n  t h e  

a z i r i d i n y l  por t ion  of 111-25. This i s  by no means assured 



s i n c e  t h e  s u b s t i t u e n t  e f f e c t  observed requ i res  only t h e  

t r a n s i t i o n  s t a t e  during t h e  opening r e a c t i o n  t o  be e l e c t r o n  

d e f i c i e n t  i n  t h i s  por t ion .  

Delocal iza t ion  of the  a z i r i d i n y l  N-electrons 

i n t o  a n  N-substi tuent a s  C , C  bond cleavage occurs formally 

y i e l d s  111-gla,b,c. Evidence as  t o  whether or  not  111-gla,b,c 

r ep resen t s  a r e a c t i v e  intermediate  i n  t h e  r e a c t i o n s  of these  

b i c y c l i c  a z i r i d i n e s  or i s  merely a rep resen ta t ion  of a 

t r a n s i t i o n  s t a t e  generated during t h e  C , C  bond cleavage was 

sought i n  two ways. F i r s t ,  we considered 111-gla,b,c a s  a  

3p-2rr e l e c t r o n  system ( i . e . ,  analogous t o  an a l l y 1  c a t i o n )  

from s tandpoint  of i t s  r e a c t i v i t y  with o ther  rr systems. 

Since 1,4-cycloadditions o f  1,3-dienes t o  3p-2n 

e l e c t r o n  systems a r e  allowed t o  be concerted and have been 

demonstrated t o  occur with f a c i l i t y  i n  a number of ins tances  90 

we attempted t h e  cycloaddi t ion of s e v e r a l  1,3-dienes t o  t h e  

b i c y c l i c  a z i r i d i n e s  111-25a-f. A l l  add i t ions  occurred i n  a 

1,2 and not  a 1,4-fashion. Indeed, t h e  cycloaddi t ion  reac t ions  

o f  a z i r i d i n e s  111-25a with 1,3-dienes as we l l  as appropr ia t e ly  

1 ,2 -d i subs t i tu ted  alkenes were s t e r e o s p e c i f i c  wi th  r e spec t  

t o  t h e  alkyne subs t i tuen t s ,  a  behaviour expected of  3p-4rr 

e l e c t r o n  systems and analogous t o  t h e  cycloaddi t ions of t h e  

monocyclic a z i r i d i n e s  discussed above. The in termedia te  

considered t o  be undergoing these  cycloaddi t ions i s  represented 

by resonance hybrids 111-9le and 111-gl f .  That i s ,  even i f  the  

b i c y c l i c  a z i r i d i n e s  undergo cleavage a s  two o r  t h r e e  

e l e c t r o n  systems, they add t o  alkene and 1,3-dienes a s  





3p-47-r e l e c t r o n  systems. Although few s tud ies  have been made 

t o  determine the  mode of cycloaddi t ion of  3p-4n systems t o  

1,3-dienes, an observat ion s i m i l a r  t o  t h a t  above has been 

repor ted  i n  t h e  add i t ion  of diphenyl n i t r i l e  imine t o  

1 ,3 -Cy~10he~ad iene ,  1, 3-cyclopentadiene, 91 and 1,3- 

butadiene.  92 A l l  of these  dienes added t o  t h i s  system 

exclus ive ly  i n  a 1,2-fashion t o  give 111-92, 111-93, and 

111-94, r e spec t ive ly .  

We next considered the  i n i t i a l  r i n g  opened species  

of 111-25 a s  an a l l y 1  r a d i c a l .  I n  an e f f o r t  t o  observe 

hydrogen a b s t r a c t i o n  from solvent  by 111-25 we decomposed 

111-25a i n  cyclohexene, cumene and xylenes.  No products of 



hydrogen a b s t r a c t i o n  were obser'ved. Indeed, only dimeri zat  ion 

of t h e  a z i r i d i n e  occurred i n  these  so lven t s .  Furthermore 

t h e  presence and absence of oxygen had no no t i ceab le  e f f e c t  

on t h e  r e a c t i o n  of 111-25a i n  i t s  thermal r e a c t i o n s  of 

cyc loaddi t ion  o r  dimerizat ion.  Evidence f o r  t h e  presence of  

a r a d i c a l  spec ies  was, however, obtained by hea t ing  (100- 

1 4 0 ~ )  111-25d i n  e i t h e r  hydrocarbon or  aromatic (xylene, 

naphthalene)  so lven t s  i n  an e s r  c a v i t y .  With no precaut ions 

as t o  t h e  exclusion of oxygen from the  samples a r e l a t i v e l y  

s t a b l e  s i g n a l  was obtained which showed a t  l e a s t  27 l i n e s  

with separa t ion  of approximately 1 gauss ( G ) .  Although 

a n a l y s i s  of t h e  hyperf ine s p l i t t i n g  i n  t h i s  s i g n a l  i s  not 

complete, t h e  s i g n a l  i s  considered t o  be due t o  111-gld. 

Addition of DMAD t o  hot  (100-140') s o l u t i o n s  conta in ing  

t h e  r a d i c a l  spec ies  reduce t h e  spectrum t o  an approximate 

1:5:10:10:5:1 p a t t e r n ,  Al = 12.2 G, i n  which each l i n e  i s  

f u r t h e r  s p l i t  i n t o  a 1 :2 :1  t r i p l e t ,  A2 = 3.6 G. This 



p a t t e r n  i s  cons i s t en t  with 111-95. 

Heating 111-25d i n  naphth a lene  with o r  

dimethyl maleate gave t h e  same i n i t i a l  e s r  s i g n a l .  

without 

Within 

f i v e  minutes, however (a t  1 4 0 ~ )  i f  dimethyl maleate was 

present ,  t he  i n i t i a l  complex s i g n a l  was transformed i n t o  a 

c lean  1:2:3:2:1 qu in te t  (A = 6.6 G ) .  This l a t t e r  s i g n a l  

decayed wi th in  1 hr  t o  concentrat ions below t h e  range of 

6 de tec t ion  of t h e  spectrometer ( = l o -  M ) .  Although t h e  

s t r u c t u r e  of t h e  spec ies  giving r i s e  t o  t h i s  l a t t e r  s i g n a l  

i s  s t i l l  not i d e n t i f i e d ,  i t  has been es t ab l i shed  t h a t  i t  i s  

formed only when 111-25d and 111-38 a r e  heated together  o r  

when t h e  l a t t e r  i s  added t o  hot  s o l u t i o n  of 111-25d. 

The q u i t e  obvious quest ion as t o  t h e  intermediacy 

of 111-9lc and p a r t i c u l a r l y  111-9ld i n  the  cycloaddi t ion  

r e a c t i o n  of t h e  b i c y c l i c  a z i r i d i n e s  111-25a-f with alkenes 

and alkynes i s  thus  r a i s e d .  

The p o s s i b i l i t y  t h a t  cycloaddi t ions proceed v ia  

b i r a d i c a l  intermediates  has been r a i s e d  previously by 



s e v e r a l  i n v e s t i g a t o r s .  A survey of t h e  l i t e r a t u r e  r evea l s  

t h a t  t h e  presence of a  b i r a d i c a l  intermediate  has been 

assoc ia ted  with stereo-random cycloaddi t ions,  hydrogen 

a b s t r a c t i o n  and polymerization. Thus, biphenylene, 111-96, 

undergoes r eac t ions  cons i s t en t  with i n i t i a l  homolytic 

cleavage of a C , C  s i n g l e  bond t o  give biphenyl r a d i c a l s  

111-97. 93 The pyro lys i s  of 111-96 i n  t h e  presence of benzene- 

d6 gave biphenyl, 111-98; t r iphenylene,  111-99; and 

o-terphenyl, 111-100. 94 The 111-98 cons is ted  of mainly de 

and d10. Biphenyl d2 was formed from t h e  b i r a d i c a l ,  

generated on decomposition of 111-96 and benzene-d6 by 

deuterium a b s t r a c t i o n ,  while d l 0  arose  from p y r o l y t i c  

coupling of benzene-d6. 111-99 and 111-100 contained mainly 

s i x  and four deuterium atoms per  molecules, r e spec t ive ly .  

The r e a c t i o n  sequence i s  shown below. 

Simi lar ly ,  Reich and cramg5 observed t h a t  

thermolysis of 2,2 - - para-cyclophane, 111-101, r e s u l t e d  i n  

hydrogen a b s t r a c t i o n  from 1,4-diisopropylbenzene t o  a f f o r d  

4,4 '-dimethyldibenzyl,  111-102. Furthermore, t h e  thermal 

decomposition of 111-101 i n  e i t h e r  111-34 or 111-38 af forded 

i d e n t i c a l  r e a c t i o n  mixtures of 111-103 and 111-104. These 

da ta  have been i n t e r p r e t e d  i n  terms of b i r a d i c a l  in termedia tes .  

Other s t r a i n e d  systems where b i r a d i c a l  intermediates  

have been posulated a r e  those of 3-methylbicyclo (l. 1 . 0 ) -  1 
bu taneca rbon i t r i l e ,  96 111-105, and b icyclo  (2.1. ~ ) p e n t a n e ,  97 

111-106. I n  both cases ,  t h e  C , C  bond was cleaved and added 1 





Yield i n  

111-34 

t o  a lkynes  and a lkenes .  I n  bo th  r e a c t i o n s  produc ts  o f  

hydrogen a b s t r a c t i o n  were observed; and s te reorandomiza t ion  
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took p l ace ,  where p o s s i b l e .  

111-I0 5. 

+ u n i d e n t i f i a b l e  polymer. 

Ill-106 R=COOQ H~ 
Fur ther  in format ion  r ega rd ing  s te reorandomiza t ion  

i n  cyc loadd i t i on  invo lv ing  b i r a d i c a l  i n t e rmed ia t e s  i s  found 

i n  t h e  e l egan t  work of  B a r t l e t t  and co-workers. 98 m e y  

observed t h a t  1 ,2 -cyc loaddi t ion  of  1 , l -d ich loro-2 ,2  . -  

d i f luo roe thy lene  wi th  t h e  geomet r ica l  isomers o f  2 , b  

hexadiene a f fo rded  non- s t e r eospec i f i c  p roduc ts .  

Since t h e  cyc loadd i t i on  r e a c t i o n s  o f  111-25a-f 

f a i l e d  t o  show any s te reorandomiza t ion  and we f a i l e d  t o  

observe any a lkene  po lymer iza t ion  o r  hydrogen a b s t r a c t i o n ,  

we do no t  cons ider  111-9lc o r  111-9ld as r e a c t i v e  i n t e r -  

mediates .  We ho ld  t h e  view t h a t  111-9le (and 111-glf) a r e  

t h e  r e a c t i v e  (3p-4 ) i n t e rmed ia t e s  i n  t h e  1 ,3 -cyc loadd i t i on  

r e a c t i o n s .  The s u b s t i t u e n t  e f f e c t  observed i n  t h e  r i n g  

opening r e a c t i o n  i n d i c a t e s  they  a r e  formed v i a  111-9lc which 

i s  capable  o f  undergoing s p i n  i n v e r s i o n  t o  g ive  111-gld. The 

b i r a d i c a l  111-9ld i s  considered t o  be  equ i l i b r ium wi th  111-9le 

and 111-9lf  and a l though  it i s  capable  of  r e a c t i o n s  w i t h  



alkenes,  t h i s  r e a c t i o n  does not represent  a d e t e c t a b l e  path 

t o  products.  

Evidence f o r  t h i s  equi l ibr ium comes from t h e  

observat ion of t h e  i n t e n s i t y  of t h e  e s r  s i g n a l  a t t r i b u t e d  

t o  111-9ld as a  funct ion  of temperature. Thus hea t ing  

111-25d i n  xylene t o  140' e s t ab l i shed  t h e  s i g n a l .  Cooling 

t h e  sample gradual ly  decreased t h e  s i g n a l  i n t e n s i t y  while 

reheat ing  t h e  sample increased t h e  s i g n a l  i n t e n s i t y .  Further  

evidence i n  t h i s  regard i s  being sought by s tudying t h e  

i n t e n s i t y  of t h e  s i g n a l  a t  a given temperature as a funct ion  

of a z i r i d i n e  concentrat ion.  A l i n e a r  r e l a t i o n s h i p  should 

be observed i f  111-9ld i s  i n  equi l ibr ium w i t h  111-glc ,e , f .  

A similar i n t e r p r e t a t i o n  could be advanced f o r  

the  s t e r e o s p e c i f i c  a d d i t i o n  of 111-107 t o  111-108 and 111-109 

t o  give 111-110 and 111-111, 111-112, r e spec t ive ly .  Thermoly- 

s i s  of 111-105 i n  i n e r t  solvent  gave a  s t a b l e  r a d i c a l  spec ies .  99 

The formation of - exo and - endo products i n  near ly  

equal amounts from the  reac t ion  of a z i r i d i n e  111-25a wi th  

maleic anhydride, dimethyl maleate, trans-methyl c ro tonate  

and with i t s e l f  i n d i c a t e s  t h a t  t h e  r e a c t i n g  intermediate  h e  

system i s  almost p lana r .  The r e a c t i o n  w i t h  acenaphthylene, 

1,3-cyclohexadiene, t r ans - t r ans ,  2,b-hexadiene, and dimethyl 

trans-trans-1,3-butadiene-1fi-dicarboxyl a c i d  r e s u l t e d  i n  

compounds i n  which the  e l e c t r o n  r i c h  p w t i o n  of t h e  groups 

a t t a i n e d  t h e  endo-configuration. This r e s u l t  i s  cons i s t en t  

with a planar  intermediate  and po in t s  t o  t h e  s t a b i l i z a t i o n  



of t h e  t r a n s i t i o n  by n - in te rac t ion  between the  o l e f i n i c  

s u b s t i t u e n t s  and t h e  naphthalene r i n g  of 111-25a-f. The 

r e a c t i o n  of 7a with acenaphthylene i s  diagramatical ly  

represented  below. A similar phenomenon i s  expected fo r  

o the r  systems which can have n - in te rac t ion  with t h e  

naphthalene r i n g .  

The dimerizat ion of  a z i r i d i n e s  t o  give p ipe raz in  

d e r i v a t i v e s  a r e  known. The dimerizat ion of a z i r i d i n e  

111-25a t o  give two adducts can be bes t  explained as a  



Ar- 

major product 111-57 (not  i s o l a t e d )  

4 + 2 cycloaddi t ion reac t ion .  The p o s s i b i l i t y  of  

dirnerization of two r e a c t i n g  spec ies  such as 111-gle(f) 

i s  not  considered l i k e l y ,  s ince  4 + 4 thermal cycloaddi t ion 

i s  forbidden by symmetry. 32 



w 

trans-dimer 

111-54 

cis-dimer - 
111- 55 
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Summary 

The k i n e t i c  evidence p r e s e n t e d  i n d i c a t e s  t h e  r e a c t i o n  

o f  monocyclic and b i c y c l i c  a z i r i d i n e s  w i t h  a lkenes  and 

a lkynes  i s  a two s t e p  p roces s .  The f i rs t  s t e p  i s  t h e  c leavage 

o f  t h e  C,C bond o f  t h e  a z i r i d i n e s  and t h e  second s t e p  is  

t h e  a d d i t i o n  o f  t h e  r i n g  opened s p e c i e s  t o  a lkenes .  The lone  

p a i r  on t h e  a z i r i d i n y l  n i t r o g e n  p a r t i c i p a t e s  i n  t h e  con ro t a to ry  

opening o f  t h e  monocyclic a z i r i d i n e s  t o  g ive  d i r e c t l y  a 

3 p - 4 n e l e c t r o n  d i p o l a r  i n t e rmed ia t e ,  i s o e l e c t r o n i c  wi th  an 

a l l y l  anion,  which adds t o  t h e  a lkenes  i n  a s t e r e o s p e c i f i c  

f a s h i o n .  The d i s r o t a t o r y  c leavage  of carbon-carbon bond o f  t h e  

b i c y c l i c  a z i r i d i n e s  s t u d i e d  i s  a ided  by e l e c t r o n e g a t i v e  

s u b s t i t u e n t s  on t h e  a z i r i d i n y l  n i t r o g e n .  The 

i n i t i a l l y  formed r i n g  opened s p e c i e s  i s  cons idered  t o  resemble 

e i t h e r  a n  a l l y l  c a t i o n  (3p-2n sys tem)  o r  an  a l l y l  r a d i c a l  

(3p-3 n  sys tem) .  However, t h e  product  ob t a ined  i n d i c a i e s  t h a t  

t h e  s p e c i e s  behave as a 3p -4nsys t em dur ing  t h e  a d d i t i o n  w i t h  

a lkenes  and d i enes .  

The r e a c t i o n  o f  e i t h e r  - c i s  and t rans- l -cyc lohexyl -  

2-benzoyl-3-phenylazir id ine  (111-3la, b  ) a f f o r d e d  produc ts  

i n  which t h e  phenyl  and t h e  benzoyl groups were t r a n s  t o  each 

o t h e r .  It seems probable  t h a t  i n  t h e s e  r e c a t i o n s  t h e  c y c l s -  

a d d i t i o n  i s  s t e r e o s p e c i f i c ,  bu t  i n  t h e  c a s e  of  - c i s - adduc t  a 

p o s t  i s o m e r i ~ a t i o ! ~  t o  t h e  more s t a b l e  t r ans -adduc t  occu r s .  

A l t e r n a t i v e l y  t h i s  obse rva t ion  could a l s o  r e s u l t  from p r i o r  

i s o m e r i z a t i o n  o f  111-3la t o  111-3lb. Under t h e  c o n d i t i o n s  o f  

t h e  r e a c t i o n  t h e s e  a z i r i d i n e s  were found t o  i somer ize  t o  a n  
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equi l ibr ium mixture of 75% 111-31b and 25% 111-3la. This 

isomerizat ion presumably occurs v i a  C,  C bond cleavage r a t h e r  

than t h e  epimerizat ion of t h e  hydrogen t o  t h e  benzoyl groups 

i n  these  a z i r i d i n e s .  

In  theory the  r i n g  opening of 111-3la i n  a conrotatory 
1 I I 

fashion may give two d i s t i n c t  open chain spec ies  A or A of 

which t h e  former i s  more s t a b l e  f o r  s t e r i c  reasons.  Likewise 
1 l I 

conrota tor3  opening of 111-3lb may give B or B of which t h e  

l a t t e r  c l e a r l y  possesses l e s s  s t e r i c  i n t e r a c t i o n s .  The s t e reo-  

chemistry observed i n  t h e  cycloaddi t ion  products from both 

111-3la and 111-3lb i n d i c a t e s  t h a t  t h e  cycloaddi t ion proceeds 
1 11 1 

v i a  e i t h e r  A or  A and s ince  A i s  t h e  more s t a b l e  of t h e  

two, it i s  considered t o  be t h e  l i k e l y  r e a c t i v e  spec ies .  
1 I I 

I n  order f o r  111-3lb t o  r e a c t  v ia  A or A i so -  

merizat ion of t h e  i n i t i a l l y  formed r i n g  spec ies  must occur.  

There a r e  four d i s t i n c t  processes by which d i r e c t  isomerizat ion 

of t h e  B s e r i e s  may be converted t o  those of t h e  A s e r i e s .  

These a r e  shown diagramatical ly  i n  Scheme 3. In  order  t o  - ' . 

determine which of these  operate ,  it is  suggested t h a t  t h e  

thermal isomerizat ion of t h e  c l o s e l y  r e l a t e d  a z i r i d i n e  p a i r s  

C and D should be c a r r i e d  out ,  and compare the  r a t e s  of 

isomerizat ions with t h a t  of 111-3la and 111-3lb under t h e  

i d e n t i c a l  condi t ions .  

The opening of - c i s  a z i r i d i n e s  of s e r i e s  C and D 
1 1 1  

can give r i s e  t o  open spec ies  of type A or A . I f  these  



Scheme 3 

C-N - @A 
+----- v WH 

C-N k C O A r  H 



a z i r i d i n e s  open t o  g ive  spec i e s  of type  A ' ,  t hen  t h e  r o t a t i o n  

of C-N bond l ead ing  t o  spec i e s  of type  B 
1 

w i l l  be f a s t e r  

f o r  t h e  s p e c i e s  der ived  from - c i s  C a z i r i d i n e  t h a n  t h e  one 

ob ta ined  from - c i s  D a z i r i d i n e ,  s i n c e  t h e  nega t ive  charge 

on carbon bea r ing  p -n i t robe -~zoy l  group i s  minimized by 

t h e  e l e c t r o n  withdrawing proper ty  of p -n i t robenzoyl  group. 

On t h e  o t h e r  hand, t h e  C=N r o t a t i o n  (h igh  energy)  w i l l  be 
1 

f a s t e r  i n  spec i e s  of  type  A der ived from - c i s  D t han  t h a t  
1 

of type  A o f  - c i s  C s i n c e  t h e  double bond c h a r a c t e r  

between n i t r o g e n  and t h e  carbon bear ing  p-n i t rophenyl  group 

w i l l  be lowered by induc t ive  e f f e c t .  A s i m i l a r  r easoning  
11 

can be advanced f o r  t h e  i somer iza t ion  of  t h e  s p e c i e s  of t ype  A . 



The expected observations on these assumptions are 

summarized below. 

cis C or D - NO2-benzoyl NOp-phenyl 

C-N t 
Type A \-\ Type B \-trans faster slower 

C = N  11 

Type A ,-\ Type B ,=&trans 

I' C-N 11 

Type A Type B +trans 

11 C = N  t 
Type A ,2 Type B ,&trans 

slower 

faster 

slower 

faster 

slower 

faster 

The consideration of orbital symmetry control of 

concerted organic reactions is relatively new concept. The 

basic reason for undertaking the present study was to learn 

more about the influence of orbital symmetry control in 

those reactions in which the polarity of the transition states 

could be changed by polar substituents. Of several lines of 

investigation that could be persued further in this area, the 

study of the cycloaddition of charged intermediates such as 

allyl anions and cations to alkenes, 1,3-dienes, and trienes 

appear attractive. There are several classes of cycloaddition 

reactions which have not been investigated, and are potentially 

synthetically useful. For example the photochemical cyclo- 

addition of allyl anion analoges to dienes ( 4 + 4  addition). 



Experimental 

Preparat ion of 7-phenyl-6a,7a-dihydro-acenaphtha [1,2-b -1 
a z i r i d i n e ,  111-25a. 

A s o l u t i o n  of acenaphthylene (3.0 g )  and phenyl 

az ide  (2.4 g )  i n  dichloromethane (15 m l )  was allowed t o  

r e a c t  a t  room temperature, i n  dark, f o r  2> months, during 

which time granular  product had deposi ted.  Removal of t h e  

so lvent ,  and d i l u t i o n  of reddish semi-solid with e t h e r -  

pe t  e the r  mixture gave 111-25a as a  white s o l i d ,  3.7 g  

(76%), mp 168-171". It was r e c r y s t a l l i z e d  from b o i l i n g  

cyclohexane: mp 171-172.5'; i r  (KBr) ,030 ( c - H ) ,  1600, 

1510, 1453 (aromatic) ,  755, 7'15 (naphthyl r i n g ) ,  and 695 

-1 cm (monosubstituted benzene r i n g ) :  nmr ( c D c ~ ~ )  64.27 

( s ,  2 ~ ) ,  and 6.51-7.51 ( m ,  1 1 H ,  aromatic) .  

Anal. Calc. f o r  C18H13N: C ,  88.85- H, 5.37 mo1.wt. 243. 

Found: C ,  88.67; H, 5.42 mol.wt. 243. 

The a z i r i d i n e s  111-25b-f were synthes ised  by 

r e a c t i o n  of 1 .5-2 molar excess of appropr ia te ly  s u b s t i t u t e d  

az ide  with acenaphthylene a t  60 t o  70' i n  benzene so lu t ion .  

The y i e l d  of a z i r i d i n e  depends on the  r e a c t i v i t y  of t h e  

az ide .  I f  excess azide i s  not used, t h e  thermal dimerizat ion 

of acenaphthylene becomes an undesirable  s i d e  r eac t ion .  

S imi la r ly ,  a higher concentrat ion of acenaphthylene and 

a  higher temperature r e s u l t s  i n  adduct formation with 
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i acenaphthylene and the  dimerizat ion of t h e  a z i r i d i n e ,  

r e spec t ive ly .  

The y i a l d  and the  physical  p roper t i e s  of 

a x i r i d i n e s  111-25a-f a r e  c o l l e c t e d  i n  Table X I X  and XX 

Preparat ion of a z i r i r ~ i n e s  111-29a-d, 111-30a, b, and 

These a z i r i d i n e s  were prepared using procedures 

prescr ibed  i n  t h e  l i t e r a t u r e  73-75. Their phys ica l  da ta  

a r e  recorded i n  Table XXIand a re  i n  agreement with t h e  

repor ted  values, where appl icable .  

Preparat ion of 111-33. 

A benzene s o l u t i o n  (10 m l )  of 111-25a (500 mg) 

and dimethyl acetylendicarboxylate  (290 mg) was heated a t  

140' f o r  8 hr  i n  a  sea led  tube.  Removal of t h e  so lvent  i n  

vacuuo gave 111-33 as  a  pa le  yellow s o l i d  which was washed 

with methanol, f i l t e r e d  an4 d r i ed  t o  y i e l d  685 mg (93$), 
0 

mp 210-212 . An a n a l y t i c a l  sample was obtained by 

r e c r y s t a l l i z a t i o n  from benzene-pet e t h e r :  mp 211-212.5'; 

i r  ( K B ~ )  3050, 2950 (c-H) ,  1720 (conjugated e s t e r ) ,  1645 

( t e t r a s u b s t i t u t e d  double bond conjugated with a  carbonyl 

group), 1605, 1510, 1450 (aromatic) ,  1300-1200 (c-o 

s t r e t c h i n g ) ,  794, 770 (naphthyl r i n g ) ,  and 705 cm-I 

(monosubstituted benzene r i n g ) ;  nmr ( c D c ~ ~ )  63.73 (s, 6 ~ ,  

methyl e s t e r  a t  C3, ~ 4 ) ,  5.78 ( s ,  2H, C2, C 5 ) ,  and 6.61- 

7.71 ( m ,  1 1 H ,  aromatic ) . 
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Anal. Calc. f o r  C24HlgN04: C,  74.79; H, 4.96; mol-wt. 385. 

Found: C, 74.96; H, 4.68; mol.wt. 385. 

Hydrogenation of 111-33. 

A s o l u t i o n  of 111-33 (245 m g )  i n  toluene (10 m l )  

and methanol (50 m l )  us ing 50 m g  of 5% P t  on charcoal  w a s  

allowed t o  r e a c t  under hydrogen a t  50 p s i g  f o r  24 hr .  The 

removal of the  solvent  gave 111-39, mp 201-203O, 232 mg 

(94%). The nmr and the  i r  s p e c t r a  of 111-39 prepared i n  t h i s  

manner were i d e n t i c a l  t o  those 111-39 prepared by r e a c t i o n  

of  dimethyl maleate wi th  111-25a described below. The mixed 

melting po in t s  of 111-39 from these  two sources were 

undepressed. 

Prepara t ion  of 111-35. 

A benzene s o l u t i o n  (10 m l )  of 111-25a (500 m g )  and 

dimethyl furnarate (291 m g )  was heated a t  140' f o r  14  hr i n  a 

sea led  tube.  Removal of the so lvent  under reduced pressure  gave 

red  l i q u i d  which c r y s t a l l i z e d  from methanol-pet e t h e r  t o  a f fo rd  

111-35, 683 m g  (89%), mp 144-146.5•‹. An a n a l y t i c a l l y  pure 

sample was obtained by fu r the r  c r y s t a l l i z a t i o n  from methanol- 

pe t  e t h e r :  rnp 145-196.5'; i r  ( K B ~ )  3010, 2875 (C-H), 1730, 

1718 (unconjugated e s t e r ) ,  1602, 1515, 1462 (aromatic),  1300- 

1180 (c-o s t r e t c h i n g ) ,  780, 760 (naphthyl r i n g ) ,  and 700 cm-L 

(monosubstituted benzene r i n g ) ;  nmr ( c D c ~ ~ )  63.46 ( s ,  3H, - endo 

methyl e s t e r  a t  c4), 3.75 (s ,  3H, - exo methyl e s t e r  a t  C ), 3 



3.66 (d, IH, c3, J 
39 4 

= 5.7 HZ), 4-28  (d of  d y  l H y  C4, J3,4= 

5.7 Hz, J4,5 = 7.0 Hz), 5.49 (d, 1 H y  C g Y  J4,5 = 7.0 Hz), 

5.55 (s, IH, c2) ,  and 6.52-7.66 (my I ~ H ,  a romat ic) .  

Anal. Calc. f o r  C24H21N04: C,  74.40; H, 5.46; mol.wt. 387. 

Found: C, 74.24; H, 5.55; mol.wt. 387. 

Prepara t ion  of 111-39 and 111-40. - 
A benzene s o l u t i o n  (10 m l )  of I I I-25a (750 mg) and 

dimethyl maleate (450 rng) was heated i n  a sealed tube a t  140' 

f o r  14  hr .  Removal of t h e  so lvent  l e f t  a red  o i l  which was 

taken up i n  75-80 m l  of b o i l i n g  e thanol .  Standing a t  room 

temperature f o r  6-8 hr gave a t h i c k  l aye r  of 111-39, 340 mg, 

0 
mp 201-203 . The f i l t r a t e  was concentrated t o  half i t s  volume. 

On s tanding  t h i s  concent ra te  gave another 150 mg  of 111-39 

(43%). An a n a l y t i c a l  sample was obtained by r e c r y s t a l l i z a t i o n  

from hot  mathanol: rnp 202-203'; i r  ( K B ~ )  3030, 2850 (C-H), 

1730 (unconjugated e s t e r ) ,  1605, 1510, 1467 (aromatic) ,  1205, 

1180 (C-o s t r e t c h i n g ) ,  785, 770 (naphthyl r i n g ) ,  and 700 cm-l 

(monosubstituted benzene r i n g ) ;  nmr (cDcL 3 ) 63.29 (s ,  6 ~ ,  

endo methyl e s t e r  a t  C3 and C 4 ) ,  3.86 (2d, 2 ~ ,  C3, c4, 
2,3 

- - - J 

7.2 HZ, J4 = 2.0 H Z ) ,  5.41 (2d, 2H, C2, C5, JZy3 = 7.2 HZ, 
Y 5 

J4, = 2.0 HZ) ,  and 6.36-7.63 (m, 1 1 H ,  a romat ic) .  

Anal. Calc. f o r  C24H21N04: C,  74.40; H, 5.46; mol.wt. 387. 

Found: C,  74.31; H, 5.42; mol.wt. 387. 



Further  concent ra t ion  of  t h e  mother l i q u o r  from 

1 t h e  last  opera t ion  and t h e  repeated procedure gave 137 rng of  
i 

a mixture of 111-39 and 111-40; mp 180-1-95'. The f i l t r a t e  

was concentrated and t r e a t e d  wi th  p e t  e the r  which on s tanding  
0 f o r  overnight y ie lded  111-40, 390 mg; mp 188-190.5 . 

E v a ~ o r a t i o n  of t h e  so lvent  t o  dryness gave 111-40, 70 mg  (40%), 

mp 187-190'. An a n a l y t i c a l  sample of 111-40 was prepared by 
h 

r e c r y s t a l l i z a t i o n  from benzene-pet e the r  : mp 189490.5"; 

i r  ( K B ~ )  3025, 2820 (c-H), 1740 (unconjugated e s t e r ) ,  1603, 

1507, 1454 (aromatic) ,  1310, 1270, 1220, 1170 (c-0 s t r e t c h i n g ) ,  
- 

795, 760 (naphthyl r i n g ) ,  and 695 cm-L (monosubstituted benzene 

r i n g ) ;  nmr ( C D C ~  ) 63.73 (s ,  6 ~ ,  exo methyl ester at C3, 
3 - c4). 

3-47 ( s ,  2H,  C3, C 4 ) ,  5.56 (s, 2H, c2, c ), and 6.62-7.53 (m, 
- 5 

1 1 H ,  a romat ic) .  

Anal. Calc. f o r  C24H21N04: C, 74.40; H, 5.46; mol.wt. 387. 

Found: C,  74.68; H, 5.28; mol . w t  . 387. 

The nmr ana lys i s  of the  crude mixture ind ica ted  t h e  

isomers 111-39 and 111-40 t o  be present  i n  54 and 46% y i e l d ,  

r e s ~ e c t i v e l v .  

Prepara t ion  of 111-43 and 111-44. 

A s o l u t i o n  of 111-25a (500 mg) and maleic anhydride 
- 

(200 m g )  i n  benzene (15 m l )  was heated i n  a sea led  tube a t  14oU 

f o r  8 h r .  Removal of the solvent  gave a semi-solid which was 

washed wi th  e the r  t o  y i e l d  111-43 as a s o l i d .  The s o l i d  w 
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f i l t e r e d ,  washed w i t h  e t h e r  and d r i e d  t o  g i v e  400 mg (60%);  

mp 255-257'. R e c r y s t a l l i z a t i o n  from h o t  t o l u e n e  a f f o r d e d  a 

pure  sample of 111-43: mp 256-257 -5'; i r  ( K B ~ )  3010 (c-H),  

1841, 1775 ( anhyd r ide ) ,  1603, 1505, 1447 ( a r o m a t i c ) ,  1280, 

1230, 1210 (c-0 s t r e t c h i n g ) ,  785, 760 ( n a p h t h y l  r i n g ) ,  and 

695 cm-l (monosubst i  t u t e d  benzene r i n g )  ; nmr (DMSO-d6) 63.84 

( s ,  2H, C3, c 4 ) ,  5.76 (s ,  2H, C2, c5),  and 6.83-7.83 (m, l l H ,  

a r o m a t i c ) .  

Calc . f o r  C22H15N03: 3 ( M )  . Found: 341  (M+)  . 
Evapora t ion  of t h e  f i l t r a t e  gave a b e i g e  o i l ,  111-44, 

which r e s i s t e d  c r y s t a l l i z a t i o n .  I t s  i r  spect rum ( t h i n  f i l m )  

showed a b s o r p t i o n  due t o  anhyd r ide  moie ty  a t  1853 and 1776 cm-I, 

and t h e  nmr ( c D c ~ ~ ) ,  though n o t  w e l l  d e f i n e d ,  had two s e t s  of 

d o u b l e t s  c e n t r e d  a t  64 .19  ( 2 ~ ) ,  and a n o t h e r  two sets of d o u b l e t s  

c e n t r e d  a t  65.42 ( 2 ~ ) .  

6 
The o i l  in 10 m l  of methanol  w a s  t r e a t e d  w i th  a n  

exces s  of e t h e r e a l  diazomethane . Evapora t ion  of t h e  s o l v e n t  a t  

50' l e f t  a s e m i - c r y s t a l l i n e  m a t e r i a l  which w a s  t r e a t e d  w i t h  

methanol  t o  g i v e  111-39, 210 mg (28%) ;  mp 202-204'. The nmr 

and i r  s p e c t r a  of 111-39 prepared i n  t h i s  manner were i d e n t i c a l  

t o  t h o s e  of 111-39 prepared upon r e a c t i o n  of 111-38 w i t h  

111-25a. The mixed m e l t i n g  p o i n t  of 111-38 from t h e  two 

s o u r c e s  w a s  undepressed.  



Conversion of  111-43 t o  111-40. 

A suspension of anhydride adduct  111-43 (200 m g )  

i n  ether-methanol s o l u t i o n  (20 ml) was t r e a t e d  wi th  an  excess 

o f  e t h e r e a l  diazomethane s o l u t i o n  a t  -70' and was allowed 

t o  w a r m  t o  room ~ e m p e r a t u r e .  The u s u a l  work up procedure 

a f f o r d e d  needles ,  200 mg (go$), mp 1 8 8 - 1 9 0 ~ .  The nrnr and 

i r  s p e c t r a  of  t h i s  dimethyl e s t e r  were i d e n t i c a l  t o  t hose  

recorded f o r  t h e  d i e s t e r  111-40 ob ta ined  from r e a c t i o n  o f  

111-38 wi th  111-25a. 

I n  a s e p a r a t e  experirr,ent,the e n t i r e  mixture 

ob ta ined ,  a f t e r  evapora t ion  of  t h e  s o l v e n t ,  from 111-25a 

(245 rng) and 111-42 (101 mg) was t r e a t e d  wi th  a n  excess  

of  diazomethane u n t i l  t h e  yellow c o l o r  p e r s i s t e d .  The 

usua l  work up procedures gave a mixture of dimethyl e s t e r s  

111-39 and 111-40, 324 mg (87%). The i n t e g r a l  a n a l y s i s  of 

t h e  nmr spectrum o f  t h e  mixture of  111-39 and 111-40 

r evea l ed  t h a t  t h e  two e s t e r s  were p r e s e n t  i n  t h e  r a t i o  o f  

42 t o  58. 

P repa ra t ion  o f  ,111-52 and 111-53. 

A benzene s o l u t i o n  (15 m l )  o f  111-25a (750 mg) 

and t r a n s -  methyl c r o t o n a t e  (750 mg) was hea ted  i n  a s e a l e d  

tube  a t  140' f o r  16 h r .  Removal o f  t h e  s o l v e n t  gave r e d  

o i l .  Treatment o f  t h ?  crude r e a c t i o n  mixture w i t h  benzene- 

p e t  e t h e r  gave a pp t  of 111-52 which was f i l t e r e d  and d r i e d  

t o  y i e l d  510 rflg ( 5 0 % ) ~  mp l74-177.5O. R e c r y s t a l l i z a t i o n  

from benzene-pet e t h e r  gave whi te  needles  : mp 176-177.5'; 



i r  ( K B ~ )  3010, 2945 (C-Hb, 1735 (unconjugated e s t e r ) ,  

1603, 1510, 1450 (aromatic) ,  1280, 1200, 1180 (c-o 

s t r e t c h i n g ) ,  790, 770 (naphthyl r ~ n g ) ,  and 705 cm-1 

(monosubstituted benzene r i n g ) ;  nmr (cDcL~) 61.43 (d, 3H, 

exo methyl a t  C3, J 3 - c ~ ~  = 7.0 H Z ) ,  2.84 ( q u i n t e t ,  l H y  C3, - 
J 3 - c ~ ~  = 7 . 0  HZ,  J3 ,4  = 6.5  H Z ) ,  3.37 ( d  o f  d y  l H y  CQ, 

J3,4 = 6.5  HZ, J4 ,5  = 6.5  H Z ) ,  3.37 ( s ,  3H, - endo methyl 
e s t e r  a t  CQ, 4.70 (s ,  1 H ,  C 2 ) ,  5.46 (d, l H y  J4,5 = 6.5  H Z ) ,  

and 6.41-7.61 ( m ,  l l H y  aromatic ) . 

Anal. Calc. f o r  C23H21NO2: C,  80.44; H y  6.16: mol.wt. 343. 

Found: C,  80.25; Hy 6.21; mol.wt. 343. 

Removal o f  the  so lvent  from the  f i l t r a t e  t o  

dryness gave a red o i l  which was taken up i n  hot  pe t  e t h e r .  

On cool ing 111-52 deposited, 407 mg (Q1$); mp 155-157'. 

Further  p u r i f i c a t i o n  from charcoal  treatment gave 111-53: 

mp 158-159.5•‹; i r  (KBr) 3015 (c-H), 1728 (unconjugated 

e s t e r ) ,  1590, 1495, 1437 (aromatic) ,  1260, 1190, 1170, 1135 

( C - 0  s t r e t c h i n g ) ,  780, 745 (naphthyl r i n g ) ,  and 685 cm-l 

(monosubstituted benzene r i n g ) ;  nmr ( c D c ~ ~ )  60.83 (d, 3H, 

endo methyl a t  C3, J 3 - c ~ ~  = 6.7 H Z ) ,  2.57 ( d r  l H y  C4, - 
J3,4 = 6 . 5  H Z ) ,  3.2; (my l H y  C3, J 3 - c ~ ~  = 6.7 Hz, J3 ,4  = 

6.5  HZ, J2,3 = 6 .2  HZ), 3.70 (s ,  3H, - 2x0 methyl e s t e r  a t  

cq ) ,  5 -07  ( d ,  ~ H Y  c2, J 2 , 3 = 6 . 2 H z ) ,  5-49  ( S Y  1 H y  c 5 ) ~  

and 6.50-7.61 ( m y  1 1 H ,  a romat ic) .  

Anal. Calc. f o r  C23H21N02: C ,  80.4b; H, 6.16; mo1.wt. 343. 

Found: C,  80.38; H, 6.19; mol.wt. 343. 



Preparat ion of 111-54 and 111-55. 

A benzene s o l u t i o n  (10 m l )  of 111-25a (250 mg) 

was heated a t  1110' i n  sea led  tube f o r  14 hr  . On cool ing  

t h e  r eac t ion  mixture 111-54 p r e c i p i t a t e d  which was f i l t e r e d ,  

washed w i t h  benzene and d r i ed  t o  y i e l d  117 m g  (1+7$), mp 

318-321' (dec ) .  A pure sample was obtained by c r y s t a l l i z a -  

t i o n  from b o i l i n g  toluene:  rr.p 322-324' (dec ) ;  i r  ( K B ~ )  

3050, 2900 ( C - H ) ,  1500, 1510, 1450 ( a r o m a t i c ) ,  792, 762 

(naphthyl r i n g ) ,  ana 698 cn- l  (monosubstituted benzene 

r i n g ) ;  nmr ( c D c ~ ~ )  65.09 (s ,  b ~ ) ,  6.30-7.01 (m, 1 0 H ,  2 

~ h e n y l )  ; 7.33-7.83 (fib 1 2 H ,  2 naphthyl) ;  nrnr ( C F ~ C O O H )  65.54 

(s ,  QH),  6.12-6.63 (m,  1 0 H ,  2 phenyl),  and 7.12-7.64 (m, 

1 2 H ,  2 n a p h t h y l ) .  

Anal. Calc.  f o r  C36H26N2: C ,  88.85; H y  5.38; mol.wt. 486. 

Found: C,  88.61; H, 5.47; mol.wt. 486. 

Evaporation of the  solvent  gave 111-55, 102 m g  

(41%)~ mp 278-281' (dec ) .  Recrys ta l l i za t ion  from benzene- 

--et e t h e r  gave: mp 280-282' (dec ) ;  i r  ( K B ~ )  3030, 2900 

( C - H ) ,  1603, 1510, 1420 (aromatic) ,  797, 760 (naphthy l  r i n g ) ,  

and 705 cm" (monnsubstituted benzene r i n g ) ;  nmr ( c D c ~ ~ )  

65.79 ( s ,  &H) ,  and  6.63-7.03 (m,  22H, a romat ic) .  

Ana l .  Calc.  f o r  C36H26N2: C ,  88.85; H, 5.38; mo1.wt 486. 

Found: C ,  88.57; H y  5.52; mol.wt. 486. 



Preparat ion of 111-57. 

A benzene s o l u t i o n  (10 m l )  of 111-25a and 

p u r i f i e d  acenaphthylene (155 mg) was heated a t  140O i n  a 

sea led  tube fo r  14 h r .  On cool ing 111-54 separa ted  which 

was co l l ec ted ,  washed wi th  benzene and d r i ed  t o  y i e l d  22 

m g  (8%).  

Evaporation of the  so lvent  gave red  o i l  which on 

s tanding a t  room temperature s o l i d i f i e d .  The s o l i d  was 

washed wi th  e t h e r  t o  a f f o r d  111-57, 305 m g  (77%), mp 225- 

228'. An a n a l y t i c a l  sample was obtained from benzene-pet 

e t h e r :  mp 227-228.5'; i r  ( K B ~ )  3050, 2950 (c-H), 1605, 

1510, 1440 (aromatic) ,  795, 775 (naphthyl r i n g ) ,  and 700 
-1 cm (monosubstituted benzene r i n g ) ;  nmr ( c D c ~ ~ )  65.07 (2d, 

2H, C3, CQ, J2 ,3  = 7 . 5  Hz, J 4  9 5 = 3.0 Hz), 5.69 (2d, 2H,  

C 2 ,  C5, J2,3 = 7 . 5  Hz,  J4 ,5  = -3.0 Hz) ,  and 6.96-7.28 (m, 

17H, aromat ic) .  

Anal. Calc. f o r  C30H21N: C ,  91.11; H, 5.35; mol.wt. 395. 

Found: C ,  90.82; H, 5.56; mol.wt. 395. 

C ,  91.01; H, 5.45;. 

Preparat ion of 111-62 and 111-63. 

A benzene s o l u t i o n  (15 m l )  of 111-25a (500 m g )  

and dimethyl muconate, 111-61, (340 mg) was heated i n  a 

sea led  tube a t  140•‹ f o r  14  hr .  The r e a c t i o n  mixture on 

cool ing a t  room temperature gave white needles of unreacted 

d i e s t e r ,  70 m g  (19%), mp 155-157' ( L i t .  
101  

mp 156-157') 
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Evaporation of t h e  f i l t r a t e  afforded an o i l  which 

was c r y s t a l l i z e d  from hot methanol. The c r y s t a l l i n e  product 

was f i l t e r e d ,  washed wi th  cold methanol, and d r i e d  t o  y i e l d  

111-63,210 m g  (31$), mp 296-299'. Further c r y s t a l l i z a t i o n  

from benzene-pet e ther  gave 111-63: mp 298-300~;  i r  ( K B ~ )  

3050, 2950 ( C - H ) ,  1737 (unconjugated e s t e r  ), 1603, 1510, 

1444 (aromatic) ,  1280-1180 (c-0 s t r e t c h i n g ) ,  790, 783 
- 1 (naphthyl r i n g ) ,  and 695 cm (monosubstituted benzene r i n g ) ;  

nmr ( c D c ~ ~ )  63.25 (d ,  2H, C3, C3', J3,4 = J 3 1 , 4 '  = 6 . 5  H Z ) ,  

3.51 (s, 6 ~ ,  exo methyl e s t e r  a t  C3, c ~ I ) ,  3.80-4.21 (b, 2H, 

C4, C ~ I ) ,  5.28 (s ,  2H, C2, C 2 t ) ,  5.50 (d ,  2H, cg, c 5 1 ,  

J4,5 = J ~ I ,  5  t = 6 . 5  H Z ) ,  and 6.48-7.67 ( m y  22H, aromatic ). 

Anal. Calc. f o r  C44H36N204: C,  80.48; H, 5.48; mol.wt. 656. 

Found: C,  80.57; H, 5.65; mol.wt. 656. 

The mother l iquor  was evaporated and t r e a t e d  w i t h  

hot pe t  e the r  t o  give 111-62, 520 mg (63%), mp 146-149'. An 

a n a l y t i c a l  sample was obtained by r e c r y s t a l l i z a t i o n  from 

benzene-pet e t h e r :  mp 148-149.5•‹; i r  ( K B ~ )  3050, 2950 (c-H), 

1733 (unconjugated e s t e r ) ,  1710 (conjugated e s t e r ) ,  1658 

(double bond conjugated with  a carbonyl group), 1603, 1505, 

1437 (aromatic),  1220, 1170 (c-o s t r e t c h i n g ) ,  787, 767 

(naphthyl r i n g ) ,  and 695 cm-I (monosubstituted benzene r i n g )  ; 

nmr ( c D C 1 3 )  62.93 (d,  l H ,  C3, J3,4 = 6-22 Hz) ,  3.53 (s ,  3Hy 

exo methyl e s t e r  a t  C 3 ) ,  3.70 (s ,  3H, methyl e s t e r  a t  C7), - 
3.98 ( m y  ~ H Y  C ~ Y  J3,4 = 6.2  HZ, J4 ,5 = 6.0 HZ, J 4  6 = 8.0 

HZ),  5 -20  (dy 1 H y  C5, J4,5 = 6.0 H Z ) ,  5 -52  (s, l H y  C2), 5.86 



(d, 1H,  C 7 ,  J6,7 = 15.5 H Z ) ,  6-17 (d of d, l H ,  C6, J&,6 = 

8.0 Hz, J6,7 = 15.5  H z ) ,  and 6.51-7.63 (m, 1 1 H ,  a romat ic) .  

Anal. Calc. f o r  C26HZ3N04: C,  75.53; H, 5.61; mol.wt. 413. 

Found: C, 75.48; H, 5.52; mol . w t  . 413. 

Conversion of 111-62 t o  111-63. 

Heating a benzene (10 m l )  s o l u t i o n  of 111-62 

(100 mg) and 111-25a (68 mg) i n  a sea led  tube a t  140' f o r  

14 h r  gave a r ed  o i l .  Di lu t ion  of t h e  o i l  with e the r  

deposited a small  amount of 111-54 which was removed by 

f i l t r a t i o n .  The f i l t r a t e  was concentrated t o  dryness and 

t r e a t e d  with hot  methanol t o  y i e l d  111-63, 120 mg (75%), 

Preparat ion of 111-66. 

A benzene s o l u t i o n  (10 m l )  of 111-25a (500 mg) 

and 1,3-cyclohexadiene (200 mg) was heated a t  140' f o r  14 

h r  i n  a sea led  tube.  On cooling t h e  r eac t ion  mixture 111-54 

deposited which was removed by f i l t r a t i o n ,  washed twice with 

benzene, and d r i ed  t o  y i e l d  120 mg (24%), mp 318-322' (dec ) .  

The f i l t r a t e  was evaporated t o  dryness and on 

treatment with methanol t o  give 111-55 which was washed with 

methanol, and d r i ed  t o  y i e l d  97 mg ( 2 0 % ) )  mp 278-282' ( d e c ) .  

The methanolic s o l u t i o n  was evaporated t o  dryness 

t o  give an o i l  which was then dissolved i n  warm benzene-pet 

e the r  ( : o )  On cool ing 111-66 deposited which was f i l t e r e d ,  

washed with benzene-pet e the r  (1:20),  and dr ied  t o  y i e l d  207 



rng (32$), mp 172-I-76O. An a n a l y t i c a l  sample was obtained by 

r e c r y s t a l l i z a t i o n  from hot  benzene-pet e the r :  mp 175-176.5'; 

i (naphthyl r i n g ) ,  and 695 cm-l (monosubstituted benzene r i n g )  ; 
/ 

nmr (CDC13) 6 1 . 1 1 - 1 . 8 1  (b, 4H, cyclohexyl methylene), 2.92- 

! 
Hz), 5.51 (AB q u a r t . ,  2H, JAB = 10.0 Hz) ,  and 6.41-7.59 (m, 

1 1 H ,  aromatic ) . 

Anal. Calc. f o r  C24H21N: C,  89.13; H, 6.54; mol.wt. 323. 

Found: C, 88.97; H, 6.63; mol.wt. 323. 

Preparat ion of 111-68. 

A benzene s o l u t i o n  (10 m l )  of  111-25f (315 mg) 

and 1,3-cyclohexadiene (400 mg) w a s  heated i n  a sea led  t u b e  

a t  140' fo r  16 h r .  On cool ing a  small amount of s o l i d  

deposi ted which was removed by f i l t r a t i o n .  Evaporation of 

t h e  so lvent  and treatment wi th  e the r  deposited t h e  dimer, 

111-69,which was washed wi th  e the r ,  and d r i ed  t o  y i e l d  40 mg 

(13$), mp > 300'. Removal of t h e  solvent  t o  dryness gave a 

semi-solid compound which on d i l u t i o n  w i t h  benzene-pet e the r  

(1:lO) deposited 111-68 which w a s  f i l t e r e d  and d r i ed  t o  y i e l d  

280 mg (72$), mp 193-196'. A pure sample was obtained by 

c r y s t a l l i z a t i o n  from hot  benzene-pet e the r  : mp 197-198.5•‹; 

i r  ( m r )  2990, 2900 (C-H), 1595, 1495 (aromatic),  840 

(1 ,2 ,4 - t r i subs t i tu ted  benzene r i n g ) ,  795, 780 (naphthyl 

r i n g ) ,  and 660 cm-L ( C - ~ 1  s t r e t c h i n g ) ;  nmr ( c D c ~ ~ )  61.21-1.81 



(by 4 ~ ,  cyclohexyl methylene), 2.90-3.45 (by 2H, C3, C 4 ) ,  

5.05 (d ,  2H, C2, C 5 ,  J2,3 = J4  Y 5 = 6.2 H Z ) ,  5.44 (AB quar t .  

JAB = 10.0 H Z ) ,  and 6.45-7.61 (my 9H a romat ic) .  

Ca ta ly t i c  hydrogenation of 111-68. 

A s o l u t i o n  of 111-67 (70 mg) i n  d i s t i l l e d  

methanol (25-30 m l )  containing 20 mg of 5% Pt on charcoal  

was placed i n  a  hydrogenator under 45 p s i g  of hydrogen. 

Hydrogen uptake was completed i n  3 h r .  After  r e a c t i o n  f o r  

an a d d i t i o n a l  2  h r  the  c a t a l y s t  was removed and t h e  so lvent  

evaporated t o  y i e l d  111-70, 68 mg (96%), mp 180-182'. A 

pure sample was prepared by r e c r y s t a l l i z a t i o n  from warm p e t  

e t h e r :  mp 181-182.5'; i r  2910 ( C - H ) ,  1595, 1495 (aromatic) ,  

824 ( 1 , 2 , & t r i s u b s t i t u t e d  benzene r i n g ) ,  and 795, 780 cm-L 

(naphthyl r i n g ) ;  nmr ( c D c ~ ~ )  61.01-1.51 ( b y  8 ~ ,  cyclohexyl 

methylene), 2.51-2.94 ( b y  2H, C3, C4), 5.03 (d, 2H, C2, C5, 

J2 3 = J 4  5 = 6.2 H Z ) ,  and 6.51-7.72 (my gH, a romat ic) .  , Y 

An admixture of t h i s  hydrogenated product,  mp 

181-182.s0, with 111-70 from r e a c t i o n  of  111-25f with cyclo- 

hexene, mp 180-182O, gave mp 180-182'. 

Preparat ion of 111-73. 

A benzene so lu t ion  of 111-25d (650 mg) and 2,4- 



t r a n s ,  t r ans -  hexadiene (400 m g )  was allowed t o  r e a c t  a t  140' 

f o r  16 hr i n  a sea led  tube.  Removal of the  so lvent  a f forded 

a red  l i q u i d  which on d i l u t i o n  w i t h  e ther  gave 111-74 (dimer)  

which was f i l t e r e d ,  washed wi th  e the r ,  and d r i ed  t o  y i e l d  

142 m g  (22%);  mp > 300'; i r  ( K B r )  3050, 2940 (C-H), 1575, 

1480 (aromatic),  822 ( I ,&-d i subs t i tu ted  benzene r i n g ) ,  805, 

770 (naphthyl r i n g ) ,  and 670 cm-L ( C - ~ r  s t r e t c h i n g ) .  

Calc. f o r  C36H24Br2N2: 642 (M'). Found: 642 (M+). 

The e the rea l  mother l iquor  was evaporated and 

t r e a t e d  w i t h  ho t  methanol-pet e ther  t o  give on cool ing  

111-73, 469 m g  (58%), mp 197-199.5•‹. R e c r y s t a l l i z a t i o n  from 

benzene-pet e the r  gave: rnp 198-199.5•‹; i r  3050, 2950 (c-H), 

1590, 1490 (aromatic ), 965 (alkene, t r a n s  d i s u b s t i t u t e d ) ,  

815 (1, b d i s u b s t i t u t e d  benzene r i n g ) ,  and 785 (naphthyl 

r i n g ) ;  nmr ( C D C 1 3 )  61.31 (d,  3H, - ex0 methyl a t  C3, J 3 - ~ ~ 3  = 

6.5  Hz), 1.47 ( d  of d, 3H, methyl a t  C7, J7-cH3 = 6 . 5  Hz, 

J6-CH3 = 1 . 0  Hz) ,  1 .98 (qu in te t ,  l H ,  C3, J3, 4 = 6.5  H Z  = 

J3-CH3), 2e89 (m, 1 H ,  C4, J3,4 = 6 . 5  Hz, J4,5 = 6.0  HZ,  

J4,6 = 9.0  H Z ) ,  4.57 (s, l H ,  2 )  4.96 (d, l H ,  Cg, J4,5 = 

6.0 Hz), 4.96 (m, l H ,  C6, J4,6 = 9.0 Hz, J6,7 = 15.0 Hz,  

J 6 - c ~ ~  = 1 . 0  H z ) ,  5.50 (m, 1 H ,  C7) J 7 - c ~ ~  = 6.5  HZ, J6,7 = 

15.0 H z ) ,  and 6.50-7.66 (m, 1 0 H ,  a romat ic) .  

Anal. Calc. f o r  C2QH22BrN:  C,  71.29; H, 5.48; mol.wt. 403. 

Found: C, 71.13; H, 5.59; mol.wt. 403. 

C a t a l y t i c  hydrogenation of 111-73. 

To a suspension of 50 m g  of 5% P t  on charcoal  i n  



methanol (50 m l )  was added 111-73 (110 mg). Reaction under 

hydrogen a t  50 p s i g  f o r  8 h r  followed by f i l t r a t i o n  and 

evaporation of t h e  so lvent  y ie lded  111-75 a s  a o i l  which 

s o l i d i f i e d  on s tanding,  107 mg (9796), mp 134-137•‹. A pure 

sample was obtained by c r y s t a l l i z a t i o n  from methanol-pet 

e the r  mixture: mp 136-137.5O; i r  (KBr) 2950, 2900, 2850 

(c -H) ,  1585, 1495 (aromatic) ,  822 (1 ,4-d isubs t i tu ted  benzene 

r i n g ) ,  and 795 cm-I (naphthyl r i n g ) ;  nmr ( c D C 1 3 )  60.78 ( t ,  

3H, methyl of propyl  moiety i n  endo p o s i t i o n  a t  C q ,  J = 6 . 5  

Hz), 0.95-2.53 ( m y  6 ~ ,  -CH2-CH2-, C3, C q ) ,  1 .33  (d, 3H, - exo 

methyl a t  C3, J 3 - c ~ ~  = 6.0 H Z ) ,  11.53 (s, l H y  C Z ) ,  5.05 (d, 

1H,  Ccj, J4,5 = 6 . 5  Hz), and 6.45-7.61 (m, lOH,  aromatic) .  

Calc.  f o r  C24H24BrN: 405 (M'). Found: 405 (M'). 

Lithium aluminium hydride reduct ion of 111-25a. 

To a suspension of LAH (200 mg) i n  anhydrous 

e t h e r  (75 m l )  was added dropwise a s o l u t i o n  of 111-25a (250 

mg) i n  anhydrous e the r  (50 m l )  over a period of 30 min. The 

r e a c t i o n  mixture was allowed t o  r e f l u x  overnight then t r e a t e d  

with an i ce -e the r  mixture t o  deposi t  aluminium s a l t s  which 

were removed by f i l t r a t i o n ,  and washed twice with e the r .  

The e t h e r e a l  por t ions  were combined, washed with cold  water, 

and d r i ed  over anhydrous MgS04. Removal of t h e  solvent  gave 

212 mg (86%) of 111-76 as  a red  o i l  which f a i l e d  t o  c r y s t a l -  

l i z e ;  i r  ( t h i n  f i l m )  3450 ( N - H ) ,  3080, 2930 (c -H) ,  1610, 

1505, 1434 (aromatic ), 785, 755 (naphthyl r i n g ) ,  and 695 cm-l 



(monosubstituted benzene r i n g ) ;  nmr ( c D c ~ ~ )  62.85 (d of d, I 

1H,  Hz,  J1,2 = 16.5 HZ, J2,3 = 3.3  H Z ) ,  3.53 (d of d, lHy 

HlY J1,2 = 16.5 HZ, J1,3 = 7.0 H Z ) ,  3.53 (b, l H ,  N-H, D20 

exchangeable), 5.10 (d of d, l H ,  H3, J1,3 = 7 . 0  Hz,  J2,3 = 

3.3 H Z ) ,  and 6.20-7.51 (m, 1 1 H ,  a romat ic) .  

The red  o i l  was then t r e a t e d  with 12N H C 1  t o  

convert  the  f r e e  amine i n t o  a H C 1  s a l t ,  111-77, mp 187- 

191•‹ (dec ) .  

Calc. f o r  C 1 8 H 1 5 N 0 H C 1 :  281 (M+); (M-36)' = 245. Found: 

(M-36)' = 245. 

Ca ta ly t i c  hydrogenation of 111-25a. 

A s o l u t i o n  of 111-25a (250 mg) i n  benzene (5  m l )  

and methanol (25 m l )  us ing  50 mg of 5% Pt on charcoal  was 

allowed t o  r e a c t  under hydrogen a t  50 p s i g  f o r  2% h r .  

Removal of t h e  c a t a l y s t  and evaporat ion of t h e  so lvent  i n  

v a c u o  afforded a red  o i l ,  2$2 mg (97%) which f a i l e d  t o  

s o l i d i f y .  The i r  and nmr s p e c t r a  of t h i s  compound were 

i d e n t i c a l  t o  t h a t  obtained f o r  compound 111-76, N-acenaphthyl- 

a n i l i n e .  The mixed melting po in t  of hydrochloride s a l t s  

was undepressed. 

Preparat ion of  111-78. 

A toluene s o l u t i o n  (25 m l )  of 111-29a (276 mg) 

and dimethyl fumarate (147 mg) was ref luxed f o r  15 hr ,  a f t e r  

removal of so lvent ,  a pa le  yellow was obtained. Di lu t ion  

of t h e  o i l  with methanol gave 111-78, 392 mg (9496), mp 218- 



221'. Recrystallization from hot methanol gave an analytical 

sample: mp 221-222'; ir (mr) 3030, 2850 (c-H), 1725 

(unconjugated ester), 1603, 1505, 1458 (aromatic), 1340, 

1325, 1220 (C-0 stretching), 785, and 707 cm-I (monosubsti- 

tuted benzene ring); nmr ( c D c ~ ~ )  63.40 (s, 6 ~ ,  methyl 

ester at C3 and C4), 4.09 (d, lH, C3, J2,3 = 2.5 HZ), 4.17 

(d, 1H, C4, J4,5 = 2.5 Hz), 5.50 (d, lH, C5, J4,5 = 2.5 Hz), 

5.59 (d, lH, C2, J2,3 = 2.5 HZ), and 6.25-7.29 (m, 15H, 

aromatic). 

Anal. Calc. for C26Hp5N04: C, 75.16; H, 6.06; mol.wt. 415. 

Found: C, 75.25; H, 6.20; mol.wt. 415. 

Preparation of 111-79. 

A sample of 111-29a (273 mg) and dimethyl maleate 

(145 mg) was refluxed in toluene (25 ml) for 14 hr. Removal 

of the solvent in vacuo- gave light yellow oil which 

solidified on standing to give 111-79 which further precipi- 

tated by treating the reaction mixture with methanol, 385 mg 

(92%)) mp 178-181'. An analytical sample was obtained by 

recrystallization from methanol: mp 180481.5~; ir (KB~) 

3010 (C-H), 1745, 1715 (unconjugated ester), 1600, 1510, 

1480 (aromatic), 1350, 1270, 1220, 1180 (c-o stretching), 

767, and 715 cm-I (monosubstituted benzene ring); nmr 

(CDC13) 63.16 (s, 3H, methyl ester at C4), 3.57 (s, 3H, 

methyl ester at C3), 3.39 (d of d, lH, C3, J2,3 = 7.3 Hz 9 

J3,4 = 7.5 HZ), 3.89 (d of d, lH, C4, J3,4 = 7.5 Hz, 

J4 9 5 = 7.0 HZ), 5-63 (d, lH, C5, J4,5 = 7.0 HZ), 5.63 (d, 



1H,  C 2 ,  J2,3 = 7 .3  Hz), and 6.21-7.32 (m, 15H, aromat ic) .  

Anal. Calc. f o r  C Z ~ H ~ ~ N O ~ :  C ,  75.16; H, 6.06; m o l . w t .  415. 

Found: C, 75.04; H, 6.24; mol.wt. 415. 

The compound 111-78 was a l s o  obtained i n  90% 

y i e l d  by t r e a t i n g  t h e  anhydride adduct 111-79 (descr ibed 

below) w i t h  an excess of e t h e r e a l  diazomethane s o l u t i o n .  

Preparat ion of 111-80. 

Refluxing a toluene (25 m l )  s o l u t i o n  of  111-29a 

(275 mg) and maleic anhydride (100 m g )  f o r  6  hr gave, after 

evaporation of t h e  solvent ,  111aC) as a pa le  yellow s o l i d  

which a f t e r  washing w i t h  methanol y ie lded  342 mg (93%), 

mp 212-214•‹. R e c r y s t a l l i z a t i o n  from benzene-pet e the r  gave : 

( C - H ) ,  1850, 1780 (anhydride s t r e t c h i n g ) ,  760, and 717 cm-l 

(monosubstituted benzene r i n g ) ;  nmr ( c D c ~ ~ )  63.63 ( d  of d, 

1H,  C3, J3,4 = 8.7 HZ, ~ ~ , 3  = 1 . 3  HZ), 4.19 ( d  of d, IH, 

C4, J3,4 = 8.7 HZ,  ~ 4 , 5  = 10.0 H Z ) ,  5.62 (d ,  IH, c5, 
J4 ,5  = 10.0 H Z ) ,  5.84 (d, l H ,  '22, J2,3 = 1 . 3  Hz), and 6.33- 

7.33 (m, 15H, aromat ic) .  

Calc. f o r  C24HlgN03: 369 (M'). Found: 369 (M') 

Prepara t ion  of 111-82a and 111-83a. 

Refluxing a toluene s o l u t i o n  (20 ml) of 111-30a 

(720 mg) and dimethyl fumarate (290 rng) f o r  1 4  hr afforded,  



after removal of the solvent, a pale yellow oil which was 

crystallized from 10-12 ml of hot methanol to give 111-82a, 

363 mg (40%)) mp 100-102'. A pure sample was obtained by 

recrystallization from hot methanol: mp 101-102.5'; ir 

(KB~) 3000, 2920, 2850 (c-H), 1730 (unconjugated ester ), 

1670 (benzoyl), 1603, 1500, 1445 (aromatic), 1245, 1170 

(b, C-0 stretching), 770, and 715 cm-L (monosubstituted 

benzene ring); nmr ( ~ 6 ~ 6 )  62.85 (s, 3H, methyl ester at 

~4), 2.92 (s, 3H, methyl ester at C3), 3.57 (AB quart., 

benzyl, JAB = 14.0 HZ), 4.25 (d of d, lH, C3, Je,3 = 7.0 

HZ, J3,4 = 10.0 HZ), 4.67 (d of d, lH, C4, J3,4 = 10.0 HZ, 

J4 , 5 = 10.0 HZ), 5.12 (d, lH, C5, J4,5 = 10.0 HZ), 5.25 

(d, lH, C2, J2,j = 7.0 Hz), and 7.05-7.84 (m, 15H, aromatic). 

Anal. Calc. for C28H27N05: C, 73.51; H, 5.95; mol.wt. 457. 

Found: C, 73.47; H, 5.91; mol.wt. 457. 

The methanol filtrate was concentrated and 

diluted with pet ether. Crystallization for a week at 0' 

gave 111-83a, mp 74-76O, 417 mg (46%). Recrystallization 

from methanol-pet ether afforded an analytical sample: mp 

75-76.5'; ir (KBr) 3000, 2915, 2830 (C-H), 1725 (unconjugated 

ester ), 1680 (benzoyl), 1603, 1500, 1458 (aromatic ), 1230- 

1160 (b, C-0 stretching), 780, and 710 cm-I (monosubstituted 1 

benzene ring); nmr ( c D c ~ ~ )  63.63 (s, 3H, methyl ester at 

Cq), 3.72 (s, 3H, methyl ester at c3), 3.50-3.63 (m, &H, 

benzyl, C3, C4), 4.83 (d, lH, C5, J4,5 = 5.5 Hz), 5.12 (d, 



l H ,  C2, J2,3 = 2.0 Hz), and 7.10-7.83 (m, 15H,  aromatic) .  

Anal. Calc. f o r  C28H27N05: C ,  73*51; H, 5.95; mol-wt. 457. 

Found: C ,  73.64; H, 5.81; mol.wt. 457. 

Reaction of 111-30b (355 mg) and 111-34 (147 mg) 

under the  same r e a c t i o n  condi t ions  afforded a  mixture of 

111-82a and 111-83a i n  38% and 47% y ie lds ,  r e spec t ive ly .  

The two compounds were i s o l a t e d  and t h e i r  i d e n t i t i e s  were 

e s t ab l i shed  by comparison of s p e c t r a l  data  and mixed melting 

poin t  with 111-82a and 111-83a prepared by t h e  r e a c t i o n  of 

111-30a with 111-34. 

Prepara t ion  of 111-82b and 111-83b. 

A to luene  s o l u t i o n  (25 m l )  of 111-3la (600 mg) 

and 111-34 (290 mg) was ref luxed f o r  14  h r .  Evaporation 

of t h e  so lvent  gave a semi-solid which c r y s t a l l i z e d  from 

hot methanol t o  give 111-82b, mp 176-177.5O, 412 mg (46%). 

An a n a l y t i c a l  sample was obtained by r e c r y s t a l l i z a t i o n  from 

hot  methanol: mp 177-178O; i r  (KBr) 2900, 2820 (c-H), 1720 

(unconjugated e s t e r  ), 1672 (benzoyl),  1603, 1450 (aromatic ), 

1225-1165 (b,  C-0 s t r e t c h i n g ) ,  750, 705 cm-L (monosubstituted 

benzene r i n g ) ;  nmr ( C 6 ~ 6 )  60.66-1.50, and 1.63-2.01 (b, 1 1 H ,  

cyclohexyl methylene and methine, r e spec t ive ly ) ,  2.87 (s, 

3H, methyl e s t e r  a t  C3) ,  2.96 (s, 3H, methyl e s t e r  a t  C 4 ) ,  

4.29 (d of d, l H ,  C3, J2,3 = 7.2  HZ, J 3 , ~  = 11.1 H Z ) ,  4.64 

(d of d, l H ,  CQ, J3 ,4  = 11.1 HZ, J4,g = 10.0 H Z ) ,  5 .21 (d,  



l H ,  C5, J 4 , 5 =  1 0 . 0 ~ ~ ) ~  5-46 (d, l H ,  C2, J2 3 = 7 . 2 ~ z ) ,  

and 7.07-8.20 (my 10H, aromat ic) .  

Anal. Calc. f o r  C27H31N05: C,  72.14; H, 6.95; mol.wt. 449. 

Found: C, 72.03; H, 6.74; mol.wt. 449. 

The methanol f i l t r a t e  was evaporated t o  dryness 

t o  give 341 mg (38%) of 111-83b as an o i l  which r e s i s t e d  

c r y s t a l l i z a t i o n .  The nmr a n a l y s i s  of 111-83b ind ica ted  the  

absence of 111-82b. The o i l  (300 rng) was chromotographed 

on s i l i c a  g e l  (50 g ) .  Elu t ion  with benzene gave 260 mg of 

a c o l o r l e s s  o i l ;  i r  ( t h i n  f i l m )  2950, 2850 ( c - H ) ,  1738 

(unconjugated e s t e r ) ,  1680 (benzoyl),  1600, 1.460 (aromatic) ,  

1260-1210 (by  C-0 s t r e t c h i n g ) ,  and 720 cm-l (monosubstituted 

benzene r i n g ) ;  nmr ( c D c ~ ~ )  60.65-2.01, and 2.57-3.02 (b, 

1 1 H ,  cyclohexyl methylene and methine, r e spec t ive ly ) ,  3.62 

( s ,  3H,  methyl e s t e r  a t  C Q ) ,  3.72 (s,  3H, methyl e s t e r  a t  

C3 ), 3.45-3.60 (my 2Hy C3) C 4 ) ,  5.12 (dy  l H y  Cgy J4, 5 = 

4.5 H Z ) ,  5.62 (d, l H y  C J2,3 = 1 . 2  Hz), 7-15-8023 ( m y  10H, 

aromat ic) .  

Anal. Calc. f o r  C27H31N05: C,  72.14; H y  6.95; mol.wt. 449- 

Found: C,  71.97; H, 7.03; mol.wt. 449. 

Reaction of 111-3lb and 111-34 gave 111-8211 and 

111-83b i n  42% and 36% y i e l d s ,  r e spec t ive ly .  

Prepara t ion  of 111-84a. 

A sample of 111-30a (315 mg) and dimethyl maleate 



(145 mg) i n  toluene (20 m l )  was ref luxed f o r  14  h r .  

Removal of t h e  so lvent  gave an o i l  which s o l i d i f i e d  on 

s tanding.  The s o l i d  was c r y s t a l l i z e d  from hot  methanol-pet 

e the r  t o  give 111-84a, 389 mg (82%), mp 119-122'. Recry- 

s t a l l i z a t i o n  from hot  methanol gave: mp 121-122.5'; i r  

( B r )  3010, 2810 (c-H) ,  1725 (unconjugated e s t e r ) ,  1680 

(benzoyl),  1600, 1495, 1480 (aromatic) ,  1270-1180 ( b y  C-o 

s t r e t c h i n g ) ,  760, and 715 cm-l (monosubstituted benzene 

r i n g ) ;  nmr ( c D C 1 3 )  63.30 ( s ,  3H, methyl e s t e r  a t  C ) 3.53 

(s, 3H, methyl e s t e r  a t  C 3 ) ,  3.57-4.02 (my 4 ~ ,  benzyl, C 3 ,  

C4). 4.93 (a,  1 H y  Cg, J4,5 = 5.5 Hz), 5 -63  (d, 1 H y  Cg, 

J2,3 = 6.0  H Z ) ,  and 6.95-7.53 (m, 15H, aromat ic) .  

Anal. Calc.  f o r  C28H27N05: C,  

Found: C ,  

Reaction of 111-30b 

toluene s o l u t i o n  gave 111-84a 

and 111-38 i n  r e f lux ing  

i n  81% y i e l d .  The mixture 

melting poin t  of 111-83a obtained i n  t h i s  fashion  wi th  t h a t  

obtained below was undepressed. The i r  and nmr spec t ra  of 

111-83a obtained from these  sources were i d e n t i c a l .  

The adduct 111-83a was a l s o  prepared by r e a c t i o n  

of anhydride adduct 111-85a (400 mg) with an excess of 

e t h e r e a l  diazomethane so lu t ion .  The s o l u t i o n  conta in ing  

the  dimethyl e s t e r  was evaporated i n  vacuo - leaving  a 

semi-crys ta l l ine  ma te r i a l  which when washed wi th  10  ml of 

methanol y ie lded  white needles of 111-84a, 390 mg (89%), 

mp 119-121'. 



Preparat ion of 111-84b. 

A toluene s o l u t i o n  (20 m l )  of 111-3la (300 m g )  

and 111-38 (145 m g )  was ref luxed fo r  15  hr .  Removal of 

t h e  solvent  gave an o i l  which was t r e a t e d  wi th  methanol- 

e the r  s o l u t i o n  t o  g i v e  111-84b as a red o i l ,  370 m g  (84%). 

Several  r e c r y s t a l l i z a t i o n s  from methanol-pet e t h e r  gave 

111-83b w i t h  mp 92-93O. An a n a l y t i c a l  sample was obtained 

by f u r t h e r  r e c r y s t a l l i z a t i o n  from methanol-pet e the r :  mp 

93.5-94.5O; i r  (KBr ) 3010, 2940 (C-H) ,  1730 (unconjugated 

e s t e r  ), 1670 (benzoyl),  1603, 1450 (aromatic ), 1250-1170 

(b ,  C - 0  s t r e t c h i n g ) ,  765 and 717 cm-I (monosubstituted 

benzene r i n g ) ;  nmr (cDC13) 63.12 (s, 3H, m e t h y l e s t e r  a t  

Cb), 3.58 (s ,  3H, methyl e s t e r  a t  C 3 ) ,  J2,3 = 4.5 Hz, 

J3,4 = 8 .3  H Z ) ,  3.82 ( d  of d, 1 ~ ,  c4, ~ ~ , 4  = 8 . 3  HZ,  ~ 4 , ~  = 

~ . o H z ) ,  5.08 (d ,  1 ~ ,  Cg, J 4 , 5 = 8 . 0 H z ) ,  5.58 (d ,  IH, c2, 
J2,3 = 4.5  Hz), and 7.13-8.23 (m, 1 0 H ,  a romat ic) .  

Anal. Calc. f o r  C27H3lN05: C ,  72.14; H, 6-95;  mol-wt. 449. 

Found: C, 72.04; H, 7.01; mol.wt. 449. 

Refluxing a toluene s o l u t i o n  (20 m l )  of 111-3lb 

(150 m g )  and 111-38 (73 m g )  gave 111-84b i n  83% y i e l d .  The 

111-811.11 prepared i n  t h i s  manner had i r  and nmr s p e c t r a  

i d e n t i c a l  t o  those obtained f o r  111-83b prepared from reac t ion  

of 111-3la and 111-38. 

The compound 111-84b was a lso prepared i n  91% 

y i e l d  by r e a c t i n g  t h e  adduct 111-85b wi th  excess of 

diazomethane s o l u t i o n .  



prepara t ion  of III-85a. I 
I 

A toluene s o l u t i o n  (20 m l )  of 111-30a (625 mg) 1 I 
and maleic anhydride (200 mg) was ref luxed f o r  6  h r .  1 
Evaporation of t h e  so lvent  gave l i g h t  yellow o i l  which ~ ~ 
s o l i d i f i e d  on s tanding  t o  give III-85a. R e c r y s t a l l i z a t i o n  I 

1 

from hot benzene-pet e the r  gave 765 m g  (93%), mp 1 6 8 - 1 7 0 ~ .  

An a n a l y t i c a l  sample was obtained by an a d d i t i o n a l  

r e c r y s t a l l i z a t i o n  from hot  benzene: rnp 169-170'; i r  ( K B ~ )  

3030, 2980, 2885 (C-H), 1880, 1780 (anhydride),  1677 

(benzoyl),  1600, 1585, 1480 (aromatic),  1277, 1220 (C-o 

s t r e t c h i n g ) ;  and 710 cm-I (monosubstituted benzene r i n g ) ,  

nmr ( C 6 ~ 6 )  62.50 (d ,  1H,  C3, J3,4 = 9.5  H z ) ,  3.33 ( t ,  1 H ,  

Cq, J3,4 = 9.5  Hz, JQ 5 = 8 .2  H Z ) ,  3.60 (AB quar t . ,  2H, 

benzyl, JAB = 13.1 Hz) ,  5.14 (d,  l H ,  Cg, C9,5 = 8.2 Hz), 

5.26 (s ,  1 H ,  C 2 ) ,  and 7.01-8.15 (m, 15H, aromat ic) .  

Anal. Calc.  f o r  C26H21N04: C,  75.89; H, 5.14; mol.wt. 411. 

Found: C, 75.61, H, 5.37, mol.wt. 411. 

When a toluene s o l u t i o n  (20 m l )  of III-30b (315 

mg) and 111-42 (101 m g )  was ref luxed f o r  7 hr ,  t h e  usual  

work up procedure yielded,  387 mg (94%), mp 167-169'. The 

mixed melting poin t  of III-85a w i t h  t h e  compound obtained 

from r e a c t i o n  of III-30b and 111-42 was undepressed. I n  

add i t ion  t h e  III-85a obtained from these  two sources gave 

i d e n t i c a l  nmr and i r  spec t ra .  

Prepara t ion  of III-85b. 



A toluene s o l u t i o n  (20 m l )  of 111-3la (310 mg) 

and 111-42 (98 m g )  was ref luxed f o r  6  h r .  Removal of t h e  

so lvent  r e s u l t e d  i n  an o i l  which s o l i d i f i e d  on s tanding .  

The usual  work up procedure y ie lded  111-8511 as pa le  yellow 

' 7 m g  (86%), mp 177-179.5•‹. R e c r y s t a l l i z a t i o n  c r y s t a l s ,  34 

from benzene gave : mp 179-180.5'; i r  (mr ) 2900, 2830 

(c-H), 1850, 1767 (anhydride ), 1450 (aromatic ) 1665 

(benzoyl), 1350 (aromatic ), 1220, 1200 (aromatic ), 780, 

717 cm-l (monosubstituted benzene r i n g )  ; nmr ( c D c ~ ~ )  60.81- 

2.11 and 2.41-2.83 (b,  1 1 H ,  cyclohexyl methylene and methine, 

r e s p e c t i v e l y ) ,  3.37 (d ,  1 H y  C3, J3,4 = 9.5  Hz), 3.87 ( t ,  

1H,  Cq, J3,4 = 9.5 Hz, Jq,5 = 8 . 5  H Z ) ,  5.42 (d, 1 H ,  Cg, 

J Q , ~  = 8.5  H Z ) ,  5.64 (s ,  1H,  C P ) ,  and 7.13-8.21 (m, 1 0 H ,  

a romat ic) .  

Anal. Calc. f o r  C25H25N04: C, 74.42; H, 6.25; mo1.wt. 403. 

Found: C,  74.33; H, 6.15; mol.wt. 403. 

Refluxing a toluene s o l u t i o n  (20 m l )  of 111-3lb 

(315 mg) and 111-42 (100 mg) f o r  6  hr followed by  the  usual  
I 

work up gave 111-85b, 332 mg (82%); mp 177-180'. The 1 
i 

admixture of 111-85b obtained i n  t h i s  manner wi th  111-84b 

obtained from r e a c t i o n  of 111-3la and 111-42 melted a t  178- 
i 

180•‹. The i r  and nmr s p e c t r a  of 111-85b obtained from 

these  two sources were i d e n t i c a l .  

Kinet ic  S tudies .  

Mater ia ls .  The a z i r i d i n e s  111-25a-f and III- 



29a-d were p u r i f i e d  by a t i l e a s t  t h r e e  r e c r y s t a l l i z a t i o n s  

from a p p r o p r i a t e  s o l v e n t s  fol lowed by dry ing  a t  70-75O~ 

(0.lmm- Hg). The dimethyl  ace ty l ened ica rboxy la t e  (111-14) 

and dimethyl fumarate ( 1 1 ~ - 3 4 )  were prepared  by publ i shed  
102-103 o 

procedures ; 111-14 was d i s t i l l e d  twice ,  bp 130-131 
0 

(10mm- ~ g )  and s t o r e d  a t  0 u n t i l  u se .  S i m i l a r l y ,  111-34 

was r e c r y s t a l l i z e d  by sub l imat ion  a t  80' (0.5m.m- ~ g ) ,  

mp 101-102'. Spec t roscopic  grade benzene was d i s t i l l e d  

over LAH p r i o r  t o  u se .  

K i n e t i c  a n a l y s i s  

The r e q u i s i t e  amounts o f  a z i r i d i n e ,  t o luene  

( i n t e r n a l  s t a n d a r d )  and e s t e r  (dimethyl  ace ty lenedicarbo-  

x y l a t e ,  o r  d imethyl  fumara te )  were weighed i n t o  a 10  m l  

volumetric f l a s k ,  and made up t o  volume wi th  s o l v e n t .  The 

nmr tubes  were f i l l e d  w i th  samples of t h e  r e a c t i o n  mixture  

u s ing  a hypodermic s y r i n g e  and s e a l e d  under N2 atmosphere. 

The tubes  were withdrawn a t  a p p r o p r i a t e  i n t e r v a l s ,  and t h e  
U 

r e a c t i o n  was quenched by coo l ing  t o  -70 . The tubes  were 

al lowed t o  w a r m  t o  room temperature ,  and t h e  nmr s p e c t r a  

were recorded .  

The c o n c e n t r a t i o n  o f  a z i r i d i n e s ,  p roduc ts  and 

e s t e r s  were c a l c u l a t e d  by comparison o f  a r e a s  of  r e s p e c t i v e  

peaks wi th  t h o s e  of known concen t r a t i ons  of  t o luene  

( i n t e r n a l  s t a n d a r d ) .  However, i n  t h e  ca se  of  111-29b, t h e  

a r e a  of  methyl s i g n a l s  were used i n  c a l c u l a t i n g  t h e  

concen t r a t i on  o f  r e a c t a n t s  and p roduc t .  Nmr  s p e c t r a  were 



recorded using sweep width of 250 Hz and sweep time of 

250 sec .  

The y i e l d  of products from t h e  k i n e t i c  runs was, 

obtained by p lac ing  t h e  tubes i n  o i l ,  a f t e r  recording the 

spec t ra ,  f o r  varying lengths  of t ime. The r e a c t i o n  mixtures 

were then t r a n s f e r e d  t o  a f l a s k .  The so lvent  w a s  removed 

a t  50-55" and t h e  res idue  was d i l u t e d  wi th  methanol (10 r n l )  

t o  p r e c i p i t a t e ,  which was f i l t e r e d ,  washed, d r i ed  and 

weighed. 

The y i e l d  of adducts and t h e i r  phys ica l  p roper t i e s  

a r e  c o l l e c t e d  i n  Tables X X I  and X X I I  
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APPENDIX 



3 
In f ra red  s p e c t r a  were recorded with e i t h e r  

Unicam SP 200 or  Beckman I R - 1 2  spectrophotometer. The nmr 

s p e c t r a  were taken on a Varian A-56-60 spectrometer,  with 

te t ramethyls i lane  as an i n t e r n a l  s tandard.  The e s r  s p e c t r a  

were obtained on a Varian E-3 spectrometer equipped with 

a modified Varian 6040 va r i ab le  temperature c o n t r o l l e r .  

U l t r a v i o l e t  s p e c t r a  were recorded on e i t h e r  Unicam SP 800 

or Cary spectrometer.  

Mass s p e c t r a  were obtained on a Perkin-Elmer 

Hatachi spectrometer using an i o n i z a t i o n  vol tage of 70 ev 

and an i n l e t  temperature of 175-200". 

Gas-liquid p a r t i t i o n  chromotography was performed 

on Varian Aerograph Autoprep and HiFi gas chromotography 

Units .  The following columns were used: 

Column .A: 5 f t .  x 0.125 i n ,  20% SE-550 s i l i c o n  o i l  
S ta t ionary  phase on 100-200 mesh Chromosorb 
W support .  

Column B: 5 f t .  x 0.125 in ,  25% of 30% s i l v e r  n i t r a t e  
i n  t r i e t h y l e n e  g lyco l  S ta t ionary  phase on 
100-200 mesh F i rebr i ck .  

Column C :  5 f t .  x 0.125 in ,  containing 20% XF-1150 
Cyanosil icon S ta t ionary  phase on 100-120 mesh 
Chromosorb W support .  

Elemental analyses  were performed e i t h e r  by Alfred 

Bernhardt, Microanalysiches Laboratorium, Mulhein, Germany 

or i n  t h i s  1aSoratory.  
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