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1. Introduction 

In connection with the study of the photochemistry of 2-isoxazo- 

1 ines , it was observed i n  our laboratory tha t  the i r r ad ia t ion  of 

3,5-diphenyl- and 3-p- tolyl-5-phenyl-2- isoxazoline =a and lb) 

with a mercury high pressure lamp i n  benzene solut ion i n  quartz 

vessels  yielded benzaldehyde (from l a  o r  l b ) ,  benzonitr i le  (from 

l a )  o r  p - t o l u n i t r i l e  (from 2 )  as well as!-aminochalcone - 
(from - l a )  o r  4-methyl-13-aminochalcone (from lb) and the 3- 

oxazolines La and 4b, respectively (scheme 1 ) .  The formation 

of the 3-oxazolines provoked special  i n t e r e s t  s ince,  with re- 

spec t  to the d i s t r ibu t ion  of the subst i tuents  , t h e i r  generation 

could not be explained by an intramolecular photo-isomerization 

(v ia  az i r id ines) .  Hence, two routes a )  and b)  (scheme 1 )  fo r  

the intermolecular formation of the oxazolines 4 were envisaged. 

An unequivocal d i s t inc t ion  between route a )  and b)  was accom- 

plished by the i r r ad ia t ion  of l a  i n  the presence of benzaldehyde- 

(carbonyl-14c). The f a c t  tha t  the isolated oxazoline 4_a was 

highly radio-active demanded the occurrence of the 3-aryl-2H- 

az i r ine  a as intermediate v i a  route a ) .  Indeed, az i r ine  &a 

could be detected gas-chromatographically when the i r r ad ia t ion  

of i_a was interrupted short ly a£ t e r  ~ommencement.~ Accordingly, 

i r r ad ia t ion  of a i n  the presence of benzaldehyde gave La i n  

high y ie ld .  On the other  hand, i r r ad ia t ion  of styrene-oxide 

i n  the presence of benzonitr i le  (according to route b ) )  f a i l e d  

to  produce La. 



Scheme 1 

The detect ion of the new photoreaction 2 -+A inspired in our 

laboratory the development of the photochemistry of 2H-azirines, 

e s sen t i a l  pa r t s  of which were contributed independently by Prof. 

Padwa and co-workers . 4,5 As explained subsequently, the reac- 

t ion  of the 2H-azirines i s  characterized by a photochemical 

cleavage of the C(2), C(3)-bond and formation of highly react ive 

dipolar  intermediates of the benzonitri l io-methanides 2 type. 

6 
The l a t t e r  reac ts  with dipolarophiles C=Y such as aldehydes , 
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act ivated e s t e r s7 ,  polarized olef ins8,  act ivated n i t r i l e s  9 ,  10 

among others  in  a mostly regiospecif ic  way to form five-membered 

heterocycles (see scheme 2).  The dipolar intermediates combine 

i n  an analogous manner with electron-deficient  alkenes and 

alkynes l i k e  dimethyl fumarate8 and dimethyl acetylenedicarboxyl- 

a t e .  2 ,  Thus, 3-aryl-2H-azirines represent  valuable synthons 

Scheme 2 

f o r  the preparation of nitrogen-containing five-membered hetero- 

cycles.  

It should be mentioned tha t  2H-azirines may also r eac t  v i a  cleav- 

age of the N(1), C(2)-bond (see scheme 3 )  o r  of the N(1), C(3)- 

bond (see scheme 4 ,  cf .  ' I) .  Thermolysis of 2-phenyl-2H-azirines 

2 6 (R = C H ), fo r  example, yields (v ia  vinyl  n i t renes)  2-substi- - 6 5 

tuted indoles 2 12-14 ( c f .  15). Treatment of 2H-azirines 5 
1 2  3 (R = R = CH3, R = C6H5) with perchloric acid i n  the presence 

of acetone leads - also by s p l i t t i n g  of the N(1), C(2)-linkage - 
to the formation of oxazolines 8 16, and with n i t r i l e s  in  the 

3 presence of boron t r i f l u o r i d e  5 (R' = H ,  R = C H ) can be 6 5 

converted into imidazoles 2 l7 (see also 16) .  Vinyl nitrenium 

ions (= 1-aza-ally1 cat ions)  a re  intermediates in  these react ions.  



Scheme 3 

Nlll-CIZI- Cleavage 

The cleavage of the N(l) ,  C(3) double bond occurs i n  two s teps  

(scheme 4) .  In the f i r s t  s t e p  az i r id ines  a re  formed which may 

open on fur ther  react ion.  3-Phenyl-2H-azirines 2 combine 

under base catalysis18 with alcohols o r  with s u l f i n i c  acids 19 

to  y ie ld  az i r id ines  l0, whereas i n  the reac t ion  with benzoic 

acid a t  80 O 20 the primarily formed az i r id ine  intermediate opens 

to give the benzamide 11. The C,N double bond of 2H-azirines 

can a lso  pa r t i c ipa t e  i n  cycloadditions . Thus, with heteroarm- 

lenes the formation of [ 2+21 as well  as [ 2+2+2] cycloadducts and 

products thereof Ls observed. 2 1 ~  22 [2+41 Cycloadducts a re  

formed with reac t ive  d i e n e ~ ~ ~  and acyl heterocwrmlenes.21 [2+3]- 

Cycloadditions which take place with 2H-azirines and dipolar  

compounds of the ni t r i l io-methanides type w i l l  be discussed 

l a t e r  (see sec t ion  2.2.4). 
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Scheme 4 

N I I I - C l 3 1 -  C l e a v a g ~  

2. Preparative Photochemical Reactions of the 2H-Azirines 

2.1 Syntheses of 2H-Azirines 

Nowadays the 2H-azirines, required fo r  the photoreactions to be 

discussed, a re  readi ly accessible and also avai lable  i n  grea ter  

quant i t ies .  15 

3-Phenyl-2H-azirine (La) can be prepared s t a r t i n g  with styrene 

and iodincazide (see scheme 5 ) .  In  an ionic addit ion,  l-azido-2- 



iodo-1-phenylethane (l5) is formed f i r s t  which on t rea tment  w i t h  

bases  (sodium isopropoxlde,  potassium t -bu tox ide )  y i e l d s  

1-azido-1-phenyl-ethene (l.6). Thermolysis o r  pho to lys i s  of t h i s  

product  g i v e s ,  v i a  t h e  corresponding v i n y l  n i t r e n e ,  3-phenyl-2H- 

a z i r i n e  &, o v e r a l l  y i e l d  5 0 - 6 0 % ) . ' ~ ' ~ ~  The a z i d e  l&can a l s o  

Scheme 5 

be  synthes ized by t rea tment  of  1,2-dibromo-1-phenylethane w i t h  

sodium az ide  and sodium hydroxide i n  dimethyl s u l f o x i d e  s o l u t i o n .  2 6 

It may be mentioned t h a t  a d d i t i o n  o f  bromine az ide  t o  s t y r e n e  follows 

a r a d i c a l  pathway and y i e l d s  1-azido-2-bromo-2-phenylethane 

which a f t e r  base-cata lyzed e l i m i n a t i o n  of H B r  and pho to lys i s  o f  

t h e  corresponding 1-azido-2-phenylethene g ives  the  u n s t a b l e  2- 

phenyl-2H-azirine.  2 7 

The method b r i e f l y  descr ibed i n  scheme 5 a l s o  al lows t h e  pre- 

p a r a t i o n  of 2-methyl-3-phenyl-2H-azirine & 2 ) 2 5 ,  2,3-diphenyl- 

2H-azirine 3-benzyl-2H-azirine &)25, 2,3-dipropyl-  

2H-azirine @), and 9-azabicyclo[6.l.O]non-1-ene (6c) .  25 

Since  some o f  t h e  2H-azirines a r e  u n s t a b l e ,  e . g . ,  & o r  fjb, 
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prolonged i r r ad ia t ion  of the vinyl  azides instead of the cor- 

responding 2H-azirines of fers  an a l t e rna t ive  method to generate 

the nitri l io-methanides. 

A fur ther  synthet ic  route leading to 2H-,azirin.es is based on a 

modified Neber reaction.15 For example, 2,2-dimethyl-3-phenyl- 

2H- a z i r  ine @) 16, 29 can be synthesized according to scheme 6. 

2,2,3-Triphenyl-2H-azirine (2f) was prepared by a s imi lar  route.  30 

Scheme 6 

3-Aryl-2H-azirines 2 can also be obtained in good y ie lds  by 

react ion of alkylidene phosphoranes with n i t r i l e  oxides 31 

(scheme 7 ) .  

Scheme 7 

2H-Azirines c r y s t a l l i z e  as nearly colorless c rys t a l s  o r  repre- 

s en t  colourless l iquids  which can be d i s t i l l e d  i n  vacuum. 

Charac ter i s t ic  UV maxima are given i n  table  1. 3-Aryl-2H- 
d 

az i r ines  2 show i n  the I R  spectrum V a t  about 1740 an-'. C =N 

This absorption appears a t  about 1770-1785 cm-I i n  3-alkyl-2H- 

az i r ines .  25 



Table 1. Absorption Maxima of 2H-Azirines i n  Ethanol 

N h m o x ( ~ )  Shoulders ( E )  

2.2 I r rad ia t ions  

The i r rad ia t ions  of the 3-aryl-2H-azirines 2. are run with mer- 

cury high pressure lamps (125-700 W )  and pyrex f i l t e r s  i n  i n e r t  

solvents 1 ike benzene, cy clohexane, dimethoxyethane , a c e t o n i t r i l e ,  

a t  10-20' under nitrogen. The concentrations of the az i r ine  

so lu t ions ,  usually employed, a re  to  mol/l .  The co- 

- 1 reactants  a re  taken neat  o r  i n  concentrations of  ca. 10 to 

mol/l. The i r rad ia t ions  of .the 3-alkyl-2H-azirines a re  

performed with vycor f i l t e r s  ( 1 transmittance > 240 mu). 

2.2.1 Reactions with Olefins and Acetylenes 

Electron-deficient  o l e f ins  l i k e  ac ry l i c  e s t e r s ,  ac ry lon i t r i l e s ,  

fumaric and maleic e s t e r s  and the corresponding d i n i t r i l e  add 

mostly with high y ie lds  to the ni t r i l io-methanides,  generated 

1 photochemically from d i f f e ren t  2H-azirines, to  form A -pyrro- 
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Scheme 8 

lines (see scheme 8 and 9). 1,2-~icyanoc~clobutene~~ and 

benzonitrilio-2-propanide form in 68% yield the bicyclic com- 

pound a. lo Similarly, styrenes34 and ~ i n y l p ~ r i d i n e s ~ ~  react 

with the nitrilio-methanides 2. Whereas nonactivated olefins 

8 like 1-octene, cyclohexene or the allene 3-methylbuta-1,2-diene 32b 



f a i l  to add to ni t r i l io-methanides,  the s t ra ined  norbornene or  

methyl a l l e n e c a r b ~ x ~ l a t e ~ ~  undergo the cycloaddition react ion 

with benzonitr i l io-phenylmethanide @) . Furthermore, 'push- 

p u l l '  o l e f ins  which, however, contain an addit ional  e lec t ron  

acceptor group behave s imi lar ly  to acry la tes .  Diethyl ethoxy- 

methylidene malonate as well as  the d i n i t r i l e ,  fo r  example, fur-  

n ish  with the az i r ine  & the corresponding cycloadducts i n  65 

and 70% yie lds  , respect ively.  10 

Addition of acetylene der iva t ives ,  a s ,  f o r  example, dimethyl 

acetylenedicarboxylate,  to  benzoni t r i l io-methanides  y ie lds  i n  

the f i r s t  s t ep  2H-pyrroles which rearrange to pyrroles i f  C(2) 

i s  only monosubstituted (see schemes 8 and 9 ) .  

The cycloaddition of the electron-deficient  o l e f ins  and the 

ni t r i l io-methanides 2 occurs,  i n  general,  reg iospec i f ica l ly  as 

shown i n  scheme 2. The stereochemistry of the react ion with 

(E)- and (Z)-olefins corresponds, as a  r u l e ,  to  a  concerted 

cycloaddition o r  follows the pr inc ip le  of l e a s t  mo t iod7 ,  i . e . ,  

der ivat ives of fumaric acid y i e ld ,  with respect  to  pos i t ion  3 
1 and 4 ,  t rans subs t i tu ted  A -pyrrolines and those of maleic 

ac id ,  the corresponding c i s  subs t i tu ted  compounds (see schemes 

8 and 9 ) .  

The photolysis of 2H-azirines which, l i k e  2,3-diphenyl-2H- 

az i r ine  @), are  monosubstituted a t  C ( 2 ) ,  can lead to c i s ,  

1 trans-isomeric A -pyrrolines with respect  to  posi t ions 4 and 5 .  

Thus, while methyl acry la te  gives pyrrol ine c i s - 4  as the main 

8 reac t ion  product , a c r y l o n i t r i l e  y ie lds  predominantly pyrroline 

t r a n s - 2  (scheme 9 ) .  On the other  hand, dimethyl maleate 

- 1 5 4 -  
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Scheme 9 

and benzonitr i l io-phenylmethanide @) furnish mainly the cis-  

1 isomer of the -pyrrol ine 26.' The cycloaddition of  other  

dipolarophiles also leads to the formation of stereoisomeric 

mixtures. 

The regiospecif ici ty  of the o l e f i n  addition depends on the sub- 

s t i t u t i o n  of the double bond and on the nature of the ac t iva t ing  

group. Methyl acry la te  and benzon i t r i l io -2 -p ropan ide  &), f o r  

example, r eac t  regiospecif ical ly i n  conformity with scheme 8. 

However, methyl &-methacrylate leads to a  93: 7 mixture of the 

1 two isomeric A -pyrrolines 2 and 2 in  high yield (see 



scheme LO). 35 The benzonitrilo-methanides generated from 2,2- 

dimethyl-3-(4-fluoro- and 4-methoxypheny1)-2H-azirine, respec- 

t i ve ly ,  and methyl &-methacrylate undergo cycloaddition i n  the 
1 

same manner to yield the corresponding isomeric A -pyrrolines 

( r a t i o  of isomers 93: 7 ) .  35 &-Methylacrylonitrile exhib i t s  a  

Scheme 10 

s imi l a r  behaviour.8 The regiose lec t iv i ty  is p rac t i ca l ly  l o s t  

i n  the cycloaddition of benzonitr i l  io-2-propanide Q) and 

diethyl  vinyl  phosphonate o r  dimethyl vinyl  phosphine su l f ide .  

The two isomers 2 and 2 as well as 31 and 32 are formed i n  

equal amounts (scheme 10).  38,39 The addit ion reac t ion  of benzo- 

n i t r i l  io-phenylmethanide @) o r  benzonitr i l  io-ethanide e) 
and diethyl  vinyl  phosphonate also occurs exclusively i n  a  

regioselect ive manner. 38 

The photoaddition of 3-phenyl-2H-azirines 2 to vinyl  phosphonium 

s a l t s  (vinyl- and 2-propenyl-triphenyl phosphonium bromide) in  

ace ton i t r i l e  so lu t ion  39,40 and to  vinyl  sulfones l i k e  phenyl 

vinyl  sulfone4' is accompanied by concomitant l o s s  of the 

phosphorus and the su l fu r  containing subs t i tuent  ((C H ) P.HBr 
6  5 3 

and C H SOH, respectively; see scheme 11) to yield the 2H- 6 5  2 

pyrroles 37-39. The mechanism of these reactions i s  s t i l l  un- 

known. Presumably, the 'normal ' intermediates 33-21 are formed 

i n  the f i r s t  s tep .  &-Ethoxyacrylonitrile and 2 behave 
- 1 5 6 -  
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s i m i l a r l y  and form, by l o s s  o f  a c e t i c  a c i d ,  t h e  2H-pyrrole 40 

i n  a y i e l d  of  55%. 10,42 

Scheme 11 

2,2-Dimethyl-3-phenyl-2H-azirine @) produces on photolys i s ,  

i n  the  presence of  methyl phenylpropiola te ,  a 2 : l  mixture of  

4-ethoxycarbonyl-2,2-dimethyl-3,s-diphenyl- and 3-ethoxycarbonyl- 

2,2-dimethyl-4,5-diphenyl-2~-pyrrole.~~ A mixture o f  2H-pyrroles 

is a l s o  obta ined w i t h  & and methyl p rop io la te .  3-Methoxycar- 

bonyl-2,2-dimethyl-5-phenyl-2H-pyrrole is the  main product i n  

t h i s  case.  32b 

The i r r a d i a t i o n  of 2-vinyl-3-phenyl-2H-azir ines l eads  t o  the  

formation of  p y r r o l e s  of  type 43. 43 Schematically,  t h i s  reac- 

t i o n  can be understood as  an  in t ramolecular  a d d i t i o n  of a benzo- 

n i t r i l i o - m e t h a n i d e  to  an a d j a c e n t  C , C  double bond w i t h  inverse  

r e g i o s p e c i f i c i t y , *  b u t  it may be b e t t e r  regarded as  an  e l e c t r o -  

* The 'normal'  a d d i t i o n  t o  t h e  C , C  double bond would l ead  t o  

the  s t r a i n e d  a z e t i d i n e  d e r i v a t i v e  which on r i n g  opening would 



cycl izat ion of a species which i s  isoconjugate with the cyclo- 

pentadienyl cat ion (see scheme 12). 

Scheme 12 

The e lec t rocycl iza t ion  can be completely suppressed i n  the pres- 

ence of an external  dipolarophile i n  excess. Thus, the photo- 

l y s i s  of a mixture of 41 (R = COOCH3) and surplus methyl acry1.ate 

furnishes the expected [ 3+2] cycloadduct of type 18. The pyr- 

r o l e  ft2 i s  not  formed under th i s  condition. 43 

Electrocycl izat ions seem to play a ro l e  also in the photolysis 

of 2-vinyl-3-phenyl-2H-azirines of type 44 which are arylated 

a t  C(2'). The formation of the benzoazepines 47 can be formula- 

ted as mentioned in scheme 13 44, 45 (cf.  the photo- induced re- 

arrangements of compound 62 and & i n  the following sect ion) ."  

* It can be expected t h a t  pericycl izat ions i n  systems with a 

1,3-dipolar  substructure take place rapidly ( c f .  f o r  example, 

the pericycl izat ions of ionic systems46). 
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Scheme 13 

Normal intramolecular cycloaddition occurring v i a  the expected 

nitri l io-methanide, interceptable,  f o r  example, by methyl tri- 

f luoroacetate ,  a re  shownby 2-allyl-2H-azirines of type 48, 2 

which give the b icyc l ic  compounds 2 and 5l,* respectively. 

44 ' 47 Further i r rad ia t ion  transforms the stronger absorbing 

50 into 51. - 47b The isomeric 2H-azirines _4I! and 49 cannot be 

interconverted photochemically. 

It i s  of i n t e r e s t  to not ice tha t  i r r ad ia t ion  of 2-phenyl-3-(2- 

phenylviny1)-2H-azirine @)48, which i s  isomeric with 44, does 

not lead to an intramolecular cycl izat ion product. This would 

represent  a s t rained seven-membered cycl ic  ketimine. In  the 

1 presence of ac ry lon i t r i l e  a 3,5:1 mixture of the A -pyrrolines 

c i s -  and trans-12 i s  formed i n  a yield of 78% (scheme 15).  49 

1 2  3 * The endo-compound with R =R =H, R =CH rearranges a t  room 3 

temperature to  the thermodynamically more s t ab le  exo-isomer. 4 7 

On warming o r  on standing f o r  longer periods i n  the presence of 

a i r  both isomers form pyridines. 

- 1 5 9 -  



Scheme 14 

Scheme 15 

2.2.2 Reactions with Aldehydes and Ketones 

Aliphat ic  and aromatic aldehydes r eac t  smoothly with the photo- 

chemically generated benzonitri l io-methanides to form 3-oxazoline 

4 derivat ives 3 (R  =H) exclusively (preparative y ie lds  30-80%)~'  6 '  

34 (see scheme 16).  The 2H-azirines 2 and 2d, which a re  mono- 

subs t i tu ted  a t  C(2), produce c i s ,  trans- isomeric 3-oxazolines. 

In general,  the cis-isomers predominate i n  a r a t i o  of 2:l to  4 : l .  
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Scheme 16 

The addition of ketones to the benzonitri l io-methanides i s ,  as 

a r u l e ,  much more sluggish. Even though benzonitrilio-2-propa- 

nide @) combines with prac t ica l ly  a l l  ketones i n  good y ie ld  

to  furnish 5,s-disubst i tuted 3-oxazolines A 50, the yields drop 

sharply to 20-40% when benzonitrilio-phenylmethanide @) o r  

-ethanide &) and acetone are used. 34250 On the other  hand, 

50 ketones with electron-at t ract ing groups l i k e  trifluoromethyl , 
e t h o x y ~ a r b o n y l ~ ~ ,  n i t r i l e 5 0  o r  phosphonate 38 i n  A -posi t ion 

r eac t  well a lso with benzonitr i l io-methanides such as mentioned 

above. Again, the 2H-azirines & and g r eac t  with unsymmetrical 

ketones to form mixtures of c i s ,  trans-isomers .* It may be 

mentioned t h a t  both carbonyl groups of hexa- 2,5- dione r eac t  with 

benzonitrilio-2-propanide m). 

Cyclic ketones would be expected to give spiro-3-oxazolines. 

Indeed, i r r ad ia t ion  of 2H-azirine 3 and cyclohexanone r e s u l t  i n  

the formation of 2,2-dimethyl-5,5-pentamethylene-4-phenyl-3- 

oxazol ine in excel lent  yields .50 The photochemical behaviour 

* It is to be expected tha t  the isomer which car r ies  the sub- 

s t i t u e n t  a t  C(2) in  a c i s  r e l a t ion  to the l a rge r  subs t i tuent  a t  

C(5) preponderates. 



of & and cyclopentanone i s  more complex (scheme 17). When & 

i s  i r rad ia ted  and cyclopentanone slowly added, the expected spiro-  

3-oxazoline 54 i s  the main product. However, when the cyclo- 

pentanone i s  i r rad ia ted  f i r s t  and the i r r ad ia t ion  then continued 

i n  the presence of &, the so le  product i s  2,2-dimethyl-5-(3- 

buteny1)-4-phenyl-3-oxazoline ( z ) . ~ '  Thus, under the l a t t e r  

conditions cyclopentanone reac ts  f i r s t  by Norrish I-type cleav- 

age and H- t ransfer  to  yield 4-pentenal . This aldehyde reac ts  

f a s t e r  with benzoni t r i l io-2-propanide @) than does the cyc l ic  

ketone s t i l l  present ,  so t h a t  only 3 i s  formed. Norcamphor 

and camphor r eac t  with & under photolyt ic  conditions exclusively 

a£ t e r  Norrish I- type cleavage to  (2-cyclopenteny1)acetaldehyde 

Scheme 17 
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and (2,2,3- trimethyl-3-cyclopentenyl)acetaldehyde, respect ively,  

to, produce subsequently 3-oxazolines 56 and 57, respectively 

(scheme 17).  
5 0 

The d i rec t ion  of addition can be reversed when the 1,3-dipole 

reac ts  intramolecularly with an aldehyde group. Thus, i r rad ia-  

t i on  of cis-3-phenyl-4,5,6,6a- tetrahydro-3aH-cyclopenta[ dl iso- 

xazole (58) which reac ts  presumably v i a  2 4 &3 leads to an 

isomeric compound as main product which could be characterized 

as the b icyc l ic  3-oxazoline 61 (scheme 1 8 ~ ~ '  It can be argued 

tha t  s t e r i c  s t r a i n  i s  responsible f o r  the reversal  of the mode 

of addition i n  th i s  case. 

Scheme 18 

A reversal  i s  a lso observed i n  the i r rad ia t ion  of 2-formyl-3- 

phenyl-2H-azirine ) (scheme 19) which leads to the oxazole 

63 43' 44 (see also 51). However, as already discussed i n  - 
sec t ion  2 . 2 . 1  (scheme 12),  t h i s  react ion can be b e t t e r  explained 

as  electrocycl izat ion.  



Scheme 19 

6 2 - 6 3 

Reactions which are  comparable with those of 58-60 (scheme 18) 

and g--% (scheme 13),  appear also to be responsible f o r  the 

photochemical isomerization of the b icyc l ic  isoxazoline 64 into 

the oxazepine 65 52 (scheme 20). 

Scheme 20 

2.2.3 Reactions with a,@-Unsaturated Carbonvl Compounds and 

1.4-Quinones 

The question a r i s e s  as to whether the C , C  o r  the C ,O  double bond 

of the compounds mentioned i n  the t i t l e  r eac t  preferent ia l ly  with 

benzoni t r i l io-2-propanide &). The r e s u l t s  so f a r  obtained, 

suggest t h a t  an aldehyde function reac ts  as f a s t  as an o l e f i n  

group, but both r eac t  f a s t e r  than a ketone group. 42 ~ t e r i c  

hindrance by increasing subs t i t u t ion  a t  the o l e f i n i c  p a r t  may 

a1 t e r  t h i s  order.  The a,@-unsaturated cyc l ic  ketones cyclo-2- 

pentenone, cyclo-2-hexenone and cyclo-2-heptenone, fo r  example, 

add to benzoni t r i l io-2-propanide &) i n  good yields exclusively 

a t  the C , C  double bond. The regiospeci f ic i ty ,  as observed with 

act ivated o l e£  ins (sect ion 2.2.1) and carbonyl systems (section 
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2 .2 .2 ) ,  is  preserved.  Some t y p i c a l  d a t a  a r e  c o l l e c t e d  i n  

t a b l e  2.  

2,3-Diphenyl- and 2-methyl-3-phenyl-2H-azirine (2J and &, 

r e s p e c t i v e l y )  can a l s o  be made t o  r e a c t  w i t h  phosphorus-contain- 

ing a ,@-unsa tu ra ted  carbonyl compounds .39 The phosphonate 66 
and t h e  phosphonium s a l t  67 f u r n i s h  w i t h  benzon i t r i l io -pheny l -  

methanide (3d) only the  C , C  a d d i t i o n  product  whereas wi th  the  

Table 2. Cycloaddi t ion  of Benzonitr i l io-2-propanide @) t o  

a,B-Unsaturated Carbonyl Compounds 

a ,$-unsatura ted  % C=C a )  % C=O a)  

Carbonyl Compounds Addi t ion  Addi t ion  C=C/C=O 

CH2 = CH-CHO 39 4 6 0 ,92  b, 

CH3-CH = CH-CHO - 84 - 

a)  Yie lds  o f  i s o l a t e d  m a t e r i a l .  b, Ra t io  determined gas- 

chromatographically.  



corresponding 2-propanide 2 both addition types are observed 

(see table  2) .  On the other  hand, 2 and 67 give only the cor- 

responding 3-oxazoline derivat ive.  This i s  a lso t rue f o r  the 

phosphonate 68 which on i r r ad ia t ion  with the 2H-azirines 2 - e  
forms only the oxazol ines . 

A s  expected, 1,4-quinones r eac t  with the C , C  double bond. So 

f a r ,  defined products, namely isoindolediones 2 53' (scheme 21) 

have resul ted only from 2,3-diphenyl-2H-azirine &I). To obtain 

the diones 2, posi t ions 5 ,6  i n  the quinones have to be unoccu- 

pied. The same applies to  posi t ions 2 ,3  i n  naphthoquinones. 

Scheme 21 

In a more detai led invest igat ion it was ascertained tha t  the 

formation of the isoindolediones takes place in a sequence of 

s teps as shown i n  scheme 22.53 The intermediate benzonitr i l io-  

phenyl-methanide u) add to  the unsubst imted C , C  double bond 

of the quinone whereby another intermediate, presumably 70,  

absorbing a t  shor t  wavelength, i s  formed. This species i s  

oxidized by oxygen to y ie ld  the strongly coloured dione 2. The 

r e l a t i v e  slowness of the transformation 7 0 - 9  permits a nearly 

complete photoreaction of the 2H-azirine 2d, o r  e l s e ,  the 

strongly absorbing p r o d u c t 2  would hinder a t o t a l  photolysis 

of 2. 
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Scheme 22 

2.2.4 Reactions w i t h  Imines 

Normally, imines l i k e  benzylidene-methylamine do n o t  r e a c t  w i t h  

benzonitri l io-methanides.  The s i t u a t i o n  changes i f  one considers  

t h e  s t r a i n e d  C,N double bond i n  t h e  2H-azirines themselves. I n  

t h i s  c a s e ,  4,5-diphenyl-1,3-diazabicyclo[3.1 . O ] h e x - e n s  a r e  

obta ined i n  moderate y i e l d s .  Thus, i r r a d i a t i o n  of  3-phenyl-2H- 

a z i r i n e  K a )  wi thout  d ipo la roph i l e ,  r e s u l t s  i n  the  format ion o f  

the  b i c y c l i c  compound 3 54-56 (scheme 23) and 2-methyl-3-phenyl- 

2H-azirine (k) forms under the  same condi t ions  a mixture of  

2-exo, 6-exo- and 2-endo, 6-exo-68 i n  a r a t i o  of  3 -2 : l .  34,55,57 

Scheme 23 



Simi la r  b imolecular  adducts a r e  observed w i t h  2,3-diphenyl-2H- 

a z i r i n e  @) 55,56158, 2,2-dimethyl-3-phenyl-2H-azirine @)34' 

59 ,60,  and 2-B-naphth~l-2H-azirine.~~ When a mixture of 3- 

phenyl- (h) and 2,3-diphenyl-2H-azirine (a) is i r r a d i a t e d  i n  

such a way t h a t  only &l is e x c i t e d  (313 nm l i g h t ) ,  the  s o l e  

products  a r e  2-exo- and 2-endo-2,4,5- triphenyl-1,3-diazabicyclo 

[3.1.0]-hex-3-ene (exo- and endo-73) 34'57 (see  scheme 24). On 

t h e  o t h e r  hand, it was shown t h a t  benzonitrilio-p-nitrophenyl- 

methanide (II), generated chemically by HC1 e l i m i n a t i o n  from 

Scheme 24 

75 - 
N- (p-nitrobenzy1)-benzimidoylchloride m), adds l ikewise  t o  

2a  and &l w i t h  formation o f  the  b i c y c l i c  compounds 76 (scheme 24) .  - 
It may be mentioned t h a t  b i c y c l i c  compounds of  type 2, 72, 2 
o r  3 can e a s i l y  be prepared s t a r t i n g  w i t h  2 - a c y l a z i r i d i n e s ,  

aldehydes and a m m ~ n i a ~ ~ , ~ ~ ,  s i n c e  they r e p r e s e n t  b i c y c l i c  amidals.  
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A s  i s  the case with other  az i r id ines ,  isoelectronic with Z-vinyl- 

az i r id ines  63-65 (cf .  also 66 ,67) ,  1,3-diazabicyclo[3.1.0]hex-3- 

enes undergo reversible  r ing  opening of the three-membered r ing ,  

e i t h e r  thermally o r  photochemically, whereby azomethinio-methanides 

are formed. These intermediates can reac t  fur ther  by (reversible*) 

r ing  opening of the five-membered r ing to form 2,5-diaza-1,3,5- 

hexatrienes*" (formal head-head dimers of benzoni t r i l io-methanides) .  

In the presence of dipolarophiles such as diethyl  fumarate, the 

azomethinio-methanides can also be trapped by a cycloaddition. 

Further trapping reactions are observed in the presence of methanol. 

34,57 An additional in te res t ing  transformation is observed with 

1,3-diazabicyclo[3.1.0]hex-3-enes of type 76 carrying an H-atom 

a t  C(2). Subjected to base ca ta lys is  they form pyrimidines under 

dehydrogenation. 
61,62 

In conclusion, it may he mentioned tha t  ,on i r r ad ia t ion ,  Z-phenyl- 

iminomethyl-3-phenyl-2H-azirine reac ts  i n  an analogous manner 

as the corresponding formyl and vinyl  derivat ives already dis- 

cussed (see schemes 1 9  and 12,  respect ively) ,  i . e . ,  1,2-diphenyl- 

imidazole i s  formed intramolecularly. 

* Cf. 68,69 ** As w i l l  be shown in sect ion 3.3 benzonitr i l io-  

methanides can also form d i r ec t ly  in  a thermal react ion 2,5- 

diaza-hexa-1,3,5- t r ienes . 



2.2.5 Reactions with Es ters ,  Chlorides and Anhydrides of 

Carboxylic Acids 

Esters of carboxylic acids which are  ' ac t iva ted '  by electron- 

a t t r ac t ing  groups in the acyl o r  alkyl p a r t ,  r eac t  with the 

photochemically generated benzonitri l io-methanides of type 2 

to produce 5-alkoxy-3-oxazolines 2 (scheme 25) in  20-80% yie lds .  7 

The addition to the carbonyl group occurs with the same regio- 

spec i f i c i ty  as observed with aldehyde and ketone functions in 

intermolecular react ions.  Esters which are  not  suf f ic ien t ly  

activated l i k e  methyl ace ta te  or  benzoate do not undergo the 

addit ion react ions.  

Scheme 25 

h? 
R-C =EII8 

\OCH, N ~ O  
H3C CH3 

R = CF3 8 2% 

CH2F 74% 

CH2C1 70% 

CH2Br 4 6% 

COOCH3 66% 

CH2CF3 2 7% 

CN (ethyl  e s t e r )  3 0% 

A s u f f i c i e n t  ac t iva t ion  of the acyl p a r t  i s  obtained by introduc- 

t ion  of a t  l e a s t  one a-halogen atom (F, C 1 ,  Br). Methyl tri- 

f luoroacetate  proved to be by f a r  the most reac t ive  e s t e r .  It 
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r e a c t s  w i t h  the  d i p o l a r  i n t e r m e d ~ s t e s  obta ined upon i r r a d i a t i o n  

of a l l  types o f  2H-azirines,  inc luoing those produced from 

a l i p h a t i c  2H-azirines.  An acyl  a c t i v a t i o n  can a l s o  be a t -  

7 t a ined  by in t roducing a methoxycarbonyl (e.g.  dimethyl o x a l a t e  ) 

9 o r  a n i t r i l e  group (e.g. e t h y l  cyanoformate ). The l a t t e r  e s t e r  

forms w i t h  b e n z o n i t r i l  io-phenylmethanide @) a cy c l o a d d i t i o n  

product involving t h e  n i t r i l e  group too ( c f .  s e c t i o n  2.2.6).  

Some r e p r e s e n t a t i v e  examples of  cycloaddi t ions  of  a c t i v a t e d  

e s t e r s  w i t h  benzoni t r i l io-2-propanide  Q) a r e  depic ted  i n  scheme 25; 

f o r  r e a c t i o n s  wi th  o t h e r  n i t r i l io -methan ides  s e e  scheme 26. 

Scheme 26 

Cycloaddit ions w i t h  2H-azirines which a r e  monosubs t i t u t e d  a t  C (2) 

r e s u l t  i n  the  formation of  t r a n s ,  c is -mixtures  o f  the  5-alkoxy- 

3-oxazolines 3 i n  a r a t i o  of  1.5-1.7. 7,28170 The s t r u c t u r e  



of trans-5-methoxy-5-trifluoromethyl-2,4-diphenyl-3-oxazoline 

1 3  2 (78, R =R =C6H5, R =H), the i r r ad ia t ion  product of 2,3-diphenyl- 

2H- az i r ine  @)/methyl t r i f luoroace ta te ,  was proven by an X-ray 

analysis .  7 

An e s t e r  carbonyl group i s  a lso activated by the diethyl  phosphonate 

residue. The photo- induced react ion of 2,2-dimethyl-3-phenyl- 

2H-azirine @) with diethyl  ethoxycarbonyl o r  benzyloxycarbonyl 

phosphonate leads to the formation of the corresponding diethyl  

5-alkoxy-2,2-dimethyl-4-phenyl-3-oxazolin-5-yl phosphonate 2 

(scheme 27) i n  over 90% yield.38'39 The addition of benzonitr i l io-  

2-propanide &) again obeys the expected reg iospeci f ic i ty .  It 

i s  remarkable tha t  the addition to  vinylogous alkoxycarbonyl 

phosphonates (see scheme 27) takes place only a t  the C,C-double 

bond3' (c f .  the corresponding additions to acrylates  , sec t ion  2.2.1). 

Scheme 2 7  
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The ac t iva t ion  of carboxylic e s t e r s ,  exerted by the alkyl p a r t ,  

can bes t  be achieved by an e s t e r i f i ca t ion  of the corresponding 

acids with 2 , 2 , 2 -  t r i f luoroe  than01 . Trif  luoroe thy1 ace ta te  o r  

caprylate ,  f o r  example, add to benzoni t r i l io-2-propanide (3e) 

forming the oxazolines &a o r  @ in  65 and 37% yie lds ,  respec- 

t ively (scheme 2 8 ) . 7  A fur ther  advantage of the trifluoroethogy 

moiety is its easy exchangeability i n  the 5- trifluoroethoxy-3- 

o x a z o l i n e s g  under ac id ic  conditions with other  alkoxy groups 

(scheme 2 8 ) .  This procedure allows the preparation of other  

Scheme 28 

c ~ H ~ ~  R-c @ 3 0.1N HCI 
CH3 \OCH+F~ N ~ O  w R T  

H3C CH3 H3C N ~ O  CH3 

2e - - 81a R = C H ~  77 R C H ~  - 
8& R =  (CHZ)5CH3 

5-alkoxyoxazolines which are not accessible by the d i r e c t  route 

of cycloaddition to benzoni t r i l io-2-propanide  @) (see scheme 2 8 ,  

compound (R=CH3 ) ) . 

A cycloaddition, involving the e s t e r  carbonyl group also occurs,  

though i n  lower y ie lds ,  with benzoni t r i l io-2-propanide  (3e) and 

phenyl, vinyl  o r  propargyl acetate .  On the other  hand, acetol 

acetate  reac ts  only with i t s  keto group. 7  

S-Methyl thiobenzoate and benzoni t r i l io-2-propanide  (3e) combine 

by par t ic ipa t ion  df the carbonyl group with the same regio- 

spec i f i c i ty  as observed with the e s t e r s  so f a r  discussed (scheme 

~ 9 ) . ~  

- 1 7 3 -  



Scheme 29 

In cont ras t  to t h i s ,  the react ion of methyl 

dithiobenzoate and benzonitri l io-phenylmethanide @), generated 

photochemically, takes place a t  the thiocarbonyl group with the 

inverse reg iospeci f ic i ty  (c f .  a lso , i . e . ,  a mixture of trans- 

and cis-5-methylthio-2,4,5-triphenyl-2-thiazoline ( t rans-  and c is -  

83; scheme 29 )  i s  obtained. - 

It should be mentioned tha t  cycloadditions of carboxylic e s t e r s  

and dipolarophiles have so f a r  not been described. Concerning 

reactions of benzoni t r i l io-2-propanide @) and acetoacetate 

o r  cyanoacetate see sec t ion  2.2.8. 

As expected, cycloadditions a re  also observed between photochemically 

generated benzonitri l io-methanides and acyl chlorides7' (c f .  

also73).  The primarily formed cycloadducts, i . e . ,  5-chloro-4- 

phenyl-3-oxazolines of type 84 (see scheme 30),  are  l a b i l e  and 

could not be isolated d i r ec t ly .  The 5-chloro subs t i tuent ,  how- 

ever ,  can eas i ly  be exchanged by an alkoxyl group. Thus, i r r ad ia t ion  
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of 2,2-dimethyl-3-phenyl-2H-azirine ) in  the presence of 

benzoyl o r  pivaloyl chloride produces, a f t e r  addition of methanol, 

the corresponding 5-methoxy-3-oxazol ines (R=C6H5, (CH3)C) i n  

20-30% isolated yields (scheme 30). Consequently, t h i s  procedure 

Scheme 30 

o f fe r s  a fur ther  poss ib i l i ty  f o r  the preparation of 5-alkoxy-3- 

oxazolines which are not accessible d i rec t ly  (see above). The 

acid-catalyzed hydrolysis of the primary cycloadducts 84 yields 

1,2-diketones (see scheme 30). 

Cycloadducts 84, which are monosubstituted a t  C(2), on treatment 

with t e r t i a ry  mines  l i k e  triethylamine, undergo a 1,4-elimina- 

t ion  of HC1 and form oxazoles of type 85 i n  moderate y ie lds .  In 

t h i s  connection, it should be noted tha t  2H-azirines and acyl 

chlorides r e a c t ,  on heating, under elimination of HC1,  to  yield 



the isomeric oxazoles fi (scheme 30).  
20 

A s imi lar  photoreaction as observed with 2H-azirines and acyl 

chlorides also takes place with anhydrides. Co-irradiation of 

2H-azirine & and ace t i c  anhydride, f o r  example, furnishes,  

a f t e r  work-up, v i a  the non- isolable intermediate 87, the two 

3-oxazolines &3 and 89 in  51% and 25% yie lds ,  respectively 72 

(see scheme 31). Both compounds are presumable formed v i a  the 

Scheme 31 

corresponding carbenium ion. Oxazoline 2 i s  generated as the 

so le  product when & i s  i r rad ia ted  in the presence of ketene 

(see sec t ion  2.2.7). 

2.2.6 Reactions with Ni t r i l e s  

Whereas 'non-activated'  n i t r i l e s  such as ace ton i t r i l e  o r  benzo- 

n i t r i l e  do not  show a tendency f o r  cycloaddition with benzonitr i l io-  

2-propanide @), ' ac t iva ted '  n i t r i l e s  add to & to  give 2H- 

imidazole derivat ives 90 (scheme 32). N i t r i l e s  which r eac t  in  

t h i s  way are f luoroace toni t r i le ,  t r i ch lo roace ton i t r i l e ,  4 - t r i -  
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fluoromethylbenzonitrile, 2- and 4-cyanopyridine,10 f o r  example. 

Ethyl cyanoformate and benzon i t r i l i o -pheny lme than ide  (3d) form 

Scheme 32 

a mixture of  the  3-oxazoline (30%) and the  imidazole 2 (14%) 

(scheme 32).  

2.2.7 Reactions w i t h  Heterocumulenes 

Decidedly, the  most i n t e r e s t i n g  r e a c t i o n  i n  t h i s  s e r i e s  is re -  

presented by the  pho toinduced combination o f  3-aryl -  o r  3-benzyl- 

2H-azirines* and carbon dioxide  2,4,28,30,59,70,74 in 

Zurich. This r e a c t i o n ,  c a r r i e d  o u t  by pass ing a f i n e l y  d i s -  

persed carbon dioxide  s t ream through a benzene s o l u t i o n  o f  t h e  

2H-azirine during i r r a d i a t i o n ,  r e s u l t s  i n  the formation o f  3- 

oxazolin-5-ones 93 i n  mostly good y i e l d s .  Scheme 33 conta ins  

a few examples. Reactive in termedia tes  a r e  again  the  n i t r i l i o -  

* 2H-Azirines , s u b s t i t u t e d  w i t h  a l i p h a t i c  groups,  f a i l  t o  g i v e  

t h i s  r e a c t i o n .  Presumably, the  3-oxazol ines ,  to  be expected,  

a r e  p h o t o l y t i c a l l y  u n s t a b l e  under the  condi t ions  of i r r a d i a t i o n  

(mercury high p ressure  lamp and Vycor f i l t e r  o r  mercury low 

pressure  lamp) which have t o  be employed i n  t h i s  case .  28 



Scheme 33 

methanides* which r e a c t  w i t h  carbon dioxide  i n  t h e  same regio-  

s p e c i f i c  manner as  known from t h e  o t h e r  carbonyl compounds ( see  

s e c t i o n  2.2.2 and 2.2.5).  

The s y n t h e t i c  p o t e n t i a l  f o r  the  formation of  3-oxazolin-5-ones 

was h i t h e r t o  r e s t r i c t e d  t o  s p e c i a l  cases .  Thus, r e a c t i o n  of  

C-phenylglycine and t r i f l u o r o a c e t i c  anhydride y i e l d s  4-phenyl- 

2-tr if luoromethyl-3-oxazolin-5-one and a l k y l a t i o n  o f  4-isopropyl-  

2-phenyl-2-oxazolin-5-one w i t h  a c r y l o n i t r i l e  (Michael type ad- 

d i t i o n )  l e a d s  t o  t h e  format ion o f  2- (B-cyanoethy1)-4- isopropyl-  

2-phenyl-3-oxazolin-5-one. 78 Very r e c e n t l y ,  2 , 2 - d i s u b s t i t u t e d  

3-oxazolin-5-ones were made a v a i l a b l e  by a  r e a c t i o n  sequence 

d e t a i l e d  i n  scheme 34. 79 

* The f i r s t  known example of t h e  r e a c t i o n  o f  a  1 , 3  d i p o l a r  

in te rmedia te  and carbon d iox ide  was observed w i t h  a  benzo- 

n i t r i l i ~ - a r n i d e ~ ~  ( c f .  a l s o  76,77 ). 
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Scheme 34 

The carbon dioxide cycloaddition with the photochemically genera- 

ted n i t r i l  io-methanides i s  r e ~ e r s i b l e ~ ~ ~ ' , ~ ~ :  I r rad ia t ion  of the 

3-oxazolin-5-ones with 250-350 nm l i g h t  gives back the correspond- 

ing nitri l io-methanides (quantum yield 0,30 74) which can be 

trapped by dipolarophiles in  the usual way. Thus, 3-oxazolin- 

5-ones can be regarded as a  fur ther  source fo r  nitri l io-methanides 

whereby the photolysis of those 3-oxazolin-5-ones 96 is of 

i n t e re s t  which can be synthetized in a  ground s t a t e  react ion 

When 2,2-dimethyl-3-phenyl-2H-azirine @) i s  i r rad ia ted  i n  the 

presence of carbon d isu l f ide ,  a  2 : l  adduct, 5,5-spirobis-(4,4- 

dimethyl-2-phenyl-2-thiazoline) @), i s  isolated.74 Undoubtedly, 

a  1:l adduct, the di thiolactone 97 is the intermediate in  th i s  

react ion (see scheme 35; ~ f . ~ ' ) .  It should be mentioned tha t  

no defined products were obtained from and carbon oxysulfide. 



Scheme 35 

Photoreact ions  a r e  a l s o  observed between 3-phenyl-2-azi r ines  2 

and carbodi imides ,  i socyana tes ,  a s  w e l l  as  i so th iocyana tes  

(scheme 36).59 The isocyanates  and t h e i r  t h i o  analogues r e a c t  

w i t h  t h e  C , O  and C,S double bond, r e s p e c t i v e l y  and n o t  w i t h  t h e  

C , N  double bond. The s t r u c t u r e  of the  cycloadducts is based,  

among o t h e r  d a t a ,  on t h e i r  1 3 ~ - ~ ~ ~  s p e c t r a .  A chemical proof 

is g iven  by the  hydro lys i s  of  the  5-imino-3-oxazoline to  t h e  

3-oxazolin-5-one 93b (see  scheme 33) .  

Scheme 36 

a)  The corresponding 5 -an i l ino-  t h i a z o l e  was i s o l a t e d .  b, The 

corresponding 5- (0-to1uidino)-  imidazole was i s o l a t e d .  
- 1 8 0 -  
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Ketenes can a s  we l l  be regarded as  heterocumulenes and, indeed, 

a f a c i l e  r e a c t i o n  is observed between benzonitri l io-methanides 

and the  C,O double bond of  ketenes (see  scheme 37).  * The 

Scheme 37 

ketenes can be replaced by t h e i r  p recursors ,  the  a-diazoketones 

and ins tead  of  2H-azirines , t h e i r  photochemical equ iva len t s ,  

t h e  azido-ethenes can be used.  Thus, i t  is even poss ib le  t o  co- 

i r r a d i a t e  a-diazoketone and azidoethenes . 1-Azido-1-phenyl- 

propane and a z i b e n z i l ,  f o r  example, form t h e  5-diphenylmethylidene- 

3-oxazoline i n  about 30% y i e l d .  

A s  a l ready mentioned, 2,2-dimethyl-5-methylene-4-phenyl-3-oxa- 

z o l i n e  ) is a l s o  genera ted when t h e  i r r a d i a t e d  mixture of  

* Completely d i f f e r e n t  cycloadducts a r e  formed i n  t h e  thermal 

r e a c t i o n  of  2H-azirines and ketenes . 8 2 

-181-  



2e and ace t i c  anhydride i s  worked up (cf .  sec t ion  2.2.5). - 

2.2.8 Reactions with Diethyl Azodicarboxylate 

The C,N double bond i n  diethyl  azodicarboxylate i s  a lso able to 

add the benzoni t r i l io-methanides  2, produced photochemically 

from 3-phenyl-2H-azirines o r  t he i r  precursors,  whereby 1,2- 

3 diethoxycarbonyl- A -1,2,4- t r i azo l ines  102 are  generated. 83 

3 Examples a re  sketched in scheme 38. The y ie lds  of the A - 
1,2 ,4- t r iazol ines  2 are i n  the order of 50-70%. 

Scheme 38 

3 Treatment of the a -1 ,2 ,4- t r iazol ines  =a-c with 10 N potash 

lye  leads to saponif icat ion and decarboxylation under formation 

of the t r i azo le s  104 a-c (scheme 3 9 ) .  Under milder conditions 

(0,4 N KOH) only the ethoxycarbonyl group i n  posi t ion 2 i s  

2 saponified and subsequently decarboxylated whereby the &l - 

1,2 ,4- t r iazol ines  103 _a, &, are produced, 

2 Triazolines 103 with R =H, which can also be synthesized by 

another route (cf .  83) ,  are  dehydrogenated by 2,3-dichloro- 
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5,6-dicyanoquinone (DDQ) t o  y i e l d  1-ethoxycarbonyl-1,2,4- 
2 

t r i a z o l e s  105. When t h e  A - t r i a z o l i n e  is i r r a d i a t e d  i n  

t h e  presence of  oxygen, benzoni t r i l io-2-propanide  @) is formed 

which can be  trapped by methyl t r i f l u o r o a c e t a t e  t o  y i e l d  the 

Scheme 3 9  

3-oxazoline (scheme 40) ,  a l ready descr ibed i n  s e c t i o n  2.2.5 

(see scheme 25; R = C F 3 )  The mechanism of  t h i s  o x i d a t i v e  

photodegradation is p resen t ly  unknown. A p o s s i b l e  in termedia te  

could be 5,5-dimethyl-3-phenyl-1,2,4-triazole (106), a represen-  

t a t i v e  of the  s o  f a r  unexplored c l a s s  of 5H-1,2 ,4- t r iazoles .  



Scheme 40 

2.2.9 Reactions with Alcohols and C,H Acidic Compounds 

A revers ib le  protonation of p-ni t robenzoni t r i l io-phenylmethanide  

and benzoni t r i l  io-p-nitrophenylmethanide,  respect ively,  by tri- 

ethylammonium chloride was already postulated e a r l i e r  to explain 

the equi l ibra t ion  of both methanides .84 The easy protonation 

of benzonitri l io-methanides follows from the observation tha t  

i r r ad ia t ion  of a  benzene solut ion of 2,2-dimethyl-3-phenyl-2H- 

az i r ine  ) i n  the presence'of surplus ethyl cyanoacetate leads 

ne i the r  to a  cycloadduct including the n i t r i l e  group (see sec- 

t ion 2.2.6) nor to a  cycloadduct with the carbonyl group of the 

e s t e r  p a r t  (see sec t ion  2.2.5). Instead, ethyl 2-cyanocinnamate 

(109) and ethyl isopropyl idene- cyanoacetate (110) are  obtained 

a f t e r  work-up in 30% preparative yields i n  each case.7 The for- 

mation of these products i s  traced in scheme 41. The crucial  

point  i s  the protonation of the benzonitrilio-methanide 2 a t  

the C-atom of the n i t r i l e  p a r t  by ethyl  cyanoacetate. The 

resu l t ing  mesomeric carbenium ion combines now with the coun- 

te r ion  a t  the former n i t r i l e  carbon leading to the intermediate 
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Scheme 41 

107 which, during work-up (hydrolizing conditions),  loses acetone - 
and ammonia to give ethyl 2-cyanocinnamate (109). On the other  

hand, combination of the cyanoacetate anion with the t e r t i a r y  

carbenium centre leads,  during work-up, to the loss  of benz- 

aldehyde and ammonia whereby ethyl isopropylidene-cyanoacetate 

(110) i s  generated. The f a c t  t h a t  both products 109 and 110 

are formed excludes a concerted cycloaddition of the cyanoacetate , 
involving the C,H bond, and the benzonitril  io-2-propanide (3&. 

I r rad ia t ion  of 2,2-dimethyl-3-phenyl-2H-azirine (k) in  methanol 

o r  0-d-methanol produces in an almost quant i ta t ive  yield the 

aminoacetat 111 (scheme 42).85 In t h i s  case the nucleophile 

combines only with the t e r t i a ry  carbenium centre.  A similar  

react ion i s  observed when 3-phenyl-2H-azirine c a )  i s  i r rad ia ted  

in methanol o r  0-d-methanol. The f a c t  t h a t  the protonated in ter -  

mediate of La and & (from a and &, respect ively)  shows the 



Scheme 42 

same regiospeci f ic i ty  in  the addit ion reac t ion  with the nucleo- 

ph i l e ,  although the carbenium center  changes from a schematically 

primary to a t e r t i a r y  one, might be a t t r ibu ted  to thermodynamic 

control (formation of a conjugated phenylimine system instead 

of an isolated imine system). The enhanced nucleophil ici ty  of 

the cyanoacetate anion s h i f t s  the addit ion react ion i n  the 

d i rec t ion  of a k ine t i c  control .  

The i r r ad ia t ion  of 2H-azirine & i n  the presence of ethyl aceto- 

acetate  is of i n t e r e s t  s ince  i n  t h i s  case the cycloaddition of 

the nitri l io-methanide 2 and the keto group competes with the 

protonation of 3 by acetoacetate.  The l a t t e r  react ion r e s u l t s  

f i n a l l y ,  v i a  the intermediate 113 and hydrolysis,  i n  the forma- 

t ion  of ethyl  benzylidene acetoacetate (114) (scheme 43). 50 

The r a t i o  of the cycloadduct 112 and the benzylidene e s t e r  

\ 
amounts to  about 3 : l .  Thus, i n  the case of ethyl  acetoacetate 

and 2, cy cloaddition and pro tonation followed by combination 

of the ion pa i r  occur with s imi lar  speed. It should be men- 

tioned tha t  i n  benzene so lu t ion  a t  33' the amount of the en01 form 

of ethyl  acetoacetate i s  16%. 
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Scheme 43 

Benzonitrilio-phenylmethanide (3d), generated from 2,3-diphenyl- 

2H-azirine Ud), exhibi ts  a s imi lar  behaviour as 2. Irradia-  

t ion of i n  the presence of malonodinitri le y ie lds ,  v i a  (a- 

benzylideneaminobenzy1)malonodinitrile as intermediate, benzyl- 

idene-mal~nodinitrile.~~ Likewise, t r i f luoroace tamide gives 

the amidal N- (a-benzyl ideneaminobenzyl)trifluoroacetamide, 50 

methanol the aminoacetal a-benzyl ideneamino-a-methoxy toluene, 85 

and benzyl mercaptan the amino-thioacetal a-benzylideneamino-di- 

benzylsulf ide. 85 

3. General and Mechanistic Considerations 

3.1 The Photolysis of 2H-Azirines 

It i s  known t h a t  simple imines, which show an n,T* absorption 

(& % 100) in the 235 nm region, do not r eac t ,  i n  general,  with 

other  partners since t h e i r  excited s t a t e  i s  deactivated mainly 

by (E)/ ( 2 )  i s o r n e r i z a t i ~ n . ~ ' ~ ~  Naturally,  t h i s  mode of deact ivat ion 



cannot occur  i n  2H-azirines.  It is probable t h a t  the  f i r s t  

exc i t ed  n ,IT * s i n g l e t  s t a t e  of  the  2H-azirines is respons ib le  

f o r  the  pho to lys i s  of  t h e  C(2), C(3) bond s i n c e  t h e  pho to reac t ion  

o f  3-phenyl-2H-azirines can n e i t h e r  be s e n s i t i z e d  by ketones nor  

quenched by p ipe ry lene .  
56 56y74y87 '88  Quantum y i e l d s  of  0 .8  , 

0.36 74a and 0.4 87 were determined by t h e  Stern-Volmer technique 

f o r  the  p h o t o l y s i s  of  2,3-diphenyl-  w), 2,2-dimethyl- @), and 

2-naphthyl-2H-azirin,  r e s p e c t i v e l y ,  i n  hydrocarbon s o l v e n t s  a t  

room temperature.  The quantum y i e l d s  a r e  independent of  t h e  

wavelength employed. Fig.  1 shows the  UV-spectrum of  2,3-diphenyl-  

2H-azirine (2d) toge the r  w i t h  t h a t  of t h e  corresponding benzo- 

F ig .  1. Rearrangement of  2,3-diphenyl-2H-azirine (&I) i n t o  

benzonitri l io-phenylmethanide (3d) by i r r a d i a t i o n  w i t h  

255 nm l i g h t  i n  a DMBP matr ix  a t  -196'. 

- W -Spectrum of  a z i r i n e  2. 

-.--.- UV -Spec t ra  during i r r a d i a t i o n .  

- -- UV -Spectrum o f  b e n z o n i t r i l  io-phenylmethanide (3d). 
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ni t r i l io-phenylmethanide (3d) as obtained by i r rad ia t ion  of 2 

with 255 nm l i g h t  i n  a  DMBP (2,2-dimethylbutane/pentane 8:3) 

matrix a t  -196'. The quantum yield d i rec t ly  measured fo r  the 

transformation 2 -= i s  0.78 89 which i s  in  good agreement 

with the value given above. The nitri l io-methanide i s  s t ab le  

i n  the dark a t  -196'. I r rad ia t ion  of the l a t t e r  a t  - 1 9 6 ~  with 

345 nm l i g h t ,  which prac t ica l ly  excludes exc i ta t ion  of the 

az i r ine  2, allows the nearly quant i ta t ive  re-formation of 3 
30,89 (Fig. 2) with a  quantum yield of 0.15. 89 LOW temperature 

photolysis can also be used fo r  the formation of other  n i t r i l i o -  

Fig. 2 .  Rearrangement of benzoni-erllio-phenylmethanide (3d) 

into 2,3-diphenyl-2H-azirine (Zd) by i r r ad ia t ion  with 

345 nm l i g h t  i n  a  DMEP matrix a t  -196~. 

--- W -Spectrum before i r r ad ia t ion ,  corresponding 70% 2 

and 30% d. 
------ UV -Spectra during i r rad ia t ion .  

- UV -Spectrum a f t e r  i r r ad ia t ion ,  corresponding 5% 3 

and 90% d. 



methanides. Benzoni t r i l io-2-propanide  @) i s  characterized by 

a UV maximum a t  277 nm and the purely a l ipha t i c  butyronicr i l io-  
0 

1-butanide by a maximum a t  280 run (-196 , DMBP matrix).  28,89 

The dipolar  species 3 can also be generated i n  the presence of 

methyl t r i f luoroace ta te  a t  -196' i n  the DMBP matrix. I t s  s t ab i -  

l i t y  i s  unaffected by the presence of methyl t r i f luoroace ta te  

a t  -196'. On warming to -160° the absorption of 3 vanishes and 

a f t e r  work-up a mixture of the stereoisomeric 5-methoxy-2,4-di- 

phenyl-3-oxazolines c i s - 3  and trans-78 i s  obtained. This experi- 

ment demonstrates tha t  in  i t s  ground s t a t e ,  benzonitrilio-phenyl- 

methanide (2P) reac ts  f a s t  with the trapping agent when the g lass  

softens (about -160'). 30,89 

The transformation n , r  *-azirine -+ nitril io-methanide can be 

regarded as an e lec t rocycl ic  r ing  opening51y74,90 in analogy to  

the react ion cyclopropyl cat ion A a l ly1  cation. This means t h a t  . 

the revers i b i l i t y  2H-azirine =zz n i t r i l  io-methanide i s  only 

'allowed' photochemically in agreement with the experiment. The 

opening of the C(2),C(3) bond in the 2H-azirines can also be com- 

pared with the a-cleavage of ketones (Norrish-I type react ion);  

t h i s  contention i s  supported by ab i n i t i o  calculat ions.  88 

3.2 Other Accesses of Nitrilio-Methanides 

Beside the photochemical formation of nitri l io-methanides from 

3-oxazolin-5-ones s* (quantum yie ld  fo r  the transformation of 

* Some 3-oxazolin-5-ones seem to  lose  carbon dioxide also thermally 

(120-200') under formation of ni t r i l io-methanides (c f .  92) .  

- 1 9 0 -  
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2,2-dimethyl-3-pheny1-3-oxazolin-5-one ) in to  benzonitr i l io-  

2-propanide &) = 0.30 74 and 1-ethoxycarbonyl-5,5-dimethyl- 

2 3-phenyl- A -1 ,2 ,4- t r iazol ine  in the presence of oxygen, already 

mentioned i n  sec t ion  2.2.7 and 2.2.8, respect ively,  several 

other  photochemical and thermal methods fo r  t h e i r  generation 

are  known. These methods are summarized in scheme 44. 

The Huisgen procedure (1) seems to be r e s t r i c t ed  to imidoyl 

chlorides which bear nitrophenylg3 o r  two trifluoromethyl sub- 

s t i tuentsg4 .  Procedures (2) and (3) so f a r  invest igated,  generate 

ni t r i l io-methanides which are  subs t i tu ted  by alkyl o r  a ry l  groups 

a t  the n i t r i l e - C  atom and pr inc ipa l ly  by two trifluoromethyl 

groups a t  the methane-C atom. 94 795 Only boron containing n i t r i l  io- 

methanides a re  obtainable using procedure (4).96 The products 

formed by procedure (5)  point  to the occurrence of dipolaroid 

intermediates. The i s o n i t r i l e s  employed possess a t  the a-posi t ion 

a t  l e a s t  one H-atom and an ac t iva t ing  phenyl o r  ethoxycarbonyl 

group.g7 In comparison with the procedures given i n  scheme 44, 

the photochemical generation of ni t r i l io-methanides from 2H-azi- 

r ines  has the two following cruc ia l  advantages: a )  The choice 

of the ni t r i l io-methanides i s  p rac t i ca l ly  unres t r ic ted ;  b )  No side- 

products are  formed by the generation of the dipolar  species .  

3.3 Properties of the Nitrilio-Methanides 

Assuming tha t  a  p r i o r i  such s t ruc tures  of nitri l io-methanides 

which dispose of the highest numbers of bonds are  the most favour- 

able the dipolar  a l l eny l - l i ke  s t ruc tu re  _a and the dipolar  
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propargyl-like s t ruc tu re  b* can be constructed (scheme 45). Both 

formulae require  a s t retched dipolar  species.  The s t ruc tures  3 

Scheme 45 

* It may be mentioned in t h i s  context t ha t  the heats of formation 

; = of a l lene  and propyne are very s imi lar  ( A H  + 45,5 and 44,4kcal/ 

mol, respect ively) .  98 



and & are supplemented by the s tretched s i n g l e t  6,a d i rad ica l  

s t ruc tu re  c.88 Thus, the nitri l io-methanides can be regarded 

as pa r t i c l e s  with p a r t i a l  zwit ter  ionic and p a r t i a l  d i rad ica l  

character.@ The bent a l l y l  cat ion s t ruc tu re  4 r e su l t s  when 

the CNC angle in  is reduced. I t  contains a  smaller number of 

formal bonds (3 i n  contrast  to 4 in  3) .  Structure 4 should 

have s i n g l e t  carbenoid character.  Bending in s t ruc tu re  & s h i f t s  

i t s  character towards the a l l y l  anion form e .  

The f a c t  t h a t  fumaric and maleic e s t e r s  add s te reospeci f ica l ly  

to  nitri l io-methanides8 i s  in  agreement with a  concerted process,  

i . e .  a  [3+2] cycloaddition reaction." Also i n  t h i s  case it 

seems reasonable to assume t h a t  the t r ans i t i on  s t a t e  a r i s e s  from 

a p a r a l l e l  plane approach of dipolar  species and reac tant .  99-101 

A react ion path which includes cyclopropane type intermediates,  

formed by [ 1+2] cycloaddition of the carbenoid from and, f o r  

example, an electron-deficient  o l e f i n ,  seems to  be ruled out:  

The necessary subsequent N-cyclopropylimine +l -pyrro l ine  re- 

arrangement requires  temperatures ) 800102 whereas the cycloaddi- 

t i on  of nitri l io-methanides and e lec t ron-def ic ien t  o l e f ins  occurs 

already a t  temperatues < 20'. 

Investigations carr ied out  so f a r  indicate  tha t  only dipolarophils 

with an e lec t ron-def ic ien t  X=Y group undergo cycloaddition reac- 

t ion  with n i t r i l  io-methanides . As previously mentioned, react ions 

a re  a l so  observed with norbornene but not with normal o l e f ins  o r  

al lenes.  However, the poss ib i l i t y  ex i s t s  t ha t  unactivated double 

bonds add intramolecularly to  n i t r i l i o - y l i d e s  as shown in scheme 14. 
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It  can be assumed tha t  i n  t h i s  case the presumed intermediate 

benzonitri l io-methanides derived from 48 o r  9 undergoes fo r  

entropic reasons the intramolecular [3+2] cycloaddition which 

can a lso  be considered as the homo-variant of the electrocycl i-  

zation process 42-43 (cf .  scheme 12).* 

It i s  evident from the preceding sections tha t  the dipolarophils 

show large  differences with respect to  t h e i r  r eac t iv i ty  towards 

n i t r i l  io-methanides . Carbonyl compounds follow, i n  general,  

the order: aldehydes, carbon dioxide ) ketones )) normal carboxylic 

e s t e r s .  For methyl carboxylates, activated i n  the acyl p a r t ,  

r e l a t ive  r eac t iv i ty  orders (k [methyl dichloroacetate] = 1.00) re1 

with respect to benzoni t r i l io-2-propanide  @) were established 

(see f igure  3 ) .  A pract icable correlat ion ( r  = 0.97; ' s a t i s fy ing '  

according to 3affg1O3) i s  found between the log krel of the addition 

reactions and the pK 's of the acids of the corresponding methyl a 

es te rs :  log krel = -1,72 pKa + 2,58. According to t h i s  correla- 

t ion  methyl acetate  should have a log krel of -5,60 and methyl 

benzoate of -4,60. This means tha t  these e s t e r s  should add to 

3e by a f ac to r  of about 1000 more slowly than mono-halogenated - 

* Because of the l a b i l i t y  of the C( l ) ,  C(5) bond in 50 and 51 

not only the expected 4-exo but a l so  some of the &-endo product 

i s  ~ b t a i n e d . ~ ~ - ~ h e  a l te rna t ive  [3+2]addition mode would lead 

to  s t rained 2-aza-bicyclo[2.1.l]hex-2-enes which could give 

the observed products by a [ 1 , 3 ] ~ - s h i f t .  



F i g u r e  3 .  C o r r e l a t i o n  between the  l o g  krel o f  t h e  a d d i t i o n  

r e a c t i o n s  of benzoni t r i l io-2-propanide @) t o  mezhyl- 

e s t e r s  and t h e  pKals o f  the  a c i d s  of t h e  corresponding 

methyl e s t e r s .  

k ~ ~ ~ ~ ~ ~ z - =  tog k r e ,  log - 
~ C H C I ~ C O O C H ~  

log k c . ~  = -1.72 pK, 2 
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methyl acetates .  Thus, these cy cloadditions cannot compete with 

the addition of 2 to 2,2-dimethyl-3-phenyl-2H-azirine ) (see 

sect ion 2.2.4).  I t  can be supposed tha t  methyl carboxylates of 

acids with pKa < 3.5 w i l l  add to 2. The pKa-values of a l ipha t i c  

carboxylic acids RCOOH cor re la te  according to  aft"^ by the 

following equation: pK (CH3COOH) - pK (RCOOH) = 1.721 a* (sX = a  a  

polar subst i tuent  constant).  The above given correlat ion can, 

therefore,  also be formulated as : log krel = 2.06 a* - 4.11 

( r  = 0.96) which again gives a  ' sa t i s fy ing '  r e su l t .  The ?-value 

of +2.06, which i s  grea ter  than tha t  fo r  the ionisat ion of 

carboxylic acids ( y  = +1.72), points to  the f a c t  t h a t  the t rans i -  

t ion  s t a t e  of the [ 2+3] cycloaddition i s  strongly polarized. 

The nitri l io-methanides 2 (scheme 2) behave with respect to 

the dipolarophils as nucleophilic reactants*).  A model of the 

addition of nitri l io-methanides to carbonyl compounds which also 

r e f l e c t s  the s t e r i c  interact ions i n  the t r ans i t i on  s t a t e  i s  given 

i n  f igure  4 .  On s t e r i c  grounds the 1,3-dipolar reactant  has to 

adopt transoid conformation ( i . e . ,  the bulkier  subs t i tuent  a t  the 

methanide C-atom i s  located trans to the phenyl group a t  the 

n i t r i l e  C-atom). The addition of carbonyl dipolarophils r e s u l t s  

preferent ia l ly  i n  such a  way tha t  the smaller group a t  the carbonyl 

C-atom occupies a  cisoid posi t ion with respect  to the phenyl 

group a t  the n i t r i l e  C-atom (smallest s t e r i c  in te rac t ion) .  

*) Several Hammett correlat ions f o r  the addition of 1,3-dipolar 

species to su i t ab le  substrates  have been reported; the p-values 

vary between -0.9 and +1.3 ( ~ f . ~  and l i t e r a t u r e  ci ted therein 

105 as well as . 



Figure 4 .  Possible t r ans i t i on  s t a t e  fo r  cycloadditions of 

nitri l io-methanides to carbonyl compounds. 

3 4 Esters:  R =Alkyl; R =OCH3 

3  4 Aldehydes: R =Alkyl, Aryl; R =H 

Ketones: R~ ) R4 

The r a t e  of addi t ion of nitri l io-methanides to o l e f ins  increases 

56 with the decrease in the electron density of the o l e f i n  . D i -  

methyl fumarate o r  fumarodini t r i le ,  f o r  example, add 525 times 

and 1180 times, respect ively,  f a s t e r  to  benzonitrilio-phenyl- 

methanide E d )  than does methyl acry la te  (krel= 1.0) .  The absolute 

reac t ion  r a t e  of the l a t t e r  dipolarophileand 2_d a t  25' can be 

estimated to  be about 7.6 . lo8 M-'S-' (see subsequent expla- 

nations)!' The addit ion r a t e s  depend strongly on s t e r i c  fac tors .  

Thus, methyl methacrylate reac ts  18 times and methyl crotonate 

160 times slower than the reference e s t e r  whereas dimethyl 

maleate shows nearly the same reac t iv i ty  as the reference ester*).  

*) The log krel values show with respect  to  the ionisat ion poten- 

t i a l s  of the dipolarophils a  s imi lar  dependence as found f o r  

107 
cycloadditions with phenyl azideslo5' and benzonitr i le  oxides , 

- 1 9 8 -  
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The r e g i o s p e c i f i c i t y  and r e g i o s e l e c t i v i t y  is the  same a s  f o r  the  

carbonyl compounds (see  f i g u r e  4) .  On t h e  b a s i s  of t h i s  model 

the  g iven o r d e r  o f  r e a c t i v i t y  can be understood: The i n t e r a c t i o n  

of  the  phenyl group w i t h  the  s u b s t i t u e n t  a t  t h e  e lec t ron-def  i c i e n t  

C-atom p lays  t h e  prominent r o l e .  

Exceptions t o  t h i s  r u l e  a r e  known (see  s e c t i o n  2.2.1). The ob- 

s e r v a t i o n  t h a t  methyl a-methacrylate and a -methacry lon i t r i l e  r e -  

a c t  w i t h  benzoni t r i l io-methanide  (?_a) o r  benzoni t r i l io-2-propanide 

@) t o  y i e l d  bes ide  the  'expected '  a l s o  the  'unexpected' cyclo- 

adducts i n  r a t i o s  of  6 : 4  and 93:7, r e s p e c t i v e l y ,  can be under- 

s tood a s  the  r e s u l t  of  d e s t a b i l i z a t i o n  (by the  a-methyl group) 

due t o  a developing negat ive  charge a t  t h e  a-carbon o f  t h e  o le -  

f i n s  of  the  s t rong ly  p o l a r  t r a n s i t i o n  s c a t e  of  the  [3+2] cyclo- 

a d d i t i o n  (see  preceding p a r t ) .  

The i n f e r i o r  r e g i o s e l e c t i v i t y  i n  the  cyc loadd i t ion  wi th  p r o p i o l i c  

e s t e r s  (see  s e c t i o n  2.2.1) can be a t t r i b u t e d  t o  the  f a c t  t h a t  

an alkoxycarbonyl group is no t  a b l e  to  s t a b i l i z e  e l e c t r o n i c a l l y  

an ad jacen t  nega t ive  charge induced by two e l e c t r o n s  occupying 
2 a s p  - type o r b i t a l  i n  t h e  t r a n s i t i o n  s t a t e .  As a l ready mentioned 

( s e c t i o n  2.2.1) v i n y l  phosphonates and v i n y l  phosphine s u l f i d e s  

g ive  cycloadducts i n  a r a t i o  of  1:l. It  is o f  i n t e r e s t  t o  note  

t h a t  4-f luoro-  o r  4-methoxybenzonitr i l io-2-propanide w i t h  methyl 

a-methacrylate y i e l d  the  two p o s s i b l e  cycloadducts i n  exac t ly  

the  same r a t i o  (93: 7) as  t h e  u n s u b s t i t u t e d  benzon i t r i l io -2 -  

35 propanide @) . 



Induct ive  e f f e c t s  exe r ted  by s u b s t i m e n t s  i n  t h e  n i t r i l i o - m e t h a n i d e s  

can a l s o  have a dominant inf luence on t h e  d i r e c t i o n  of  a d d i t i o n ,  

as  a l r eady  shown i n  t h e  case  of t h e  cyc loadd i t ions  of  n i t r i l i o -  

hexafluoro-2-propanides i r r e s p e c t i v e  of the  mode of  genera t ion  

( c f .  scheme 44 ,  methods 1 , 2  and 3 ,  r e s p . ) .  t - B u t y r o n i t r i l i o -  o r  

benzonitri l io-hexafluoro-2-propanide m a ,  b) and methyl a c r y l a t e  

y i e l d  predominantly products  w i t h  inverse  r e g i o s e l e c t i v i t y  94,95a 

(scheme 46) as  compared w i t h  t h e  r e a c t i o n s  shown i n  scheme 8.  

The same is t r u e  f o r  the  cyc loadd i t ion  r e a c t i o n  w i t h  a c r y l o n i t r i l e  

o r  methyl p r o p i o l a t e .  Aldehydes and ketones form the  inverse  

cycloadducts almost  e x c l u s i v e l y .  95b I n  c o n t r a s t ,  e t h y l  pyruvate 

does n o t  r e a c t  r e g i o s p e c i f i c a l l y .  95b The n i t r i l io - rne than ide  

resonance s t r u c t u r e  can be regarded as  t h e  p r e f e r r e d  ' r e a c t i v e  

Scheme 46 

form' o f  these  hexaf luoro de r iva t ives . " )  

Reactions which l ead  t o  the  format ion o f  n i t r i l i o - a m i d e  o r  n i t r i l i o -  

methanide in termedia tes  a r e  o f t e n  accompanied by d i n e r s  of  t h e  

d i p o l a r  s p e c i e s  o r  subsequent products  of  t h e  dimers (cf.$'  and 

*) This s t a t ement  is corroborated by t h e  obse rva t ion  t h a t  127b and 

a lcoho l s  y i e l d  a l k y l  N-(hexafluoro-isopropy1)-benzimidatesg4 ( c f .  

s e c t i o n  2 .2 .9) .  
- 2 0 0  - 
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l i t e r a t u r e  c i t e d  t h e r e i n ) .  The dimer 130 of  b e n z o n i t r i l i o -  

methanide @) can be formed when 2,3-diphenyl-2H-azirine (2d) 

is i r r a d i a t e d .  It represen t s  the  cycloadduct of 3 and 2 a s  

demonstrated i n  s e c t i o n  2.2.4. F u r t h e r  i r r a d i a t i o n  o f  t h e  dimer 

130 transforms it i n t o  1 ,3 ,4 ,6-  tetraphenyl-2,5-diaza-1,3,5-hexa- - 
t r i e n e  131 the  formal head- to-head dimer o f  the  d i p o l a r  

s p e c i e s  3 (see scheme 47) .  Low temperature i r r a d i a t i o n  o f  a 
g i v e s  almost  q u a n t i t a t i v e l y  benzoni t r i l io-phenylmethanide  @). 

On warming t h e  s o l u t i o n  of 3 i n  DMBP g l a s s  t o  -160° a  q u a n t i t a -  

t i v e  d imer iza t ion  of  2 t o  y i e l d  t h e  hexa t r i ene  131 takes p l a c e .  

The b i c y c l i c  d e r i v a t i v e  130 cannot be an in termedia te  under 

Scheme 47 

these  cond i t ions .  The b i c y c l e  130 i r r a d i a t e d  a t  -196' i n  DMBP 

g l a s s  forms a  cherry red d i p o l a r  in termedia te  132 (A 520 nm) max 
( c f .  a l s o  63,64) which isomerizes only a t  -120' to  y i e l d  t h e  

hexa t r i ene  131. The dimerizat ion r e a c t i o n  3 4131 can a l s o  



be accomplished a t  room temperature: I r r ad ia t ion  of a so lu t ion  

of g (DMBP, N 20') with 350 nm-light of high in tens i ty  which 

does not  exc i te  the b icyc l ic  material  130 leads to a r e l a t ive ly  

high photo-stationary concentration of 2. The formation of 

131 under these conditions can be a t t r ibu ted  almost exclusively - 
to  the dimerization of 3. By i r r ad ia t ion  with 350 nm-light of 

low in tens i ty  the s ta t ionary  concentration of 2 is also low, 

so tha t  the cycloaddition of 2 and 2 to give 130 predominates. 89 

By f l a s h  photolysis experiments of solut ions of &i i n  cyclohexane 

a t  room temperature the disappearance of formed 2 could be 

followed d i rec t ly  by UV spectroscopy: A t  high concentrations of 

3d (c)) lo-' M) the dipolar  species disappears with second order - 
7 -1 -1 kine t ics  and a spec i f i c  r a t e  constant k = 5 . 10 M s . A t  

low concentations of 2 ( c  < M) it vanishes with pseudo- 

f i r s t  order k ine t ics  (react ion 2 + &i -+m). The spec i f i c  

4 -1 -1 pseudo-f irs t  order r a t e  constant i s  1 . 10 M s . I t  i s  

probable tha t  131 i s  formed by head-to-head reac t ion  of two 

molecules of the dipolar  intermediate in  the biradicaloid o r  

carbenoid form. A t  the moment, however, it canno-t be excluded 

tha t  a head- to- t a i l  dimerization of 2 occurs to yield 133 (of 

dipolar  o r  d i rad ica l  nature,  scheme 48) which i s  transformed into 

131 by a subsequent H-shift .  - 
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Scheme 48 

A head-to-head dimerization i s  a lso observed with benzonitr i l io-  

hexafluoro-2-propanides (generated a t  140' according to method 2 ,  

scheme 44). The primary coupling product 134 cyclizes followed 

by 1,5 H-shift  and dehydrogenation by oxygen to yield compounds 

of type 135 (scheme 49). 108 

Scheme 49 

4 .  Concluding Remarks 

The photolysis of 2H-azirines, especial ly tha t  of 3-aryl-2H- 

az i r ines ,  furnishes intermediates of the nitri l io-methanide 

type which reac t  with numerous electron-deficient  alkenes or  

alkynes as well as carbonyl compounds, including carbon dioxide 

and activated e s t e r s ,  to  yield a var ie ty  of five-membered 

heterocycles. The good ava i l ab i l i t y  of 3-aryl-2H-azirines 

confers preparative in t e re s t  to th i s  react ion sequence, especially 

s ince it can be run on a  la rger  sca le .  log The mechanistic 



aspects of the photoreaction and of the cycloaddition of the 

dipolar  species could be studied i n  grea ter  d e t a i l .  

The support of t h i s  work by the Swiss National Foundation i s  

gra tefu l ly  acknowledged. The authors thank D r .  Bernardo F.S.E. 
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