
SEPTEMBER 15, 1978 NUMBER 19 JOCEAhXVOLUME 43

T H E  J O U R N A L  O F Organic
Chemistry

P U B L I S H E D  B I W E E K L Y  B Y  T H E  A M E R I C A N  C H E M I C A L  S O C I E T Y



NEW CHEMICALS WITH APPLICATIONS SEPT. 78
25270 2-Chloro-1-methylpyridinium iodide purum >97%(T); MP 203° (dec.); light sensitive 

ÇH:CHCH:CHC(CI):NÇH3(I) C6H,CIIN MW 255.49
A new and efficient coupling reagent for the preparation of a) carboxylic esters: 
K.Saigo, M. Usui, K. Kikuchi, E. Shimada, T. Mukaiyama, Bull. Chem.Soc. Jap. 
(1977) 50, 1863; T.Mukaiyama, H.Toda, S.Kobayashi, Chem.Lett. (1976) 13; 
T.Mukaiyama, M.Usui, E.Shimada, K.Saigo, Chem.Lett. (1975) 1045; b) carbox
amides: E.Bald, K.Saigo, T. Mukaiyama, Chem.Lett. (1975) 1163; c) sulfenamides: 
M. Furukawa, T. Okawara, Synthesis (1976) 339; d) lactones: T. Mukaiyama, M. Usui, 
K. Saigo, Chem. Lett. (1976) 49; T. Mukaiyama, K. Narasaka, K. Kikuchi, Chem. Lett. 
(1977) 441; e) N-acyl lactames: A. Ishida, T. Bando, T. Mukaiyama, Chem.Lett. (1976) 
711; f) carbodiimides: T.Shibanuma, M. Shiono, T. Mukaiyama, Chem.Lett. (1977) 
575; g) isothiocyanates: T. Shibanuma, M. Shiono, T. Mukaiyama, Chem. Lett. (1977) 
573; h) isocyanides: Y.Echigo, Y.Watanabe, T.Mukaiyama, Chem.Lett. (1977) 697; 
synthesis of dl-Variotin: A. Ishida, T. Mukaiyama, Chem. Lett. (1977) 467; stereoselec
tive total synthesis of (±)-recifeiolide and (R)-( + )-ricinelaidic acid lactone: K. Narasaka, 
M. Yamaguchi, T. Mukaiyama, Chem. Lett. (1977) 959; preparation of 3-acylthiazoli- 
dine-2-thiones: T. Izawa, T. Mukaiyama, Chem. Lett. (1977) 1443
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25271 2-Chloro-1-methylpyridinium toluene-4-sulfonate purum MP 118-121°; sensitive to moisture 
CH:CHCH:CHC(CI):NCH3(CH,CcH«S0J C^H^CINOsS MW 299.76 
A new and efficient coupling reagent for the preparation of amides and esters; e.g. 
preparation of (Z)-(2R,3S)-6-benzylidine-3,4-dimethyl-5,7-dioxo-2-phenylperhydro-1,4- 
oxazepine. The conjugate addition of Grignard reagents to the latter compound in the 
presence of metal salts leads to optically active 3-subsituted 3-phenylpropionic acids:
T. Mukaiyama, T. Takeda, M. Osaki, Chem. Lett. (1977) 1165

25 g sFr. 16.— us$ 8.00 

100 g sFr. 55.- us$ 27.50
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W s7B  " 34- ° ° 1 C = 8 in  C 6H6’ 
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25272 2-Chloro-1-methylpyrimidinium trifluoromethanesulfonate purum>98%(NT); MP 105-106° 
ÇH:CHCH:NC(CI):NCH3 (CF3S03) C6H6CIF3N203S MW 278.65
A new and efficient reagent for: a) the Beckmann rearrangement: M. Shiono, Y. Echigo,
T. Mukaiyama, Chem. Lett. (1976) 1397; b) the pinacol rearrangement of phenylethane- 
diol derivatives: T. Mukaiyama, Y. Echigo, M. Shiono, Chem. Lett. (1977) 179
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T h e  c r y s t a l  a n d  m o l e c u l a r  s t r u c t u r e  o f  l V - ( l ,2 - d i m e t h y l e t h e n y l e n e d i o x y p h o s p h o r y l ) i m i d a z o l e ,  a  p o w e r f u l  p h o s -  

p h o r y l a t i n g  r e a g e n t ,  w a s  s o l v e d  b y  X - r a y  c r y s t a l l o g r a p h i c  m e t h o d s .  T h e  c o m p o u n d  c r y s t a l l i z e s  f r o m  b e n z e n e  in  

s p a c e  g r o u p  P l o f  t h e  t r i c l i n i c  s y s t e m ,  w i t h  t w o  m o l e c u l e s  o f  t h e  c y c l i c  e n e d i o l  p h o s p h o i m i d a z o l e ,  C 7 H 9O 3 N 2P ,  a n d  

o n e  m o l e c u l e  o f  b e n z e n e  in  a  u n i t  c e l l  o f  d i m e n s i o n s  a =  6 .7 6 6  ( 2 ) ,  b =  7 .6 3 7  ( 2 ) ,  c  =  1 2 . 1 2 5  ( 5 )  K ,a  =  1 0 2 . 2 4  ( 3 ) ,  ff 
-  1 0 0 .9 4  ( 3 ) ,  7  =  9 8 .7 8  ( 2 ) ° ;  D caicd =  1 - 3 4  g  c m - 3 , D meas =  1 . 3 4  ( 1 ) g  c m - 3 . D a t a  w e r e  o b t a i n e d  o n  a  c o m p u t e r - c o n -  

t r o l l e d  C A D - 4  d i f f r a c t o m e t e r .  A  m u l t i p l e - s o l u t i o n  d i r e c t  m e t h o d s  t e c h n i q u e  w a s  e m p lo y e d ,  a n d  t h e  s t r u c t u r e  w a s  

r e f i n e d  b y  f u l l - m a t r i x  l e a s t - s q u a r e s  m e t h o d s  t o  a  f i n a l  R v a l u e  o f  4 .8 %  o n  F  b a s e d  o n  1 2 1 6  i n d e p e n d e n t  s t r u c t u r e  

a m p l i t u d e s .  T h e  d i o x a p h o s p h o l e n e  a n d  im i d a z o l e  r i n g s  a r e  p l a n a r  a n d  o r t h o g o n a l ,  w i t h  t h e  i s o l a t e d  C H  g r o u p  o f  

im i d a z o l e  a d j a c e n t  t o  t h e  p h o s p h o r y l  o x y g e n  ( P = 0 ) .  T h e  p h o s p h o l e n e  r i n g  is  a n  i r r e g u l a r  p e n t a g o n  ( e n d o c y c l i c  

O - P - 0  a n g l e  =  9 7 . 5 ° ) .  T h e  P O 3 N  g r o u p  i s  a  h i g h l y  d i s t o r t e d  t e t r a h e d r o n  w i t h  a n g l e s  r a n g i n g  f r o m  9 7 .5  t o  1 1 8 . 3 ° .  

T h e  P - N  b o n d  d i s t a n c e  is  1 . 6 6  A ,  a n d  t h e  p h o s p h o r y l  a n d  e s t e r  P - 0  d i s t a n c e s  a r e  1 . 4 4  a n d  1 . 5 9  A ,  r e s p e c t i v e l y .  I t  

i s  s u g g e s t e d  t h a t  t h e s e  d e p a r t u r e s  f r o m  t h e  r e s p e c t i v e  p u r e  s i n g le  b o n d  v a l u e s  r e f l e c t  t h e  e x i s t e n c e  o f  s o m e  p - d  1r 

b o n d i n g  in  t h e  m o le c u le .  T h e  s t r u c t u r e  a n d  t h e  r e a c t i v i t y  o f  t h e  p h o s p h o i m i d a z o l e  a r e  c o m p a r e d  w i t h  t h o s e  o f  t h e  

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

The molecular structure of the cyclic enediol phospho
triester 1 (Scheme I; abbreviated as CEP-OCH33) has been 
determined by X-ray crystallographic methods.4 The dioxa
phospholene ring is planar and orthogonal to another plane 
which includes the atoms C-0(4)-P-0(3). The methoxy group 
lies directly above the ring, with the carbon atom approxi
mately centered between the two ring oxygens. CEP-OCH3 
reacts with alcohols to give a mixture of products resulting 
from a displacement at phosphorus with ring opening (acyclic 
triester 2) and ring retention (cyclic triester 3).

The structure of the cyclic enediol pyrophosphate 4 
(Scheme II; CEP-OCEP3) has also been solved.5 There are two 
independent molecules of the pyrophosphate in the asym
metric unit of the crystal. The two dioxaphospholene rings in

S c h e m e  I

ROH

o  c h 3 c h 3
Il I I

c h 3o - p- o c — c
4 I I II 

RO H O

2

R O -P  — O * CH3OH

O  3

both molecules are planar, but the dihedral angles formed by 
the two planes which contain the respective three-atom sys
tems, 0=P-0(4), of the anhydride function differ slightly (69 
and 75°, respectively) in the two molecules. CEP-OCEP (4) 
is a powerful phosphorylating reagent,6 and undergoes dis
placements at phosphorus with exclusive ring retention, as 
shown in Scheme II.

Another useful phosphorylating reagent is the cyclic enediol 
phosphoimidazole7 6 (Scheme III; CEP-IM3). This compound 
undergoes very rapid reactions with alcohols, giving exclu-
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Figure 1 .  S t e r e o s c o p i c  d r a w i n g  o f  o n e  m o l e c u l e  o f  C 7 H 9O 3 N 2 P .  T h e  5 0 %  p r o b a b i l i t y  e l l i p s o i d s  a r e  s h o w n .  ( H y d r o g e n  a t o m s  a r e  o m i t t e d  f o r  

c l a r i t y . )

sively the products of displacement with ring retention. This 
paper describes the crystal and molecular structure of 
CEP-IM (6 ), and compares the structural features of the three 
CEP derivatives, 1,4, and 6 . In addition, possible correlations 
between the structures of the three compounds and their re
spective modes of reaction are discussed.

The significance of imidazole as a reversible carrier of 
phosphoryl groups in biochemistry has been recognized for 
a number of years.8-10 Several structures pertinent to the 
present investigation have been elucidated by X-ray crystal
lographic methods: sodium phosphoramidate,11 P0 3 NH3Na; 
phosphocreatine;12 calcium 1,3-diphosphorylimidazole 
hexahydrate,13 Cai.sC3H3N2(P0 3)2-6 H2 0 ; cyclophosphamide 
hydrate;14 diphenylphosphinedimethylamide,15 (CeHs^- 
P(0 )N(CH3)2; and trichlorobis(diethylphenylphosphine)- 
(diethylphenylphosphineiminato)ruthenium(IV) . 16 The na
ture of the P N bond in those compounds, and in other 
structures with higher P-N bond order, has received consid
erable attention.17-21

Experimental Section
jV-(l,2-Dimethylethenylenedioxyphosphoryl(imidazole (6).

T h e  c o m p o u n d  w a s  p r e p a r e d  a s  p r e v i o u s l y  d e s c r i b e d .7  A  s a m p l e  

( 0 . 5 - 1 . 0  g )  w a s  d i s s o l v e d  in  w a r m  b e n z e n e  ( ~ 1 0  m L )  a n d  t h e  s o lu t io n  

w a s  d i lu t e d  w i t h  r e - h e x a n e  ( ~ 1 0  m L ) .  C r y s t a l s  w e r e  o b t a i n e d  a f t e r  

2 0  h  a t  5  ° C .

Crystal Data. t r i c l i n i c ;  P . 1 ;  a =  6 .7 6 6  ( 2 ) ,  b
=  7 .6 3 7  ( 2 ) , c  =  1 2 . 1 2 5  ( 5 )  A; a  =  1 0 2 . 2 4  ( 3 ) ,  jS =  1 0 0 .9 4  ( 3 ) ,  7  =  9 8 .7 9

( 2 ) ° ;  P  =  5 8 8 .9  ( 1 )  A3 (XMo/Zr 0 . 7 1 0 7  a t  2 1  ° C ) ;  Z  =  2  ( o n e  m o l e c u l e  

p l u s  o n e  h a l f  o f  a  s o l v e n t  b e n z e n e  m o l e c u l e  p e r  a s y m m e t r i c  u n i t ) ;  

P e a le d  =  1 - 3 4  g  c m - 3 , D meas ( b y  f l o t a t i o n  in  c y c l o h e x a n e - c a r b o n  t e t 
r a c h l o r i d e )  =  1 . 3 4  ( 1 )  g  c m - 3 ; n ( M o  K a )  =  2 . 1 9  c m - 1 .

Data Collection and Structure Refinement. P r e c e s s i o n  p h o 

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

u n i t  c e l l  t o  b e  t r ic l in ic  a n d  o f  s p a c e  g r o u p  P i .  T h e  c e l l  d i m e n s io n s  w e r e  

d e t e r m i n e d  b y  a  l e a s t - s q u a r e s  f i t  o f  t h e  o b s e r v e d  20 a n g l e s  f o r  1 9  r e 

f l e c t i o n s  c e n t e r e d  a u t o m a t i c a l l y .

T h r e e - d i m e n s i o n a l  i n t e n s i t y  d a t a  w e r e  m e a s u r e d  o n  a  c o m p u t e r -  

c o n t r o l le d  E n r a f  N o n i u s  C A D - 4  d i f f r a c t o m e t e r  u s i n g  z i r c o n i u m - f i l 

t e r e d  M o  K a  r a d i a t i o n  w i t h  a  c o l o r l e s s  c r y s t a l  o f  d i m e n s i o n s  0 .3 4  X
0 .4 9  X 0 .5 4  m m . T h e  d a t a  c r y s t a l  w a s  m o i s t u r e  s e n s i t i v e ,  a n d  w a s  

w e d g e d  i n s i d e  a  g l a s s  c a p i l l a r y  t u b e  a l o n g  t h e  d i a g o n a l  a x i s  [ 1 1 1 ], 

w h e r e  i t  r e m a i n e d  s t a b l e  o v e r  t h e  c o u r s e  o f  d a t a  c o l le c t io n .  D a t a  w e r e  

c o l l e c t e d  b y  0-20  s c a n s  t o  28 ( M o  K a )  =  5 5 ° .  A b s o r p t i o n  c o r r e c t i o n s  

w e r e  a p p l i e d  t o  3 7 5 8  o b s e r v a t i o n s  u s i n g  b n l a b s , a  l o c a l  v e r s i o n  o f  
ORABS.22

T h e  m i n i m u m  a n d  m a x i m u m  c o r r e c t i o n s  t o  P G2  w e r e  0 . 9 1 4  a n d  

0 .9 3 5 ,  r e s p e c t i v e l y .  T h e  a g r e e m e n t  b e t w e e n  s y m m e t r y - e q u i v a l e n t  

i n t e n s i t ie s  w a s  R  =  0 .0 2 5 .  T h e s e  i n t e n s i t ie s  w e r e  a v e r a g e d  t o  g iv e  1 2 1 6  

in d e p e n d e n t  s t r u c t u r e  a m p l i t u d e s  w i t h  F „ 2  >  3<rCOUn t(P o 2) w i t h  a ( F 02) 

b e i n g  b a s e d  o n  P o i s s o n  c o u n t i n g  s t a t i s t i c s .  T h e  i n t e n s i t i e s  o f  t h r e e  

s t a n d a r d  r e f l e c t i o n s  w e r e  m e a s u r e d  p e r i o d i c a l l y  a n d  w e r e  f o u n d  t o  

h a v e  f a l l e n  o f f  t o  a p p r o x i m a t e l y  4 5 %  o f  t h e i r  o r i g i n a l  v a l u e s  b y  t h e  

e n d  o f  d a t a  c o l le c t io n .  T h e  d e c r e a s e  in  i n t e n s i t y  w a s  u n i f o r m  o v e r  t h e

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

t im e  s t a n d a r d s .  B a c k g r o u n d  w a s  m e a s u r e d  o n  o n e - s i x t h  o f  t o t a l  s c a n  

w id t h .  N o r m a l  s c a n s  w h ic h  d i d  n o t  r e s u l t  in  s u f f i c i e n t l y  h ig h  p r e c i s io n  

o n  n e t  i n t e n s i t y  m e a s u r e m e n t s  w e r e  r e p e a t e d  a t  a  s lo w e r  s p e e d .  T h e  

t a k e o f f  a n g l e  w a s  5 .6 0 °  a n d  t h e  d i f f r a c t e d  b e a m  w a s  a u t o m a t i c a l l y  

c o r r e c t e d  f o r  c o i n c i d e n c e  lo s s e s .

N o r m a l iz e d  s t r u c t u r e  f a c t o r s  ( P ’s )  w e r e  u s e d  in  a  m u l t ip le - s o lu t io n  

d i r e c t  m e t h o d s  t e c h n i q u e  a s  d e s c r i b e d  b y  G e r m a i n ,  M a i n ,  a n d  

W o o l f s o n 2 3  t o  d e t e r m i n e  p h a s e s  f r o m  w h i c h  a n  E  m a p  r e v e a l e d  t h e  

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

T h e  s t r u c t u r e  w a s  r e f i n e d  b y  f u l l - m a t r i x  l e a s t  s q u a r e s ,  m i n i m i z i n g  

t h e  f u n c t i o n  S i u A 2  w i t h  A  =  |F o |  — | F C| w i t h  w e i g h t s  w =  4 F 02/  

<r2 ( F 02) a n d  <r2 ( F 02) =  ffcount2 ( f )  +  ( 0 . 0 3 F 2) 2 . A l l  1 2  h y d r o g e n  a t o m  

p o s it io n s  w e r e  lo c a t e d  b y  d i f f e r e n c e  F o u r i e r  s y n t h e s i s  u s in g  lo w  a n g le  

( s in  0/\  <  0 .3 5 )  d a t a .  A t o m i c  s c a t t e r i n g  f a c t o r s  f o r  a l l  n o n h y d r o g e n  

a t o m s  w e r e  t a k e n  f r o m  a  s t a n d a r d  s o u r c e , 24 w h i l e  t h a t  f o r  h y d r o g e n  

w a s  t h e  b e s t  s p h e r i c a l l y  a v e r a g e d  v a l u e  o f  S t e w a r t  e t  a l . 25

T h e  f i n a l  l e a s t - s q u a r e s  c y c l e s  i n c l u d e d  a n i s o t r o p i c  t h e r m a l  p a 

r a m e t e r s  f o r  t h e  n o n h y d r o g e n  a t o m s  a n d  i n d iv id u a l  i s o t r o p ic  t h e r m a l  

p a r a m e t e r s  o n  t h e  h y d r o g e n  a t o m s .  T h e  f i n a l  v a l u e s  o f  R i =  2 |  | F 0 | 

-  |FC||/2|F0| a n d f ? 2 =  [[Sic] |F0| -  |FC| |2]/2ia|F02|]1/2 w e r e  0 .0 4 8  

a n d  0 .0 4 7 ,  r e s p e c t i v e l y ,  a n d  t h e  e r r o r  in  a n  o b s e r v a t i o n  o f  u n i t  w e ig h t  

w a s  1 . 6 7 .  T h e  m a x i m u m  d e n s i t y  in  a  f i n a l  d i f f e r e n c e  e le c t r o n  d e n s i t y  

s y n t h e s i s  w a s  0 .2 3  e  A - 3 , a p p r o x i m a t e l y  4 5 %  o f  t h e  h e i g h t  o f  a  h y 

d r o g e n  a t o m  p e a k .  T h e  f i n a l  p a r a m e t e r s  a r e  p r e s e n t e d  in  T a b l e s  V A  

a n d  V B  ( s e e  p a r a g r a p h  c o n c e r n in g  s u p p l e m e n t a r y  m a t e r i a l  a t  t h e  e n d  

o f  t h i s  p a p e r ) .

Effect of Imidazole on Reactions of Alkyl 1,2-Dimethyleth- 
enylene Phosphates with Alcohols. M e t h y l ,  2 - m e t h y l - 1 - p r o p y l ,  

2 - p r o p y l ,  a n d  c y c l o p e n t y l  1 ,2 - d i m e t h y l e t h e n y l e n e  p h o s p h a t e s  ( 1 , 3 )  

w e r e  p r e p a r e d  a s  d e s c r i b e d .68 '7  A  w e i g h e d  s a m p l e  o f  t h e  C E P - O C H 3 

(1) o r  C E P - O R  (3) w a s  d i s s o l v e d  in  C D C 1 3 , a n d  t h e  s o l u t i o n  w a s  a l 

lo w e d  t o  r e a c h  a  c o n s t a n t  t e m p e r a t u r e  o f  2 5  ° C .  A n  e q u im o la r  a m o u n t  

o f  t h e  a lc o h o l  R 'O H  ( a n d  1  m o la r  e q u i v  o f  i m i d a z o le  w h e n  i n d i c a t e d )  

d i s s o l v e d  in  C D C I 3  w a s  a d d e d .  T h e  s o l u t i o n s  w e r e  0 .2 0  M  i n  c y c l i c  

p h o s p h a t e .  T h e  4H  N M R  s p e c t r u m  o f  t h e  s o l u t i o n  w a s  d e t e r m i n e d  

i m m e d i a t e l y  a n d  t h e n  r e p e a t e d l y  u n t i l  i t  b e c a m e  a p p a r e n t  t h a t  t h e  

t h e r m o d y n a m i c  m i x t u r e  o f  p r o d u c t s  h a d  b e e n  o b t a i n e d .  A n a l y s e s  o f  

t h e s e  m i x t u r e s  o f  p r o d u c t s  w e r e  p e r f o r m e d  o n  a  H e w l e t t  P a c k a r d  

5 8 3 0 A  g a s  c h r o m a t o g r a p h  u s i n g  Vs in .  X  2  f t ,  1 0 %  C a r b o w a x  2 0 M  

c o l u m n  ( in je c t io n  t e m p e r a t u r e ,  2 0 0  ° C ;  T C D  t e m p e r a t u r e ,  2 0 0  ° C ;  

c o lu m n  t e m p e r a t u r e ,  1 4 0 - 1 7 0  ° C  d e p e n d i n g  o n  t h e  c o m p o u n d ) .  T h e  

c a r r i e r  g a s  w a s  h e l i u m  a t  4 0  m L / m i n .  T h e  d i a l k y l  3 - o x o - 2 - b u t y l  

p h o s p h a t e s ,  w h ic h  a r e  k n o w n  c o m p o u n d s ,6 a '7 ’ 26 a r e  s t a b l e  u n d e r  t h e  

s p e c i f i e d  c o n d i t io n s .  T h e  r e s u l t s  o f  t h e  e x p e r i m e n t s  a r e  s u m m a r i z e d  

in  T a b l e  V .  F u r t h e r  c o n f i r m a t i o n  o f  t h e  c o u r s e  o f  t h e  r e a c t i o n s  w a s  

o b t a i n e d  b y  3 1 P  N M R  m e a s u r e m e n t s  ( a t  4 0 .5  M H z ) ,  w i t h  t h e  a i d  o f  

t h e  f o l lo w in g  d a t a :  3 1 P  + 1 1 . 7  ±  0 .7  p p m  f o r  C E P - O R ,  a n d  —2 .0  ±  1 . 0  

p p m  f o r  ( R 0 ) ( R ' 0 ) P ( 0 ) 0 A c n ,  in  C D C I 3  ( p o s i t iv e  v a l u e s  a r e  d o w n f i e ld  
f r o m  H 3 P O 4 =  0 ) .

Discussion of Results
Molecular Structure of the Phosphoimidazole 6. The

asymmetric unit of the crystal consists of one molecule of the 
phosphoimidazole (depicted in Figure 1) and one-half of a 
molecule of benzene. The contents of the unit cell are dis
played in Figure 2 . Table I gives the bond distances and angles,
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Figure 2. S t e r e o s c o p i c  d r a w i n g  s h o w i n g  t h e  u n i t  c e l l  c o n t e n t s  (Z  =  2 )  w i t h  a l l  m o l e c u l e s  c o m p l e t e d .  T h e  v i e w  is  a p p r o x i m a t e l y  a lo n g  a ,  a n d  
b i s  v e r t i c a l .

Table I. Bond Distances (Â) and Angles (deg) Involving 
Nonhydrogen Atoms“’6

Distances
P-N(l) 1.659 (3) C(l)-C(2) 1.285 (5)
P-O(l) 1.577 (2) C(l)-C(3) 1.468 (5)
P-0(2) 1.586 (3) C(2)-C(4) 1.490 (5)
P-0(3) 1.441 (3) C(5)-C(6) 1.331 (6 )
C(l)-0(1) 1.437 (4) C(B1)-C(B2) 1.351 (7)
C(2)-0(2) 1.424 (4) C(B2)-C(B3) 1.378 (7)
C(5)-N(l) 1.376 (5) C(B3)-C(B1') 1.347 (7)
C(7)-N(l) 1.390 (5)
C(6)-N(2) 1.383 (6 )
C(7)-N(2) 1.287 (6 )

Angles
In Cyclic Phosphate 
0(l)-P-0(2) 97.5 (1) 0(1)—C(l)—C(3) 113.7 (4)
0(l)-P-0(3) 117.8 (2) 0(2)-C(2)-C(4) 113.8 (4)
0(2)-P-0(3) 118.3 (2) C(l)-C(2)-C(4) 133.0 (4)
0(1)-P-N(1) 106.4 (1) C(2)-C(l)-C(3) 134.6 (4)
0(2)-P-N(l) 104.3 (2)
0(3)-P-N(l) 1 1 0 .8  (2 )
P-0(1)-C(l) 109.0 (2)
P-0(2)-C(2) 108.5 (2)
0(1)-C(1)-C(2) 111.7 (3)
0(2)-C(2)-C(l) 113.2 (3)

In Imidazole 
N(l)-C(7)-N(2) 112.3 (4) N(2)-C(6)-C(5) 110.8 (4)
C(5)-N(l)-C(7) 104.8 (4) P-N(l)-C(5) 128.4 (3)
C(6)-N(2)-C(7) 105.1 (4) P-N(l)-C(7) 126.8 (3)
N(l)-C(5)-C(6) 107.0 (4)

In Benzene 
C(B1)-C(B2)~ 119.6 (6 ) C(B2)-C(B1)- 1 2 1 .0  (6 )

C(B3)
C(B2)-C(B3)- 119.4 (5)

C(B3')

C(Bl')

“ Numbers in parentheses here and in succeeding tables are 
estimated standard deviations in the least significant digits. 
b Bond distances and angles involving hydrogen atoms are in
cluded in the supplementary material (Table IB).

and Table II describes several dihedral angles between planes 
and the best least-squares planes.

The dioxaphospholene ring is a planar and irregular pen
tagon. The imidazole ring is also planar, and is orthogonal to 
the dioxaphospholene ring, with the isolated C(7)-H group 
of imidazole adjacent to the phosphoryl oxygen, P = 0  (cf. 
formula 60- The angles ZCH3-C-C (av 134°) and ZCH3-C-O

1 9 H3
6 5 0 - \

2 / " ■ " . !  I \ C H 3 
N N— P O ,

7T  n  
H U 3

6 '

Table II

A. Some Dihedral Angles between Planes Defined by Three 
 Atoms______ _________________  * 1 2 3 4

plane 1_______________plane 2_____________ angle, deg

N(l), C(5), C(7) P, 0(1), 0(2) 86.2 (3)
0(3), P, N(l) P, N(l), C(7) 8 .8  (4)
C(4), C(2), C(l) C(2), C(l), C(3) 1.7(9)

B. Equations of Best Least-Squares Planes and Deviations of 
Individual Atoms from Planarity (A)

1. P, N(l), C(7), N(2), C(6 ), C(5)
4.883* -  5.592y -  3.125? = 4.672

P, 0.000; N(l), 0.006; C(7), 0.000; N(2), - 0 .0 0 2 ; C(6 ), -0.004; 
C(5), 0.000

2. P, 0(1), C(l), C(2), 0(2), C(3), C(4)
3.007x -  0.644y + 9.355? =-3.744

P, -0.005; 0(1), 0.020; C(l), -0.007; C(2), -0.004; 0(2),
0.026; C(3), -0.017; C(4), -0.040

3. 0(3), P, N(l), C(7), N(2), C(6 ), C(5)
4.996* -  5.282y -  3.823? = 4.677

0(3), 0.084; P, -0.016; N(l), 0.010; C(7), -0.059; N(2), 
-0.026; C(6 ), 0.062; C(5), 0.082

4. plane through benzene molecule (three independent atoms) 
-0.527* -  4.850y + 10.786? = -5.409

C(B1), 0.001; C(B2), 0.001; C(B3), 0.001

(av 114°) suggest repulsion between the two methyl groups 
attached to the sp2 carbons of the dioxaphospholene ring.

The phosphate group, PO3N, is a highly distorted tetra
hedron as can be seen in Table III, which lists also the corre
sponding data for the pyrophosphate and phosphotriester 
analogues,4andl.Themost interesting features are the consis
tently small endocyclic /0(l)-P -0(2) angles and the relatively 
large zO(l)-P-0(3) and z0(2)-P-0(3) angles. The remaining 
endo- and exocyclic zO(l)-P-X and zO(2)-P-X angles and 
the exocyclic zO(3)-P-X angle are relatively closer to the 
tetrahedral 109.5° value. The net effect of these angle defor
mations is to displace the dioxaphospholene ring away from 
the phosphoryl oxygen, 0(3), and toward atom X in the three 
CEP derivatives.

Another noteworthy feature pertains to the P-X bond 
distances. The P-N bond in the phosphoimidazole is signifi
cantly shorter than the P-N bond in phosphocreatine,12 so
dium phosphoramidate11 (1.77 Â), and calcium 1,3-diphos- 
phorylimidazole13 (av 1.78 A), but of about the same length 
as that in diphenylphosphinedimethylamide15 (1.68 A). The 
shorter bonds possibly reflect some p-d ir bonding21 involving 
the lone electron pairs on the nitrogen atom and the phos
phorus d orbitals. However, the extent of the p-d ir bonding 
appears to be less significant in the phosphoimidazole than 
in the pyrophosphate5 and the phosphotriester4 analogues, 
since the respective deviations from the P-N and P -0  pure 
single bond distances19’20 are 6.7, 9.0, and 13%. The anhydride
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Table III. Bond Distances and Angles in the P O 3 X  Group 
of Cyclic Enediol Phosphoryl Derivatives

S c h e m e  I V

CEP-X + ROH

phospho- pyrophos- phospho- 
atoms°_________imidazole6 phatec_____ triesterd

P-O(l) 1.58 1.58 1.59
P-0(2) 1.59 1.58 1.57
P-0(3) 1.44 1.44 1.38
P-X 1 .6 6 e 1.60' 1.53'
0 (1 )—P—0 (2 ) . 97.5 98.4 98.5
0 (l)-P -0 (3 ) 117.8 118.7 116.8
0(2)-P-0(3) 118.3 117.4 115.6
0(1)-P-X 106.4 102.4 106.8
0(2)-P-X 104.3 105.4 108.9
0(3)-P-X 1 1 0 . 8 112.4 109.5
P -X-Y 127.6« 127.56 1 2 2 .0 *

a Pure single bond distances: P -0  = 1.76Â.P-N = 1.78 Â, ref
19 and 20. 6 Present work. c Reference 5. d Reference 4. e X  = 
N. f X  = 0. « Y = C. h Y = P.

P-0(4) bond is somewhat longer than the corresponding ester 
P -0(4) bond, suggesting relatively less p-d  ir bonding in the 
former, since the lone electron pairs on 0(4) are sheared by 
two dioxaphospholene rings in the pyrophosphate.

As expected, the P 0(3) bonds are the shortest of their kind 
in the three CEP derivatives, presumably reflecting the 
highest extent of p-d ir bonding. The endocyclic P -O (l) and 
P-0(2) bonds are also relatively short, i.e., about 10% less than 
the pure single bond distance, and this is also consistent with 
the relatively large z 0 (l)-P -0 (3 ) and z0 (2)-P -0(3) an
gles.

The imidazole ring is a somewhat distorted pentagon. The 
C(7)-N(2) bond, which is formally double bonded in the 
heterocycle formula, is significantly shorter than the other 
three C-N  bonds, as would be expected i f  i t  had a higher 
7r-bond character. In other features, the ring is unexceptional 
w ith respect to unsubstituted27 and N,N- diphosphorylated13  

imidazole.
Ring Retention and Ring Opening in Displacements 

at Phosphorus in Cyclic Enediol Phosphoryl Derivatives.
In reactions w ith alcohols, the pyrophosphate 4 and the 
phosphoimidazole 6 give exclusively the product of ring re- 
t ention at a relatively rapid rate, while the phosphotriester 1  

generates mixtures of the products of ring opening and ring 
retention at a much slower rate. I t  is apparent from the data 
in Table I I I  that these differences cannot be attributed to 
major differences in bond angles and bond distances in the 
three compounds. A possible mechanism for these phos
phorylation reactions is shown in Scheme IV , in terms of the 
oxyphosphorane intermediate hypothesis2 8 -3 1 for displace
ments at a P(4) center.

The firs t step of the reaction is the addition of alcohol to 
P(4) to give the oxyphosphorane 7; this step may be rate 
lim iting in most, but not necessarily in all, cases.30b The for
mation of 7 involves relatively small additional bond angle 
deformations beyond those already present in the cyclic 
phosphate. Cyclic phosphates, in general, lose stability rela
tive to the corresponding acyclic compounds mainly as a result 
of ring strain .4’3 1 On the other hand, cyclic oxyphosphoranes 
with small and nearly planar rings gain stability relative to the 
corresponding acyclic oxyphosphoranes, since there is a great

deal of intramolecular crowding in P(5) and the decrease in 
crowding resulting from the introduction of the rings out
weighs any ring strain associated with bond angle deformation 
in P(5) .32 The extraordinary reactivity of the CEP derivatives 
relative to their acyclic analogues can be reasonably ascribed 
to these two combined effects, which increase ground state 
and decrease intermediate state (and presumably the cor
responding transition state) energies. These effects are 
considerably greater in five-membered cyclic unsaturated 
phosphates4 than in the corresponding saturated ana
logues.3 1 ,3 3 -3 5

The P(5) intermediate 7 can undergo ring opening before 
or after undergoing permutational isomerization,36 -38 7 ^ 8 ;  
the resulting acyclic product 9 is involved in a subsequent enol

keto equilibrium, which favors the latter. The isomerization 
step, 7 <— 8 , opens a new reaction possibility, namely, the ap
ical departure of ligand X  to give the product of ring retention,
3. These steps are influenced by certain properties of ligands 
X  and OR. The position of equilibrium 7 8  depends on the
relative apicophilicities37 of X  vs. RO. Apicophilicity37,39 is 
a function of ligand electronegativity40 and size. The equa
torial and apical positions of P(5) differ in the extent to which 
the lone electron pairs on the atoms of the ligands which oc
cupy those positions engage in p-d w bonding w ith the phos
phorus d orbitals.37 There appears to be more back-donation 
of electrons to the phosphorus d orbitals from an atom in the 
equatorial position than from the same atom in the apical 
position. Other things being equal, the higher the electro
negativity of a ligand, the higher its apicophilicity, since a 
relatively electronegative group is better able to support 
electronic charge, and this is one of the factors required for 
apical occupancy. The equatorial and apical positions in P(5) 
differ also in the extent to which the ligands are subject to 
steric interactions w ith other ligands. An equatorial ligand 
encounters only two close 90° interactions, while an apical 
ligand encounters three such interactions. The 120° interac
tions among equatorial groups are of less significance. 
Therefore, other factors being equal, the lower the steric de
mand of X, the higher its apicophilicity.

From these considerations, it  is reasonable to assume that 
ligand X  = CEPO- in the pyrophosphate 4 is more apicophilic 
than ligand X  = RO- of the triester 1. This is in line w ith the 
stronger acidity of the conjugate acid of the ligands them
selves, X H  = CEP-OH vs. ROH. W ith in  a series of CEP-OR 
compounds, this trend in apicophilicity is also noted7,26 when 
the alkyl group R contains electron-withdrawing substituents,
e.g., (ClsC^CH. W ith respect to the imidazolyl ligand, i t  is 
conceivable that its apicophilicity is influenced by the basic 
properties of the group. Imidazole itself is relatively basic: 
C2H 3N 2H 2"1  - -  C3H 3N 2H + H +, pK 6.9, and the formation of 
the zwitterion T depicted in Scheme V is possible in view of
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Table IV. Effect of Imidazole on Reactions of Alkyl 1,2-Dimethylethenylene Phosphates with Alcohols, CEP-OR + R'OH 
______________ — (ROHR'QlPlOlOAcn0 + (ROlzPlOlOAcn6 + (R'0)2P(0)0Acn,fr in 0.2 M CPC13 at 25 °C

R
registry

no. R'
registry

no.

no catalyst 
unsym,0

il/2C % sy m ,b %

imidazole (1 molar equiv) 

¿1/2 unsym, % sym, %
CH3 933-43-7 ch3 67-56-1 25 min 100 fastd 100
(CH3)2CHCH2 16764-09-3 (CH3)2CHCH2 78-83-1 4 h 100 2 min 100
C-C5H9 55894-98-9 c-C6H9 96-41-3 28 h 100 15 min 100
ch3 (CH3)2CHCH2 54« 46 70 30
(CH3)2CHCH2 ch3 83 17 92 8

0 a CO (CH3)2CH 67-63-0 47 53 69 31
(CH3)2CH 55894-99-0 c h 3 92 8 98 2
ch 3 c-C5H9 46 54 66 34
C-C5H9 ch3 91 9 98 2

° Unsymmetrical dialkyl 3-oxo-2-butyl phosphates. 6 Symmetrical dialkyl 3-oxo-2-butyl phosphates. c Time at which [CEP-OR] 
= [(R0 )2P(0 )0 Acn], from 1H NMR spectra when the reagents are mixed in equimolar amounts; ref 26b. d Too fast to measure by 
the present technique. c Data from ref 26a; other data from present investigation.
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the expected acidity of the equatorial P(5)-OH group.30c In 
this hypothesis, the protonated imidazolyl ligand becomes a 
relatively strong apicophile, and the isomerization to 8 ' is a 
favorable process.

The rate of elimination of ligand X from the apical position 
of the oxyphosphorane 8  depends on the nucleofugicity of X. 
It would be expected that the CEPO ligand is more nucleo- 
fugic than the CH3O ligand on the basis of the usual argu
ments derived from considerations of the corresponding acid 
ionization constants; CEP-OH — CEPO" + H+ (pK  ~  1.5) 
vs. CH3OH ^  CH30~ + H+ (pK  ~  15). These eliminations 
of ligand X from oxyphosphorane 8 compete with the elimi
nation of the enolate ligand, whose nucleofugicity is inter
mediate between the CEPO and CH30  ligands. Since imid
azole is a very weak acid,41 C3H3N2H C3 H3N2-  + H+ (pX 
14.2), it might be construed that the imidazolyl ligand is 
weakly apicofugic; however, the group that is eliminated from 
the oxyphosphorane 8 ' (Scheme V) is the neutral imidazole 
and not its conjugate base, which brings the behavior of the 
phosphoimidazole 6 in line with that of the pyrophosphate
4.

From the reversibility of the steps in Scheme IV it follows 
that the observed product distribution in the reactions under 
thermodynamic control depends on the stabilities of the 
CEP-X compounds, 1,4, and 6 , and the stabilities of the cor
responding cyclic and acyclic products, 3 and 9 (and the keto 
tautomer), respectively. Our data7’42,43 are consistent with the 
following sequences of decreasing energy contents in these 
compounds: CEP-OCEP > CEP-IM > CEP-OCH3 ~  CEP- 
OR; and (CEP0)(0R)P(0)0Acn > (IM)(0R)P(0)0Acn > 
(CH3 0 )(0 R)P(0 )0 Acn. Consequently, one observes exclu
sively the products of ring retention from the phosphorylation 
of alcohols by 4 and 6 , while one observes the products of ring 
opening from the phosphorylation of alcohols by 1 , although 
in the latter case the appearance of symmetrical acyclic tri
esters reflects the intermediate formation of some of the 
product of ring retention as discussed in the following sec
tion.

Effect of Imidazole on the Reaction of Cyclic Enediol 
Phosphotriesters with Alcohols. Imidazole significantly

increases the rate of the reaction of alcohols with cyclic 
phosphotriesters, CEP-OR. This effect is shown in the first 
three entries of Table IV, which refer to reactions in which the 
alcohol and the triester contain the same alkyl group.

Table IV includes a series of reactions in which the alkyl 
groups in the alcohol and the triesters are different. In those 
cases symmetrical as well as unsymmetrical dialkyl 3-oxo-
2 -butyl phosphates are produced according to the following 
equations:

CEP-OR + R'OH — (R0)(R'0)P(0)0Acn (1)

CEP-OR + R'OH — CEP-OR' + ROH (2)

CEP-OR + ROH — (RO)2P(0)OAcn (3)

CEP-OR' + R'OH — (R'0)2P(0)0Acn (4)

Equation 2 corresponds to substitution at phosphorus with 
ring retention, and the proportion of unsymmetrical to sym
metrical triesters reflects the ratio of ring opening to ring 
retention in these reactions. Several conclusions can be drawn 
from Table IV.

(a) In the absence of imidazole, the reactions must be under 
kinetic control, since the proportion of unsymmetrical to 
symmetrical triesters varies significantly in the pair of reac
tions CEP-OCH3 + (CH3)2CHCH2OH and CEP- 
OCH2CH(CH3) 2 + CH3OH. According to Scheme IV, the 
product composition in both reactions should approach the 
same value after several cycles of permutational isomerization. 
Other examples listed in Table IV confirm the generality of 
this phenomenon. The size of the alkyl group, R, present in 
the triester, CEP-OR, seems to have the greatest effect on the 
product composition. When R is relatively small (i.e., CH3), 
the amount of symmetrical triester is higher; in fact, the 
product composition does not vary much in the three reactions 
of CEP-OCH3 listed, although the size of the alcohols, R'OH, 
varies significantly.

(b) Imidazole significantly alters the ratio of the product 
of ring opening and ring retention in these reactions.7’26 
Further investigation of this phenomenon in the present work 
confirms its generality. Moreover, in spite of the effects of 
imidazole on rate and product composition, the heterocycle 
is not incorporated into the products. A CDCI3 solution con
taining equimolar amounts of CEP-OR and imidazole is stable 
for several days42 (except for a relatively slow demethylation 
in the case of CEP-OCH3). Scheme VI provides a reasonable 
explanation for these observations. In this hypothesis, imid
azole adds to the cyclic triester to form the oxyphosphorane 
10; this intermediate is an isomer of 8 ' (Scheme V) with a 
proton in the equatorial oxygen rather than on the apical 
imidazolyl ligand. For thermodynamic reasons 42 10 does not
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Scheme VI
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undergo further reaction in the absence of alcohols. However, 
in the presence of alcohols, a P(6 ) intermediate 11 is gener
ated. This step, P(5) + R'OH — P(6 ), could be rate limiting, 
since the structure of the alcohol has a marked effect on the 
rate of disappearance of CEP-OR in the reaction CEP-OR + 
R'OH + [IMH] 5=* (R'0)(R0)P(0)0Acn. A collapse of the 
P(6 ) intermediate (11) with ring opening yields a new P(5)' 
intermediate (1 2) and then the observed acyclic triester (upon 
enol-keto tautomerization of 13). The ring-opening step 11 
^  12  accounts for the effect of imidazole on the unsymmet- 
rical/symmetrical triesters shown in Table IV. Other experi
mental observations in support of the P(6 ) intermediate hy
pothesis have been previously offered.7’26’44’46

The demonstrated imidazole catalysis of the reaction 
CEP-OR + RxOH suggests the possibility that imidazole may 
also catalyze the reaction CEP-IM (6 ) + ROH ̂  CEP-OR + 
IMH; i.e., the latter reaction could be autocatalytic. This de
duction is, in fact, supported by observations made on the 
reaction CEP-IM + (CH3)3COH ^  CEP-OC(CH3) 3 + 
IMH.

Conclusions
The X-ray analysis of three CEP-X derivatives discloses 

similar molecular structures in the crystals, in spite of dif
ferent behavior in reactions with alcohols. These differences 
can be rationalized in terms of the oxyphosphorane interme
diate hypothesis for displacement at P(4) centers. The new 
structure of the cyclic enediol phosphoimidazole reveals a 
relatively small shortening of the P-N bond due, possibly, to 
a modest participation of p-d ir bonding. The orientation of 
the imidazolyl ring in the conformation of the molecule can 
be accounted for simply on steric grounds, although more 
subtle stereoelectronic interactions of the type recently dis
cussed in acyl phosphonates45 are not ruled out.

Registry No.— 6 , 5 7 6 4 8 - 7 6 - 7 ;  i m i d a z o l e ,  2 8 8 - 3 2 - 4 ;  C 7 H 90 3 N 2P -  

y 2 C 6H 6, 6 7 1 4 5 - 8 7 - 3 .
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S y n t h e s i s  o f  t h e  o p t i c a l  i s o m e r s  o f  o x p r e n o l o l  [ ( 2 7 ? )-  a n d  ( 2 S ) - l - ( i s o p r o p y l a m i n o ) - 3 - ( o - a l l y l o x y p h e n o x y ) - 2 - p r o -  

p a n o l  ( (2 7 ? ) -  a n d  (2 S ) - 1 )[ w a s  a c c o m p l i s h e d  s t a r t i n g  f r o m  ( 2 7 ? )-  a n d  ( 2 S ) - l - t o s y l o x y p r o p a n e - 2 , 3 - d i o l  a c e t o n i d e .  

C u p r a  A  C D  s p e c t r a  a r e  r e p o r t e d  f o r  t h e  i n t e r m e d i a t e  d i o l s  [ ( 2 7 ? )-  a n d  ( 2 S ') - l - ( o - a l l y l o x y p h e n o x y ) - 2 , 3 - p r o p a n e d i o l  

( (2 7 ? ) -  a n d  ( 2 S ) - 3 ) [  a n d  t h e  o x p r e n o l o l  i s o m e r s .  T h e s e  s p e c t r a  w e r e  c o n s i s t e n t  w i t h  t h e  p r e v i o u s  r e s u l t s ,  a l lo w in g  

a s s i g n m e n t  o f  t h e  a b s o l u t e  c o n f i g u r a t i o n  b a s e d  o n  t r a n s i t i o n s  in  t h e  2 8 5  n m  r e g io n .  T h e  N M R  s p e c t r a  o f  t h e  o x p r e 

n o l o l  e n a n t i o m e r s  ( 2 7 ? )-  a n d  ( 2 S ) - 1  in  t h e  p r e s e n c e  o f  a  c h i r a l  s h i f t  r e a g e n t ,  E u ( h f b c ) 3 , a n d  o f  t h e  a m i d e s  f o r m e d  

f r o m  o p t i c a l l y  a c t i v e  a - m e t h o x y - a - t r i f l u o r o m e t h y l p h e n a c e t y l  c h lo r i d e  ( M o s h e r  r e a g e n t )  w e r e  e x a m i n e d .  T h e  s p e c 

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

w h i c h  r e s u l t  f r o m  s h i e l d i n g  e f f e c t s  o f  t h e  a r o m a t i c  r i n g  o f  t h e  a c y l  f r a g m e n t .  T h e  a s s i g n m e n t s  w e r e  c o n f i r m e d  b y  

u s e  o f  s p e c i f i c a l l y  d e u t e r a t e d  o x p r e n o l o l  a m i d e s .

Oxprenolol [3- (o -allyloxyphenoxy) -1  - (isopropylamino) - 
2 -propanol (1)] is an important /3-adrenergic blocking agent 
of the 3-aryloxy-l-(alkylamino)-2-propanol type. Many of the 
drugs in this class have significant therapeutic utility in a wide 
variety of cardiovascular disorders.2 Oxprenolol and others 
are used extensively in Europe in the treatment of cardiac 
arrhythmias, angina pectoris, and hypertension.3 Some of the 
related compounds have useful effects in other unrelated 
disease states.4

The absolute configuration of /f-adrenergic blocking agents 
of the 3-aryloxy-l-(alkylamino) propanol type is extremely 
important in the determination of pharmacological properties 
and metabolic disposition of these agents. Differences in 
pharmacological activity of the optical isomers in in vitro as
says show differences of up to 50-500-fold between individual 
enantiomers.5a_c Differences in rates of uptake into tissues5d 
and in rates of metabolism5e of the individual enantiomers are 
also observed. Previous work has noted a significant difference 
in the in vitro pharmacological activity (blockade of isopro
terenol induced contraction of bronchial muscle) of the re
solved enantiomers of oxprenolol of 10-35-fold,5c with the 
(—(-enantiomer being more active. Although the (—(-enan
tiomer was likely to have the 2 S  absolute configuration, based 
on the analogy of the sign of optical rotation, compared to 
other aryloxypropanolamines, the assignment was not un
equivocal. Absolute configuration of enantiomers of many of 
these agents have been assigned on the basis of experience 
with the Horeau method.6 Few instances of establishment of 
absolute configuration by unequivocal means are reported.7

We had previously noted that individual enantiomers of the
3-aryloxy-l-amino-2-propanol nucleus of known chirality can 
readily be prepared from optically active glycerol derivatives 
of known absolute configuration, which are obtained from

naturally occurring mannitol.7d This paper reports extension 
of the use of this method to the oxprenolol isomers. The results 
of NMR experiments on these enantiomers in the presence 
of a chiral shift reagent, Eu(hfbc)3, and on the diastereomeric 
amides prepared using Mosher reagent and the Cupra A CD 
spectra of the individual enantiomers of oxprenolol and the 
intermediate diols are reported.

Synthesis
Preparation of (2R )- and (2S)-oxprenolol [(27?)- and (2S)-1] 

was accomplished utilizing (27?)-3-tosyloxy-l,2-propanediol 
acetonide [(27?)-2] and the corresponding (2S)-acetonide 
[(2S)-2], respectively. Both are derived from (2S)-glyceral- 
dehyde 2,3-acetonide,7d’8 which is readily available from 
(27?,3S,4S,57?)-mannitol 1,2,5,6-diacetonide.9 The synthesis 
(Figure 1) of the (27?)-oxprenolol [(27?)-l] was accomplished 
by allowing catechol monoallyl ether to react with an equi
molar quantity of (27?)-3-tosyloxy-l,2-propanediol acetonide 
[(27?)-2] and a 1 molar excess of NaOMe (EtOH-FDO). The 
resulting intermediate (27?)-3-(o-allyloxyphenoxy)-l,2-pro
panediol acetonide was hydrolyzed to afford the corre
sponding (27?)-diol [(27?)-3], Diol (27?)-3 was convened to its 
monotosylate [(2S)-4] 10 using an equimolar quantity of tosyl 
chloride in pyridine-benzene. Epoxide formation from tos- 
ylate (2S)-4 was effected using an equimolar quantity of 
NaOMe in aqueous MeOH, affording (27?)-3-(o-allyloxy- 
phenoxy)-l,2-epoxypropane [(27?)-5].10 Ring opening with 
isopropylamine at 110 °C gave the desired (27?)-oxprenolol 
[(27?)-l], The synthesis of the (2S)-oxprenolol [(2S)-1] was 
achieved in an analogous fashion starting with (2 S)-l-tos - 
yloxy-2,3-propandediol acetonide [(2S)-2). [

The magnitude of the optical rotations of the synthesized 
enantiomers were very similar to that reported for one of the 
enantiomers prepared by resolution,5c [a]n +5.4 and —5.7° 
compared to [n]D +5.5 ±  0.5°, suggesting that the synthetic 
processes occur without major racemization. Since none of the 
reaction steps involve a chiral center, major epimerization 
would not be expected.

0022-3263/78/1943-3641$01.00/0 © 1978 American Chemical Society^ ,3
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NMR Experiments
A detailed analysis of the proton NMR spectrum of ox- 

prenolol was made because substantial use of NMR methods 
was planned for possible determination of enantiomeric pu
rity. Although multiplets were observed in the 60-MHz 
spectrum of oxprenolol (1), a spectrum with better signal 
separation of the allyl side chain was obtained at 80 MHz 
(Figure 2 ). The propanolamine side chain, however, remained 
poorly resolved, because of very similar chemical shifts of 
protons at differently substituted carbons.

In oxprenolol, H2' appears as a ten-peak signal resulting 
because ds = 2J2'i' (^2'3'cis = 10-2 and J y v  ~  5.1 Hz) and 
protons at C-l' behave as a set. Coupling constant J2'3'trans =
17.2 Hz. The signals for protons H:ycis and H3'trans are located 
at b 5.35 and 5.24, respectively, Jgem = 3.2 Hz and allylic J y y  
= 1.4 Hz. Protons Hi appear at 5 4.54 as two triplets with 
couplings Ji'3' and J  V2'-

The determination of enantiomeric purity using a chiral 
lanthanide shift reagent has been successfully applied to many 
compounds especially using tris[3-(heptafluorobutyryl)- 
d-camphorato]europium, Eu(hfbc)3. We had previously used 
this reagent in LIS spectra for related benzodioxanes1 and in 
some other aryloxypropanolamines (unpublished results). At 
high molar ratios (shift reagent to compound), e.g., 0.60, the 
aromatic singlet of (2 R )-oxprenolol ((2i?)-1 ] remained as a 
singlet, whereas using the 2 S  enantiomer the aromatic protons 
became an unsymmetrical doublet, with one of the signals 
being identical in chemical shift with that of the aromatic 
residue of the 2R  enantiomer. By spiking the 2S  enantiomer 
with known amounts of the 2R  enantiomer (MR = 0.80), ad
dition of 10% 2R  enantiomer could be readily detected. Con
versely, the method is slightly less sensitive, e.g., at about
12-14%, using the S  enantiomer to spike synthetic 2R  material 
(MR = 0.80). Within the limits of this detection method, none 
of the wrong isomer was found, suggesting that the compounds 
prepared by chiral synthesis are at least 82% ee (91:9) and 
probably greater.

An alternative NMR method for determination of enan
tiomeric purity involved derivatization of amines with opti
cally active a-methoxy-a-(trifluoromethyl)phenylacetyl 
chloride (Mosher reagent) . 123 Many diastereomeric amides 
from a wide variety of amine derivatives have been success
fully differentiated by NMR12 and/or GC.13

Using 1 equiv of the (—)-Mosher acyl halide, we prepared 
the diastereomeric amides (as evidenced by a single carbonyl 
band in the IR at 1634 cm-1) using 2 R  and 2 S  enantiomers of 
oxprenolol [(2R)- and (2S)-1] as well as with racemic oxpre
nolol (1). In the NMR spectra of the amides, the methoxy 
groups appeared as a series of closely grouped signals rather 
than as one or two peaks. More notable, however, was the

C H . O A r

I ‘
H C H O
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F i g u r e  3 .  ( A )  6 0 - M H z  N M R  s p e c t r a  ( C D C I 3 ) o f  ( —) - a - m e t h o x y - a -  

( t r i f l u o r o m e t h y l ) p h e n y l a c e t y l a m i d e  ( M o s h e r  r e a g e n t )  o f  r a c e m i c  1 ;

( B )  ( —) - a - m e t h o x y - a - ( t r i f l u o r o m e t h y l ) p h e n y l a c e t y l a m i d e  o f  ( 2 ß ) - l ;

( C )  ( - ) - a - m e t h o x y - a - ( t r i f l u o r o m e t h y l ) p h e n y l a c e t y l a m i d e  o f  ( 2 S ) - I ;

( D )  ( —) - « - m e t h o x y - a - ( t r i f l u o r o m e t h y l ) p h e n y l a c e t y l a m i d e  o f  8  ( o x -  

p r e n o l o l - i s o p r o p y  i - d i ) .

appearance of two very high field doublets in the spectrum of 
the mixture of diastereomeric amides from r a c -oxprenolol (1) 
(Figure 3). The spectra of the amides from the R -  and S- 
enantiomers each showed one doublet. Signals were noted at 
b 0.46 (J = 6.5 Hz) for the R -enantiomer and 5 0.32 (J = 6.5 
Hz) in the S-enantiomer. These signals integrated for ap
proximately two protons each. Additionally, in these spectra 
the isopropyl methyl groups appeared as doublets at 5 1.14, 
J  =  6.5 Hz, for the R-enantiomer and b 1.19, J  = 6.5 Hz, for
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the S-enantiomer, integrating for less than the expected 
number of protons. One likely explanation seemed to be that 
the slow rotation about the amide carbon-nitrogen bond was 
probably responsible for the observation of two different 
isopropyl methyl signals with different chemical shifts. 
However, since the signals were considerably upfield from the 
normal methyl groups —0.7 ppm), further characterization 
and some explanation was required.

Oxprenolol (1) with deuterium substituted in the isopropyl 
group was prepared to corroborate the assignment of the 
signals to the methyl peaks. Oxprenolol- iso p ro p y l-d 6 (7 ) and 
- iso p ro p y l-d i (8 ) were prepared by reductive alkylation of 
deisopropyloxprenolol (6 ) with acetone-d6 (or acetone) with 
sodium borohydride (or borodeuteride).

7 , X  =  D ; Y  =  H  ( a  =  C D . , C ( = 0 ) C D J / N a B H )

8 , X  =  H ; Y  =  D  ( a  =  C H :, C ( = 0 ) C H ;:/ N a B D 4)

In the NMR spectrum of the mixture of diastereomeric 
Mosher reagent amides from the oxprenolol-dg (7), no methyl 
group signals were observed. No signals were observed at field 
strength above 1.5 ppm. In diastereomeric amides from ox- 
prenolol-d] (8 ), upfield doublets became singlets, at 5 0.46 and
0.31. These results confirmed the assignment of these signals 
to protons from the methyl groups.

The upfield shift must result because these protons lie in 
a shielding zone of one of the two aromatic rings in the mole
cule, the catechol ring or the aromatic ring from the Mosher 
reagent. In order to determine which was responsible, amides 
were prepared from several acid chlorides including the cy
clohexane derivative of Mosher reagent, a-methoxy-a-(tri- 
fluoromethyl)-a-cyclohexylacetyl chloride (9). The NMR 
spectra of benzamide and phenylacetic acid amides of ox- 
prenolol showed no large upfield shifts. The NMR spectrum 
of the reduced Mosher reagent amide derivative also showed 
no large upfield signals. These data suggest that the aromatic 
ring of the Mosher reagent contributes significantly to the 
observed shielding.

The results are explicable in terms of a shielding effect of 
the aromatic ring of the phenylacetyl fragment Mosher re
agent on the isopropyl methyl groups, principally in one of the 
conformers of the amide, probably 11. There are two major 
conformations resulting from isomerism about the carbon- 
nitrogen bond of the amide (11 and 12).14 Since the major 
shielding effect was only noted in «.a-disubstituted phen- 
ylacetylamide derivative (Mosher reagent amide), and not in 
the simpler phenylacetylamide, it seems likely that the sub
stituents at the a  carbon aid in shifting the conformational 
equilibrium toward a conformation like 11, in which the 
shielding effect is noted. Since no corresponding shift of the

F i g u r e  4 . ( A )  C u p r a  A  C D  s p e c t r a  o f  d i o l s  ( 2 f i ) - 3  a n d  ( 2 S ) - 3 ;  ( B )  

C u p r a  A  C D  s p e c t r a  o f  a m i n o  a l c o h o l s  ( 2 f l ) - l  a n d  ( 2 S ) - 1 .

methyl groups of the Mosher reagent diastereomeric amides 
of propranolol are noted (unpublished observation), it may 
be that other factors in the molecule also contribute to the 
population of conformations in the oxprenolol Mosher reagent 
amide.

Although the upfield signals seem to be the major difference 
in the diastereomeric amides, their use in determination of 
optical purity is somewhat limited because these signals result 
from only one conformation of the amide and do not represent 
the entire molecule or concentration. However, no extraneous 
signals were noted to suggest that other diastereoisomers were 
present, although limits the detection of signals >3% since the 
Mosher reagent is only 97% pure.

Cupra A Circular Dichroism

Correlation of the Cotton effects observed with chiral
1 ,2 -amino alcohols and 1 ,2 -diols in Cupra A solution has al
lowed facile determination of absolute configuration in closely
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related series of compounds.7*1’15 A weak, long wavelength 
transition is observed for diols and amino alcohols in Cupra 
A showing a Amax near 560-580 nm and a stronger, shorter 
wavelength transition, \max 280 nm. This latter transition is 
used more often for the assignment of absolute configuration. 
R  enantiomers in these series of aryloxypropanediol deriva
tives give negative Cotton effects in Cupra A solution at the 
shorter wavelength and positive Cotton effects at the longer 
one. S  enantiomers give mirror image spectra. It has also been 
shown that amino alcohols in which the amine is secondary 
give a second weak long wavelength Cotton effect near 500 nm, 
which is of the same sign as the short wavelength transition 
at 280 nm.16 Diols and primary amino alcohols do not exhibit 
this second long wavelength transition.

Cupra A CD spectra were determined for the synthesized 
(R )- and (S)-oxprenolol [(2R )-  and (2S)-1] and the corre
sponding diols [(2ft)- and (2S)-3] (Figure 4). The spectra were 
consistent with previous results. The R  enantiomers (diol and 
amine) show Cotton effects [e277 = —380 for (2ft)-3, £288 = 560 
for (2/2)-!] as expected and the S  enantiomer diol gave tran
sitions of £277 = +460 and £288 = +580 for (2S)-1. The other 
expected bands are also observed (see Figure 4 and Experi
mental Section). These compounds add to the growing num
ber of examples of aryloxypropanediols and -propanolamines 
where the Cupra A CD method is useful to assign the absolute 
configuration.17

Further work on other glycerol-related systems related to 
aryloxypropanol derivatives is in progress.

Experimental Section
M e l t i n g  p o i n t s  w e r e  d e t e r m i n e d  o n  a  T h o m a s - H o o v e r  c a p i l l a r y  

m e l t i n g  p o i n t  a p p a r a t u s  a n d  a r e  u n c o r r e c t e d .  I n f r a r e d  s p e c t r a  w e r e  

r e c o r d e d  o n  a  B e c k m a n  I R - 5 A  s p e c t r o p h o t o m e t e r .  N M R  s p e c t r a  w e r e  

r e c o r d e d  o n  V a r i a n  E M - 3 6 0 ,  T - 6 0 ,  a n d  C F T - 2 0  s p e c t r o m e t e r s  u s in g  

M e 4S i  a s  i n t e r n a l  s t a n d a r d .  N o t a t i o n s  u s e d  in  t h e  d e s c r i p t i o n s  a r e  

s  =  s i n g le t ,  d  =  d o u b l e t ,  t  =  t r i p l e t ,  q  =  q u a r t e t ,  a n d  m  =  m u l t i p l e t .  

C i r c u l a r  d i c h r o i s m  s p e c t r a  w e r e  r e c o r d e d  o n  a  J o b i n  Y v o n  D i c h r o -  

g r a p h e  R .  J .  M a r k  I I I  i n s t r u m e n t .  M i c r o a n a l y s e s  w e r e  p e r f o r m e d  b y  

D r .  F .  B .  S t r a u s s ,  O x f o r d ,  E n g l a n d .

(2ft)-3-(o-Allyloxyphenoxy)-l,2-propanediol [(2ft)-3]. A  s o 

l u t i o n  o f  8 .7 5  g  ( 0 . 1 6 2  m o l)  o f  N a O M e  a n d  2 4 .3 0  g  ( 0 . 1 6 2  m o l)  o f  c a t 

e c h o l  m o n o a l l y l  e t h e r  in  4 0  m L  o f  e t h a n o l  a n d  1 0  m L  o f  H 20  w a s  

a d d e d  t o  2 4 .2 4  g  ( 0 .0 8 1  m o l)  o f  ( 2 f t ) - 3 - t o s y l o x y - l , 2 - p r o p a n e d i o l  

a c e t o n i d e  [ ( 2 f t ) - 2 ] 7d a n d  t h e  m i x t u r e  w a s  r e f l u x e d  f o r  2 4  h . T h e  s o 

l u t i o n  w a s  c o o le d  a n d  s o l v e n t  w a s  r e m o v e d  b y  r o t a r y  e v a p o r a t i o n  t o  

y i e l d  a  d a r k  b r o w n  s lu d g e .  T h e  r e s i d u e  w a s  d i s s o l v e d  in  2 0 0  m L  o f  

e t h e r ,  w a s h e d  w i t h  5 %  a q u e o u s  N a O H  ( 5  X  1 0 0  m L )  a n d  w a t e r  (4  X  

1 0 0  m L ) ,  d r i e d  ( N a 2S 0 4 ) , a n d  e v a p o r a t e d  a f f o r d i n g  2 7 . 8 8  g  o f  a n  o r 

a n g e  o i l ,  w h i c h  w a s  d e t e r m i n e d  b y  N M R  t o  b e  7 2 %  p r o d u c t .  I n t e 

g r a t io n  o f  t h e  a r e a  o f  p r o t o n s  o f  t h e  t o s y l  g r o u p  w a s  u s e d  a s  a  m e a s u r e  

o f  r e m a i n i n g  s t a r t i n g  m a t e r i a l .  T h e  c r u d e  a c e t o n i d e ,  2 7 . 8 8  g  ( r e p r e 

s e n t i n g  2 0 .0 0  g , 0 . 0 7 1  m o l ) ,  in  a  m i x t u r e  o f  5 0  m L  o f  a c e t o n e  a n d  1 0  

m L  o f  a q u e o u s  2  N  H C 1 ,  w a s  r e f l u x e d  f o r  5  h . E v a p o r a t i o n  o f  t h e  s o l 

v e n t  a f f o r d e d  a n  o i l  w h i c h  w a s  c r y s t a l l i z e d  r e p e a t e d l y  f r o m  e t h e r  

( c h a r c o a l ) ,  a f f o r d i n g  d i o l  ( 2 f t ) - 3 :  6 .8 3  g  ( 3 5 %  o v e r a l l  y i e l d ) ;  m p  8 2 - 8 3  

° C ;  H 20d  - 7 . 4 °  (c  0 . 1 0 ,  a b s o l u t e  E t O H ) ;  C D  (c  0 . 1 0  C u p r a  A )  [0] 522 

+ 1 7 ,  [0 ] 4 i 2 0 , [0 )35 7  0 , [0] 277  - 3 8 0 ;  I R  ( K B r )  3 .0 3 ,  3 . 4 1 , 6 . 3 0 , 6 . 6 6 ,  6 .9 0 , 

7 . 9 8 , 8 . 2 0 , 8 . 9 1 , 9 . 4 8 , 9 . 6 6 , 1 0 . 6 6 , 1 0 . 9 2 , 1 3 . 6 9  ¡an ;  N M R  ( C D C 1 3) b 6 .9 7  

( s ,  4 , A r H ) ,  5 . 7 6 - 6 . 6 3  ( m , 1 , H 24 ,  5 . 0 6 - 5 . 7 3  ( m , 2 ,  2 H 3-), 4 . 5 7  ( d , 2 , 

2 H i ') ,  4 .0 8  (s , 3 ,  H 2 , 2 H 3), 3 .7 9  ( s , 2 , 2 H i ) ,  3 . 2 1  ( s , 2 ,  O H , e x c h a n g e a b le ) .  

A n a l .  C a l e d :  C ,  6 4 .2 7 ;  H ,  7 . 1 9 .  F o u n d :  C ,  6 4 .2 6 ,  H ,  7 . 1 8 .

(2S)-3-(o-Allyloxyphenoxy)-l,2-propanediol [(2S)-3]. D i o l

(2S)-3 w a s  p r e p a r e d  f r o m  ( 2 S ) - 3 - t o s y l o x y - l , 2 - p r o p a n e d i o l  a c e t o n id e  

[(2S)-2]7d a n d  c a t e c h o l  m o n o a l l y l  e t h e r  b y  a  p r o c e d u r e  a n a l a g o u s  t o  

t h a t  f o r  t h e  p r e p a r a t i o n  o f  (2ft)-3. H y d r o l y s i s  o f  t h e  i n t e r m e d i a t e  

a c e t o n i d e  a f f o r d e d  ( 2 S ) - 3  in  2 8 %  o v e r a l l  y i e l d :  m p  8 2 - 8 3  ° C ;  [ a ] 20D 

=  + 7 . 7 °  (c  0 .0 9 4 , a b s o l u t e  E t O H ) ;  C D  (e  0 . 0 1 0 ,  C u p r a  A ) ,  [0] B22 - 1 6 ,

[0 ] 4 i 2  0 , [0] 3B7 0 , [0 ] 277  +  4 6 0 . A n a l .  C a l e d :  C ,  6 4 .2 7 ;  H ,  7 . 1 9 .  F o u n d :  C ,
6 4 . 1 1 ,  H ,  7 .2 4 .

(2S)-3-(o-Allyloxyphenoxy)-l-(p-toluenesulfonoxy)-2-pro- 
panol [ ( 2 S ) - 4 ] . 1 0 p - T o l u e n e s u l f o n y l c h l o r i d e ,  4 .6 4  g  ( 0 .0 2 4  m o l) ,  in  

7 5  m L  o f  a n h y d r o u s  b e n z e n e  w a s  a d d e d  s lo w l y  (9  h )  t o  a  c o ld  (0  ° C )  

s o l u t i o n  o f  5 .4 4  g  ( 0 .0 2 4  m o l)  o f  d i o l  ( 2 f t ) - 3  in  2 0  m L  o f  a n h y d r o u s  

p y r i d i n e  a n d  t h e  m i x t u r e  s t i r r e d  f o r  5  d a y s  a t  r o o m  t e m p e r a t u r e .  T h e

m i x t u r e  w a s  d i lu t e d  w i t h  2 0 0  m L  o f  E t 2 0 ,  f i l t e r e d ,  w a s h e d  w i t h  1  N  

H C 1  ( 5  X 1 0 0  m L )  a n d  H 20  ( 5  X 1 0 0  m L ) ,  a n d  d r i e d  ( N a 2 S 0 4) a n d  

s o l v e n t  w a s  e v a p o r t e d  t o  a f f o r d  8 .0 7  g  (8 8 %  y i e l d )  o f  a n  o r a n g e  o i l  

w h ic h  w a s  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n :  I R  2 .8 2 ,  3 .2 5 ,  3 . 3 9 ,  6 .2 7 ,

6 .6 8 , 6 .9 0 ,  7 .3 4 ,  7 .9 6 ,  8 .5 2 ,  8 .9 0 , 9 . 1 2 ,  1 0 . 0 3 ,  1 0 . 0 7 ,  1 2 . 0 3  p m ;  N M R  

( C D C I 3 ) S 7 .7 9  a n d  7 .2 2  ( tw o  d ,  J  =  5  H z ,  t o s y l  A r H ) ,  6 . 9 1  ( s , 4 , A r H ) ,  

6 . 5 3 - 6 . 5 9  ( m , 1 ,  H 2-), 5 .6 4 - 5 . 0 3  ( m , 2 , 2 H 3-), 4 .5 2  ( d , 2 , 2 H r ) , 3 . 6 3 - 4 . 3 9  

( m , 5 ,  2 H i ,  H 2 , 2 1 1 . 0 ,  3 . 2 3  ( s ,  1 ,  O H ) ,  2 . 4 1  ( s ,  3 ,  A r C H 3 ).
(2ft)-3-(o-Allyloxyphenoxy)-l-(p-toluenesulfoxy)-2-propanol 

[(2ft)-4].10 T o s y l a t e  (2S)-4 w a s  p r e p a r e d  f r o m  (2S)-3 a n d  p - t o l u -  

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

o f  (2S)-4, a f f o r d i n g  (2ft)-4 in  87% c r u d e  y ie ld ,  w h ic h  w a s  u s e d  w i t h o u t  

f u r t h e r  p u r i f i c a t i o n .
(2ft)-l-(Isopropylamino)-3-(o-allyloxyphenoxy)-2-propanol 

[(2Ii)-l]. A  s o lu t io n  o f  5 3 9  m g  ( 1 0 .0  m m o l)  o f  N a O M e  in  1 2  m L  o f  8 0 %  

M e O H  w a s  a d d e d  t o  3 .7 7  g  ( 1 0 . 0  m m o l)  o f  t o s y l a t e  ( 2 S ) - 4  a n d  t h e  

s o l u t i o n  w a s  r e f l u x e d  f o r  2  h . T h e  M e O H  w a s  e v a p o r a t e d ,  5 0  m L  o f  

e t h e r  w a s  a d d e d ,  a n d  t h e  p r e c i p i t a t e d  N a O T s  w a s  r e m o v e d  b y  f i l 

t r a t i o n .  T h e  e t h e r  w a s  e v a p o r a t e d  a f f o r d i n g  2 .5 0  g  o f  a  y e l lo w  o i l ,  

w h ic h  w a s  4 2 %  o f  t h e  d e s i r e d  e p o x i d e  ( 2 f t ) - 5  a s  d e t e r m i n e d  b y  N M R .  

T h e  N M R  d e t e r m i n a t i o n  w a s  d o n e  b y  c o m p a r i s o n  i n t e g r a t i o n  o f  t h e  

s i g n a l  o f  t o s y l  a r o m a t i c  p r o t o n s  w i t h  o t h e r  a r o m a t i c  p r o t o n s .  C r u d e  

e p o x i d e  ( 2 f t ) - 5  w a s  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .

A  s o l u t i o n  o f  2 .5 8  g  o f  c r u d e  e p o x i d e  [ r e p r e s e n t i n g  7 3 3  m g  ( 3 .4  

m m o l)  o f  p u r e  e p o x i d e ]  in  1 5  m L  o f  i s o p r o p y l a m i n e  w a s  s e a l e d  in  a  

P a r r  b o m b  a n d  h e a t e d  a t  1 1 0  ° C  f o r  1 6  h . A f t e r  c o o l in g ,  t h e  r e s u l t i n g  

l iq u id  w a s  e v a p o r a t e d  a n d  d i s s o lv e d  in  5 0  m L  o f  2  N  H C 1 .  T h e  a q u e o u s  

a c id ic  s o lu t io n  w a s  w a s h e d  w i t h  e t h e r  ( 3  X 5 0  m L ) ,  m a d e  a l k a l i n e  w i t h  

s o l i d  N a O H ,  a n d  e x t r a c t e d  w i t h  e t h e r  ( 3  X 5 0  m L ) .  T h e  c o m b i n e d  

e t h e r  e x t r a c t s  w e r e  d r ie d  ( N a 2S 0 4) a n d  e v a p o r a t e d ,  a f f o r d i n g  a  b r o w n  

o i l  w h i c h  s o l i d i f i e d .  R e p e a t e d  c r y s t a l l i z a t i o n  a f f o r d e d  8 0 0  m g  ( 8 4 %  

y i e l d )  o f  ( 2 f t ) - l :  I R  ( K B r )  2 .9 2 ,  3 .4 2 ,  6 . 3 0 , 6 . 6 7 ,  6 . 9 2 , 7 . 9 9 ,  8 .2 4 ,  8 .9 3 ,  

9 . 8 1 , 1 3 . 6 2  Mm ; N M R  ( C D C 1 3 , M e 4S I )  0 6 .9 7  ( s , 4 ,  A r H ) ,  6 . 5 3 - 5 . 7 3  (m , 

1 ,  H , ’ ) , 5 .6 6 - 5 .0 6  ( m , 2 ,  2 H sd ,  4 .5 8  ( d , 2 ,  2 H r ), 4 .0 5  ( s ,  3 ,  H 2 , 2 H 3 ),

3 . 1 3 - 1 . 1 9  ( m , 5 ,  2 H j ,  H „ ,  N H ,  O H ) ,  1 . 0 9  ( d , J  =  6  H z ,  2 C H 3 ) ; [ « ] 20D 

+ 5 . 8 °  ( li t . [0]D + 5 . 5  ±  0 .5 ° ) ;  C D  (c 0 . 1 0 ,  C u p r a  A )  [0]7OO + 1 4 ,  [0]6oo + 3 6 ,

[0]o4O 0 , [0 ]BOO — 1 0 ,  [0]430 0 , [0]360 0 , [0 ]3 3O _ 9 0 , [0 ]288 — 5 6 0 ,  [0 ]28O 0 .
A t  8 0  M H z  t h e  N M R  s p e c t r u m  ( C D C 1 3 ) w a s  d o n e  o n  r a c e m i c  1 ;  a  

c o m p le t e  a n a l y s i s  o f  t h e  a l l y l  s id e  c h a in  r e v e a l e d :  b 6 .0 5  ( 2 q ,  H 2-, J i'v  
=  5 . 1 ,  J 2 '3 'd s =  1 0 . 2 ,  J 2'3'trans =  1 7 . 2  H z ) , 5 . 3 5  a n d  5 .2 4  ( m , H ym an s a n d  

H 3 ’cis, J 3 'trans2 ' ~  1 7 . 2 ,  J gem =  3 .2 ,  J 3 ' i '  — 1 . 4 ,  J 3’cis2' ~  1 0 . 2  H z ) ,  4 . 5 4  

( 2 t ,  2 H r , J r 2 - =  5 . 1 ,  J V3' =  1 . 4  H z ) . A n a l .  C a lc d :  6 7 .8 9 ; H ,  8 .7 4 ; N ,  5 .2 8 . 

F o u n d :  C ,  6 7 .8 3 ;  H ,  8 . 7 1 ;  N ,  5 .3 0 .

(2S)-l-(Isopropylamino)-3-(o-allyloxyphenoxy)-2-propanol 
[(2S)-1]. T h e  2 S  e n a n t i o m e r  ( 2 S ) - 1  w a s  p r e p a r e d  f r o m  t o s y l a t e  

( 2 f t ) - 4  in  a  m a n n e r  a n a l a g o u s  t o  t h e  p r e p a r a t i o n  o f  ( 2 f t ) - l ,  in  2 4 %  

o v e r a l l  y i e l d :  [0 ]7oo — 1 3 ,  [0]6oo —3 4 ,  [0 ]s4o 0 , [0]soo + 1 3 ,  [0]43o 0 , [0 ]36o 
0 , [0]32o + 8 5 ,  [0]288 +  5 8 0 , [0]28O 0 . A n a l .  C a lc d :  C ,  6 7 .9 8 ; H ,  8 .7 4 ; N ,  5 .2 8 . 

F o u n d :  C ,  6 8 . 0 1 ,  H ,  8 .7 5 ;  N ,  5 .2 6 .

3-(o-Allyloxyphenoxy)-l,2-epoxypropane ( 5 ) .  E p o x i d e  5 ,  p r e 

p a r e d  a c c o r d i n g  t o  a  l i t e r a t u r e  m e t h o d , 18  w a s  o b t a i n e d  in  4 1 %  y i e l d :  

b p  1 1 7 - 1 1 9  ° C  (0 .4  m m )  [ lit . b p  1 4 5 - 1 5 7  ° C  ( 1 1  m m ) ] ; N M R  (8 0  M H z ,  

C D C 1 3) 6 6 .9 8  (s , 4 , A r H ) ,  4 . 2 3  a n d  3 .9 9  ( 2  q ,  H 3a a n d  H 3b, J gem =  1 1 . 3 ,  

J 3 a ,2 =  3 .7 ,  J 3 b ,2 =  5 . 1  H z ) ,  3 . 3 4  ( 1 1 - p e a k  m u l t i p l e t ,  H 2, e/2 ,3a =  3 .7 ,  

4 2 ,3b =  5 . 1 ,  J 2,icis =  4 .2 ,  J 2,itrans =  2 .7  H z ) , 2 . 8 6  a n d  2 .7 2  ( 2 q ,  H i cjs a n d  

H itra n s , =/gem =  5 .0 ,  J i d s ,2 =  4 .2 ,  J i trans,2 =  2 .7  H z ) .  C is  a n d  t r a n s  r e f e r  
t o  t h e  r e l a t i o n s h i p  b e t w e e n  H 2 a n d  p r o t o n s  a t  C i  o f  t h e  e p o x i d e .  T h e  

a l l y l  s id e  c h a i n  a p p e a r e d  v e r y  s i m i l a r  t o  t h e  o n e  in  o x p r e n o l o l ,  d i s 

c u s s e d  f o r  c o m p o u n d  (2ft)-l: 5 6 .0 5  ( 2 q ,  H 2', J y v  =  5 . 1 ,  J 2 '3 'cjs =  1 0 . 1 ,  

+ 2 '3 'trans =  1 7 . 2  H z ) ,  5 . 3 5  a n d  5 .2 4  ( m , H 3 'trans a n d  H 3 'cis , + 3 'tra n s2 ' —
1 7 . 2 ,  J gem =  3 .2 ,  J y y  =  1 . 4 ,  J 3 ’cis2- =  1 0 . 2  H z ) ,  4 .5 6  ( 2 t ,  2 H r , J v r  =

5 . 1 ,  J i ' 3 ' =  1 . 4  H z ) .

l-Amino-3-(o-Allyloxyphenoxy)-2-propanol (6). I n t o  a  2 0 0 - m L  

s o lu t io n  o f  2 - p r o p a n o l  p r e v i o u s l y  s a t u r a t e d  w i t h  N H 3 a t  —7 0  ° C  w a s  

a d d e d  1 . 0  g  ( 4 .8  m m o l)  o f  3 - ( o - a l l y l o x y p h e n o x y ) - l , 2 - e p o x y p r o p a n e

( 5 ) .  T h e  m i x t u r e  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e ,  l i g h t l y  s t o p p e r e d ,  

f o r  2 4  h . W a r m i n g  ( h o o d )  r e m o v e d  e x c e s s  N H 3 , a n d  t h e  r e m a i n i n g  

s o l v e n t  w a s  r o t a r y  e v a p o r a t e d .  T h e  r e s i d u e  w a s  c r y s t a l l i z e d  ( h e x -  

a n e - 2 - p r o p a n o l ) ,  a f f o r d i n g  0 . 8 1  g  ( 6 2 % )  o f  6 : m p  8 0 - 8 2  ° C ;  N M R  

( C D C lg )  b 6 .8 7  (s , 4 , A r H ) ,  6 . 3 0 - 5 . 6 7  ( m , 1 ,  H 2’) , 5 . 5 3 - 5 . 0 7  ( m , 2 ,  2 H 30 ,  

4 . 6 3 - 4 . 4 3  ( m , 2 ,  2 H r ) , 3 .9 7  ( s , 3 ,  2 H 3 , H 2) , 3 . 0 - 2 . 7 3  ( s , 3 ,  O H ,  N H 2),

2 . 9 8 - 2 . 7 5  ( m , 2 ,  2 H X).

l-(d,/3,|3,/3',/3',d'-Hexadeuterioisopropylamino)-3-(o-allyloxy- 
phenoxy)-2-propanol (Oxyprenolol-isopropyl-d$) (7).19  A m i n o  

a lc o h o l  6 , 5 0 0  m g  ( 2 .2  m m o l) ,  in  1 0  m L  o f  a b s o l u t e  E t O H  w a s  w a r m e d  

t o  e f f e c t  s o lu t io n . A c e t o n e - d g .  1 - 2 0  m L  (4 .4  m m o l ,  S t o h l e r  >  9 9 % ), w a s  

a d d e d  in  t w o  p o r t io n s .  A f t e r  t h e  f i r s t  6 0 0  m g  o f  a c e t o n e ,  N a B H 4 ( 2 1 0  

m g ,  5 . 5  m m o l)  w a s  a d d e d  s lo w ly  in  t h r e e  p o r t io n s .  F i v e  m i n u t e s  a f t e r  

t h e  t h i r d  p o r t i o n ,  t h e  e n t i r e  s e t  o f  b o r o h y d r i d e  a d d i t i o n s  w e r e  r e 

p e a t e d  a f t e r  a d d i n g  t h e  s e c o n d  p o r t i o n  o f  a c e t o n e - d e -  A f t e r  2 0  m in ,
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20 m L  o f  H 2 O  w a s  a d d e d  a n d  t h e  m i x t u r e  w a s  e x t r a c t e d  w i t h  e t h e r  

(1 X 75 m L ,  3 X 50 m L ) .  T h e  c o m b i n e d  e t h e r  e x t r a c t s  w e r e  w a s h e d  

w i t h  3 X 50 m L  o f  5% a q u e o u s  N a O H  a n d  H 20  a n d  d r i e d  ( N a S C D ,  

a n d  t h e  s o l v e n t  w a s  e v a p o r a t e d ,  a f f o r d i n g  a  y e l lo w  o i l .  C r y s t a l l i z a t i o n  

f r o m  2 - p r o p a n o l - h e x a n e  a f f o r d e d  120 m g  o f  7. E v a p o r a t i o n  o f  t h e  

f i l t r a t e  a n d  c r y s t a l l i z a t i o n  f r o m  h e x a n e  a f f o r d e d  a n  a d d i t i o n a l  2 0 0  

m g  o f  7: m p  72-74.5 ° C ;  t o t a l  y i e l d  54%; M S  ( E l ,  70 e V )  m /e  271 (35, 
M + ) ,  253 (30, M  -  C D 3 ) , 227 (100, M  -  C H 2 0 ) ,  150 (85, C 9 H i 0O 2).

l-(a-Deuterioisopropylamino)-3-(o-allyloxyphenoxy)-2- 
propanol) (Oxyprenolol-isopropy/-di) ( 8 ) . A m i n o  a l c o h o l  6 , 2 0 0  

m g  ( 0 .9 0  m m o l ) ,  w a s  d i s s o l v e d  in  5 .0  m L  o f  a b s o l u t e  E t O H  a n d  2 6 0  

m g  ( 4 .5  m m o l)  o f  a c e t o n e  w a s  a d d e d .  O v e r  a  3 - m in  p e r i o d ,  1 9 0  m g  (4 .5  

m m o l)  o f  N a B D 4  ( S t o h le r ,  > 9 9 % )  w a s  a d d e d  w i t h  s t i r r in g .  A f t e r  5  m in , 

a n  a d d i t io n a l  2 6 0  m g  (4 .5  m m o l)  o f  a c e t o n e  w a s  a d d e d  a n d  t h e  m ix t u r e  

w a s  s t i r r e d  f o r  4 5  m in .

T h e  p H  w a s  l o w e r e d  t o  5  w i t h  a q u e o u s  H C 1 ,  a n d  t h e  a l c o h o l  w a s  

e v a p o r a t e d .  T h e  r e s i d u e  w a s  p a r t i t i o n e d  b e t w e e n  a q u e o u s  5 %  K O H  

a n d  e t h e r .  T h e  e t h e r  l a y e r  w a s  w a s h e d  w i t h  5 %  a q u e o u s  K O H  ( 3  X  

5  m L ) ,  d r i e d  ( N a 2 S O ,i) ,  a n d  e v a p o r a t e d ,  a f f o r d i n g  1 6 3  m g  o f  8  ( 6 7 %  

y i e l d )  a s  a  y e l lo w  o i l  w h i c h  s o l i d i f i e d .

a-Methoxy-«-(trifluoromethyl)-ff-cyclohexylacetyl Chloride 
(10). T o  a  s o l u t i o n  o f  1 . 0  g  ( 4 .3  m m o l)  o f  ( — ) - a - m e t h o x y - a - ( t r i f l u o -  

r o m e t h y l ) - a - p h e n y l a c e t i c  a c i d  ( A l d r i c h )  in  4 0  m L  o f  9 5 %  E t O H  w it h

0 .  5  m L  o f  H O A c  w a s  a d d e d  5 0 0  m g  o f  5 %  R h A l 2 0 3 . T h e  m i x t u r e  w a s  

h y d r o g e n a t e d  a t  4 5  p s ig  f o r  2 2  h ,  a f t e r  w h ic h  t im e  t h e  r e q u ir e d  3  e q u i v  

o f  h y d r o g e n  h a d  b e e n  t a k e n  u p .  F i l t r a t i o n  ( C e l i t e )  a n d  e v a p o r a t i o n  

a f f o r d e d  1 . 0 7  g  o f  a c i d  9  ( 1 0 0 %  y ie ld )  a s  a  w h i t e  s o l id ,  m p  1 0 3 - 1 0 5  ° C ,  

w h ic h  c o u ld  b e  d i s t i l l e d :  b p  1 3 0  ° C  ( 3  m m ) ;  m /e  2 4 1  ( M H + ); I R  ( K B r )

2 .8 9 , 3 . 4 1 ,  5 . 8 3 , 7 . 8 2 , 8 . 6 3 ,  8 .8 3 ,  9 . 9 4 , 1 0 . 2 3  p m ; N M R  ( C D C I 3 ) 6 1 0 .6 0  

( s ,  b r ,  1 ,  C O O H ) ,  3 . 5 3  ( m , 3 ,  O C H 3 ) , 2 . 7 7 - 0 . 9 0  ( m , 1 1 ,  c y c l o h e x a n e  

r in g ) .

T h e  a c i d  c h lo r id e  w a s  p r e p a r e d  s i m i l a r  t o  t h e  m e t h o d  o f  M o s h e r 12  

b y  r e f l u x i n g  2 5 0  m g  ( 1 . 0 4  m m o l)  o f  a c i d  9  f o r  2 3  h  in  4  m L  o f  S 0 C 1 2. 

E v a p o r a t i o n  o f  t h e  e x c e s s  S 0 C 1 2  u n d e r  n i t r o g e n  a f f o r d e d  a n  o i l  (10), 
w h ic h  w a s  d i s s o l v e d  in  m e t h y le n e  c h lo r i d e  a n d  u s e d  f o r  a m i d e  p r e p 

a r a t i o n .

Amides for NMR Experiments. T h e  f o l l o w i n g  p r o c e d u r e  is  i l 

l u s t r a t i v e  o f  t h e  m e t h o d  u s e d  f o r  a m in e s  ( 2 f i ) - l ,  ( 2 S ) - 1 ,  a n d  r a c e m ic

1 .  T o  a  s o l u t i o n  o f  1 ,  1 0 0  m g  ( 0 .3 8  m m o l) ,  in  2  m L  o f  1 , 2 - d i c h l o r o -  

e t h a n e  a n d  0 .5  m L  o f  N E t 3 w a s  a d d e d  t o  0 .8  m L  o f  a  4 .9  M  s o l u t i o n  

o f  ( —) - C T - m e t h o x y - a - ( t r i f l u o r o m e t h y l ) p h e n y l a c e t y l  c h lo r i d e  ( 0 .3 9  

m m o l)  in  1 , 2 - d i c h l o r o e t h a n e .  T h e  m i x t u r e  w a s  r e f l u x e d  f o r  3  h . 

T h i n - l a y e r  c h r o m a t o g r a p h y  ( s i l i c a  g e l  G ,  2 5 0  nm, d e v e l o p e d  in  

C H C l s / E t O A c / M e O H / N H i O H ,  4 0 : 1 2 : 2 0 :0 .5 )  w a s  r u n  a n d  n o  s t a r t i n g  

o x p r e n o l o l  (Rf 0 .5 6 )  w a s  p r e s e n t .  T h e  s o l v e n t  w a s  e v a p o r a t e d ,  a f 

f o r d i n g  a  y e l lo w  o i l  w i t h  s o m e  c r y s t a l l i n e  N E t 3- H C l  p r e s e n t .  T h e  

m ix t u r e  w a s  t r a n s f e r r e d  t o  a  1 0 - m L  c e n t r i f u g e  t u b e  w i t h  3  m L  o f  e t h e r  

a n d  2  m L  o f  1  N  H C 1 .  T h e  H C 1  l a y e r  w a s  r e m o v e d  w i t h  a  p i p e t t e ,  a n d  

t h e  e t h e r  l a y e r  w a s  w a s h e d  w i t h  2  m L  o f  5 %  N a O H  a n d  d r i e d  

( M g S 0 4). R e m o v a l  o f  e t h e r  g a v e  a n  o i l ,  1 4 1  m g  ( 7 7 % )  ( c a r b o n y l  1 6 3 4  

c m - 1 ), w h ic h  w a s  u s e d  f o r  N M R  a n a ly s i s .  T h e  in d i v i d u a l  e n a n t i o m e r s  

(2 i ? ) - l  a n d  ( 2 S ) - 1  w e r e  s u b j e c t e d  t o  s i m i l a r  p r o c e d u r e s  u s in g  t h e  s a m e  

a c i d  c h lo r i d e .  I n  s u b s e q u e n t  r u n s ,  b e n z o y l  c h lo r i d e ,  p h e n y l a c e t y l  

c h lo r id e ,  o r  a c i d  c h lo r id e  10 w a s  u s e d  t o  p r e p a r e  a m i d e s  o f  1  f o r  N M R  

a n a l y s i s .
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R e g i s t r y  N o . — ( ± ) - l ,  2 2 9 7 2 - 9 8 - 1 ;  ( 2 f i ) - l ,  3 1 5 7 6 - 0 0 - 8 ;  ( 2 S ) - 1 ,  

2 2 9 7 2 - 9 6 - 9 ;  1  a - m e t h o x y - a - ( t r i f l u o r o m e t h y l ) p h e n y l a c e t y l a m i d e  

d e r i v a t i v e ,  6 6 9 0 1 - 8 1 - 3 ;  ( 2 R ) - 1  ( — ) - o - m e t h o x y - a - ( t r i f l u o r o m e t h y l ) -  

p h e n y l a c e t y l a m i d e  d e r i v a t i v e ,  6 6 9 6 6 - 1 7 - 4 ;  ( 2 S ) - 1  ( —) - a - m e t h o x y -  

« - ( t r i f lu o r o m e t h y O p h e n y la c e t y la m id e  d e r i v a t i v e ,  6 6 9 6 6 - 18 - 5 ;  ( 2 R ) - 2 ,  

2 3 7 8 8 - 7 4 - 1 ;  ( 2 S ) - 2 ,  2 3 7 3 5 - 4 3 - 5 ;  ( 2 f i ) - 3 ,  6 6 9 0 1 - 8 2 - 4 ;  ( 2 S ) - 3 ,  6 6 9 0 1 -

8 3 - 5 ;  ( 2 R ) - 4 ,  6 6 9 0 1 - 8 4 - 6 ;  ( 2 S ) - 4 ,  6 6 9 0 1 - 8 5 - 7 ;  ( 2 f i ) - 5 ,  6 6 9 6 6 - 1 9 - 6 ;  

( 2 S ) - 5 ,  6 6 9 6 6 - 2 0 - 9 ;  (± )-5 , 3 4 1 8 3 - 6 6 - 9 ;  (± )-6 , 5 1 4 6 9 - 7 1 - 7 ;  (± )-7 , 
6 6 9 0 1 - 8 6 - 8 ;  ( ± ) - 8 , 6 6 9 0 1 - 8 7 - 9 ;  8  a - m e t h o x y - a - ( t r i f l u o r o m e t h y l ) -  

p h e n y l a c e t y l a m i d e  d e r i v a t i v e ,  6 6 9 0 1 - 8 8 - 0 ;  9, 6 6 9 0 1 - 8 9 - 1 ;  10, 
6 6 9 0 1 - 9 0 - 4 ;  c a t e c h o l  m o n o a l l y l  e t h e r ,  1 1 2 6 - 2 0 - 1 ;  p - t o l u e n e s u l f o n y l  

c h lo r i d e ,  9 8 - 5 9 - 9 ;  2 - p r o p a n o l ,  6 7 - 6 3 - 0 ;  ( — ) - a - m e t h o x y - a - t r i f l u o r o -  

m e t h y l ) - o f - p h e n y la c e t i c  a c i d ,  1 7 2 5 7 - 7 1 - 5 ;  ( —) - < * - m e t h o x y - a - ( t r i f l u -  

o r o m e t h y O p h e n y i a c e t y l  c h lo r i d e ,  3 9 6 3 7 - 9 9 - 5 .
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New Nitrogen Bases with Severe Steric Hindrance Due to Flanking 
tert-Butyl Groups. cis-2,6-Di- tert-butylpiperidine. Possible Steric
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N e w  s e v e r e l y  h i n d e r e d  n i t r o g e n  b a s e s ,  2 , 6 - d i - t e r f - b u t y l T , 4 - d i h y d r o p y r i d i n e  ( 2 ) ,  2 , 6 - d i - t e r t - b u t y l - 3 , 4 - d i h y d r o -  

p y r i d i n e  ( 3 ) ,  2 ,6 . - d i - i e r i - b u t y l - 3 ,4 , 5 ,6 - t e t r a h y d r o p y r i d i n e  ( 5 ) ,  c i s - 2 ,6 - d i - t e r i - b u t y l p i p e r i d i n e  (6 ) , a n d  a  n o v e l  e n d o -  

p e r o x i d e ,  l , 5 - d i - t e r t - b u t y l - 8 - a z a - 6 , 7 - d i o x a b i c y c l o [ 3 . 2 . 1 ] o c t a n e  ( 7 ) ,  w e r e  o b t a i n e d  b y  l i t h i u m  m e t a l  r e d u c t i o n  o f

2 ,6 - d i - t e r t - b u t y l p y r i d i n e  ( 1 ) .  D i h y d r o p y r i d i n e  2  t a u t o m e r i z e s  t o  3  in  d e u t e r i o c h lo r o f o r m  a t  3 8  ° C .  P y r i d i n e  1  lo s e s  

i t s  c h a r a c t e r i s t i c  “ 2 ,6 - d i m e t h y l p y r i d i n e - l i k e ”  o d o r  u p o n  s i l i c a  g e l  c o lu m n  c h r o m a t o g r a p h y .  T h e  s i g n i f i c a n c e  o f  t h i s  

o b s e r v a t i o n  is  d i s c u s s e d .

The great value in organic synthesis of sterically hindered 
bases1 has recently become more and more apparent. Their 
unique ability to abstract protons in reaction media containing 
sites intrinsically more reactive toward nucleophilic attack 
has allowed the direct generation of a wide variety of car- 
banionic species. Alkylations, acylations, and carboxylations 
employing such carbanions are too numerous to cite.2

Steric inhibition of competing reaction routes has permitted 
the strong but severely hindered base lithium 2 ,2 ,6 ,6 - 
tetramethylpiperidide to be used as proton abstracter in the 
generation of various benzyne and carbene (or carbenoid) 
species.3 The Hiinig base ethyldiisopropylamine4 has been 
used as proton-specific base in a direct synthesis of di-fert- 
butyl ether by O-alkylation of te r t-butyl alcohol with tert-  
butyl cation.5

Sterically hindered amines are routinely used as precursors 
of stable nitroxyl radicals employed as ESR probes in bio
logically oriented studies6 and are also of interest as ganglionic 
blocking agents in the treatment of hypertension.7 It has been 
suggested that “the degree of shielding of the basic nitrogen 
atom by substituents on the adjacent carbon atoms is the 
primary factor controlling ganglionic blocking activity” .70 
Sterically hindered amines have also been used to protect 
polypropylene from photodegradation.8

However, the use of sterically hindered bases to favor de
protonation at sterically more accessable sites relative to less 
accessable sites has met with very limited success. Bartsch and 
co-workers have clearly delineated the effects of steric hin
drance and base strength on orientation in base-promoted 
eliminations of 2-substituted butanes.9 Even the most severely 
hindered bases studied (including the potassium salts of tri- 
cyclohexylcarbinol, tri-2 -norbornylcarbinol, and 1 ,1 -di- 
ierf-butylnonadecanol) yielded less than 30% 1-butene in the 
butene mixture produced upon reaction with 2 -iodobutane 
in Me2SO at 50 °C.9b’c The use of Corey-Pauling-Koltun 
space-filling models indicates that e x is t in g  b a se s  a re  ju s t  not 
ste r ica lly  h in dered  enough to effectively  d istin gu ish  betw een  
p ro to n s  a t  C -1 a n d  C -3 in  the 2 -h a lo b u ta n e s.

Results and Discussion
With the aim of extending the already successful applica

tions of severely hindered bases and the future goal of simple, 
direct “Hoffmann orientation” control in base-promoted 
elimination reactions, we have synthesized bases 2, 3, 5, and 
6  in a preparative approach to these problems. They and their 
common precursor, 2 ,6 -di~f erf-butylpyridine10 (1 ), share the 
feature of having two te r t-butyl groups flanking the basic 
nitrogen. All of these bases are water-insoluble oils which 
readily dissolve in aqueous acid. The bulky terf-hutyl groups 
effectively limit access to the basic lone-pair electrons since 
they are held in the proper orientation by a six-membered ring

4  5  6

incorporating the nitrogen and both a  carbons. The use of 
space-filling models clearly shows that in these species the 
basic site is located at the bottom of a deeper “well” than in 
such bases as 2 ,2 ,6 ,6 -tetramethylpiperidine, and indeed in all 
the great variety of sterically hindered bases previously 
s t u d i e d ,2_9’u including the ganglionic blocker 1 ,2 ,2 ,6 ,6 -pen- 
tamethylpiperidine.7b'c The great magnitude of the steric 
attenuation of nucleophilicity of 1 was demonstrated by the 
observation that it could be N-methylated only at very high 
pressures (5000-6000 atm) . 12

Reaction of 1 with 2 to 7 molar equiv of Li in NH3 with ex
cess t-BuOH as the proton source13 yielded mixtures of 2 and 
3 (various ratios, up to 60% 2). These tautomeric dihydropy- 
ridines were identified by 60 MHz XH NMR spectroscopy and 
also by hydrolysis of such mixtures to the novel diketone
2,2,8,8-tetramethyl-3,7-nonanedione (4). Mixtures of 2 and 
3 underwent tautomerization over a period of several hours 
to greater than 98% 3 when present at about 40% total con
centration of 2 and 3 in CDCI3 at 38 °C (as observed by 4H 
NMR). The greater stability of the 3,4-dihydropyridine is 
possibly due to relief of steric compression strain present in 
the 1,4-dihydropyridine. This is not an argument that the N 
lone pair in 3 occupies less space than the N-H group in 2 since 
3 must have a quite twisted conformation. The bis(vinyl)- 
amine structure has been shown for the parent 1,4-dihydro
pyridine,14 but only postulated (30 years ago) for its 2,6- 
dimethyl derivative on the basis of the isolated hydrolysis 
product, heptane-2,6 -dione.15 In any case 3 appears to be the 
only observed 3,4-dihydropyridine16 apart from earlier ex
amples having additional oxygen or nitrogen substitution at 
the 2 position17 (resonance stabilization of the carbon-ni
trogen double bond). The rearrangement of 2 to 3 clearly il
lustrates the tautomerization process that probably accounts 
for the often observed Birch reduction of aromatic species past 
the 1,4-dihydro stage.13

Silica gel column chromatography (distilled pentane-di- 
ethyl ether gradient elution) of 2 .0 0  g of a product thought by 
60 MHz 'H NMR analysis to consist of a 1 to 3 mixture of 2 
to 3 together with about 6  to 8% of the starting pyridine 1
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yielded 1.64 g of pure diketone 4 by adventitious hydrolysis 
and 0.137 g of a rapidly eluted compound having a 60 MHz J H 
NMR spectrum identical to that of precursor 1. This liquid 
possessed only a faint “hydrocarbon-like” odor and no trace 
of the “lutidine-like” odor of all samples of 1 not subjected to 
silica gel column chromatography. Its thin layer chromato
graphic behavior and solubility in aqueous acid were indis
tinguishable from the corresponding properties of other 
samples of 1. The absence in 1 of a lutidine-like odor18 and the 
observation that 4,5-dimethylacridine lacks the severe la
chrymatory and skin irritating properties of acridine itself11 
may both be due to steric blocking of coordination to relatively 
large electron-pair acceptors in the tissues affected. Possibly 
a transition metal serves in the olfaction of certain functional 
groups. Aliphatic amines seem highly resistant to the “steric 
masking” observed for 1 but these stronger bases are very 
likely detected as their conjugate acids at physiological pH.

Reaction of 1 in ammonia with 5 molar equiv of Li and only 
1 molar equiv of f-BuOH (insufficient to protonate all the 
strongly basic species generated) yielded a mixture from which 
successive vacuum distillation and silica gel column chro
matography provided a 46% yield of pure 2,6-di-feri-butyl-
3,4,5,6-tetrahydropyridine (5). This ¡mine has its sp2 hybri
dized nitrogen lone pair electrons enormously hindered by the 
flanking tert- butyl groups and can therefore be expected to 
show exceptional resistance to any potential coordinating 
metal or Lewis acid other than a proton.

Reaction of 1 in 1,2-ethanediamine19 at 90 °C (oil bath 
temperature) with 18 molar equiv of concurrently added Li 
and f-BuOH gave a product whose 'H NMR spectrum showed 
no peaks below 5 2.25 except for those due to the presence of
5 to 7% of imine 5, the separation of which proved difficult. 
In the hope of carboxylating the conjugate base of the latter 
(and removing the expected zwitterionic imino acid side 
product by subsequent aqueous extraction), the procedure was 
modified to include the addition of 50 to 100 molar equiv of 
solid CO2 to the cooled reaction mixture.20 The resulting 
products, after aqueous extraction, drying, and evaporation 
of the volatile components, exhibited an XH NMR spectrum 
virtually identical to that of a subsequently prepared ana
lytical sample of 6 . Vacuum distillation provided an 8 6 % yield 
of the pure liquid cts-2 ,6 -di-iert-butylpiperidine.

All spectral data are consistent with the assignment of the 
cis configuration to 6 . In view of proposed mechanisms13 for 
Lithium amine reductions, in particular the configuration 
determining protonation step, the highly strained trans con
figuration would not be expected. Reduction of 2,6-di- 
methylpyridine with sodium in refluxing ethanol was reported 
to yield cis- and t r a n s -2,6 -dimethylpiperidine in a 74/26 
ratio.21 If one assumes staggered tert -butyl rotamers as shown 
for 6 , equatorial NH would have two additional peri CH3/H 
interactions and axial NH would have two additional syn-axial 
interactions relative to piperidine itself, the conformational 
preference of which is clearly quite small, although contro
versial.22 Thus the additional conformational interactions in
6 relative to piperidine appear to be equal with respect to the 
CH3/NH and CH3/N lone pair interactions, and the NH 
axial-equatorial equilibrium may be similar to that in the 
parent amine.

Uniquely hindered secondary amine 6  exhibits a tiny, barely 
detectable absorption at about 3375 cm- 1  in its infrared 
spectrum (neat). However, the Raman spectrum (Ar laser,
514.5 nm) of neat 6  shows two separate peaks at 3376 and 3308 
cm- 1  with relative band area ratio intensities of about 3.0 to
1.0 at 20 °C. The more intense, high frequency Raman band 
at 3376 cm- 1  may be due to equatorial NH stretching.22 
Prominent low-frequency CH stretching bands (expected for 
the axial lone pair conformation) are observed at 2774 and 
2715 cm- 1  in the Raman spectrum of 6 , and corresponding

Bohlmann bands23 are seen in its infrared spectrum. The 
smaller of the two Raman NH stretching bands (at 3308 cm-1) 
may then be due to axial NH stretching, but confirmation of 
these tentative assignments must await further study.

Analysis of small crystals that appeared in the neck of a 
rotary evaporator during work-up of one of the NH3/Li reac
tion products indicated the absence of vinyl protons and an 
apparent mass spectral parent peak of m /e  195, corresponding 
to an isomer of imine 5. An initially considered bicyclic c is-  
di-tert -butylaziridine was ruled out when trial reactions led 
to the production of this compound in improved yield: Its 
microanalysis corresponded to Ci3H25N0 2 and its mass 
spectrum revealed a tiny parent peak at m /e  227. The down- 
field 13C NMR peak at 102.7 ppm (bridgehead carbons) and 
all the other data now seem consistent only with the “ozon- 
ide-like” endoperoxide l,5-di-£eri-butyl-8-aza-6,7-dioxabi- 
cyclo[3.2.1]octane (7). Apparently a precursor adds dioxygen

and readily eliminates it upon mass spectral fragmentation. 
Work is in progress to see if the precursor is the aziridine with 
compressed c is-d i- te r t  -butyl groups considered initially.

Experimental Section
G e n e r a l .  A l l  c h e m i c a l s  w e r e  a n h y d r o u s  r e a g e n t  g r a d e  a n d  u s e d  a s  

s u p p l i e d  u n l e s s  o t h e r w i s e  s t a t e d .  P r e c u r s o r  1  w a s  u s e d  a s  r e c e i v e d  

f r o m  W il lo w  B r o o k  L a b s . ,  I n c . ,  W a u k e s h a ,  W is .  L i t h i u m  ( A l f a ,  Vs in . 

w ir e )  c o n t a i n e d  0 . 0 1 %  s o d i u m .  A m m o n i a  v a p o r  w a s  p a s s e d  t h r o u g h  

a  2  X  4 0  c m  c o lu m n  o f  s o d i u m  h y d r o x i d e  p e l le t s  p r i o r  t o  c o n d e n s a t io n .  

B a k e r  s i l i c a  g e l  ( 6 0 - 2 0 0  m e s h )  w a s  u s e d  f o r  c o lu m n  c h r o m a t o g r a p h y .  

P e n t a n e  w a s  d i s t i l l e d  a n d  o x a c y c lo p e n t a n e  w a s  d i s t i l l e d  f r o m  l i t h iu m  

a l u m i n u m  h y d r i d e  a n d  s t o r e d  u n d e r  n i t r o g e n .  F i s h e r  1 , 2 - e t h a n e d i 

a m i n e  w a s  h e a t e d  w i t h  s o d i u m  a t  8 5 - 9 0  ° C  f o r  4 8  h , d i s t i l l e d ,  a n d  

s t o r e d  u n d e r  n i t r o g e n .

A l l  r e a c t io n  v e s s e ls  u s e d  in  t h e  l i t h iu m  r e d u c t i o n s  w e r e  f l u s h e d  w it h  

n i t r o g e n ,  b u t  t h e  n i t r o g e n  s o u r c e  w a s  d i s c o n n e c t e d  p r i o r  t o  a d d i t i o n  

o f  t h e  l i t h iu m .  A p p r o p r i a t e  r e f l u x  c o n d e n s e r s  e q u i p p e d  w i t h  c a lc i u m  

c h lo r id e  d r y in g  t u b e s  w e r e  e m p lo y e d .  T e f l o n - c o a t e d  m a g n e t i c  s t i r r i n g  

b a r s  w e r e  u s e d  e x c e p t  in  t h e  p r e p a r a t i o n  o f  6  w h i c h  r e q u i r e d  a n  a l l 

g l a s s  m e c h a n i c a l  s t i r r e r .  S y r i n g e  t e c h n i q u e s  w e r e  u s e d  w h e n e v e r  

p o s s i b le .

P r o t o n  m a g n e t i c  r e s o n a n c e  s p e c t r a  w e r e  r e c o r d e d  o n  a  V a r i a n  

A - 6 0 A  s p e c t r o m e t e r  u s in g  d e u t e r i o c h lo r o f o r m  w i t h  i n t e r n a l  t e t r a -  

m e t h y ls i l a n e .  C a r b o n  a n d  n i t r o g e n  N M R  s p e c t r a  w e r e  o b t a i n e d  in  

t h e  F o u r i e r  t r a n s f o r m  m o d e  o n  a  J E O L  P S / P F T - 1 0 0  s p e c t r o m e t e r  

in  h e x a d e u t e r i o b e n z e n e  t a k e n  a s  1 2 8 . 5  p p m . R a m a n  s p e c t r a  w e r e  

o b t a i n e d  o n  a  S p e x  I n d u s t r i e s  M o d e l  1 4 0 1  s p e c t r o m e t e r  u s i n g  a n  

a r g o n  l a s e r  a t  5 1 4 . 5  n m . I n f r a r e d  s p e c t r a  w e r e  r e c o r d e d  o n  a  P e r k i n -  

E l m e r  i n f r a c o r d .  M a s s  s p e c t r a  w e r e  r e c o r d e d  o n  a n  A E I  M o d e l  M S - 9  

s p e c t r o m e t e r .  M e l t i n g  p o i n t s  w e r e  m e a s u r e d  o n  a  M e l - T e m p  a p p a 

r a t u s  a n d  a r e  u n c o r r e c t e d .  A n a l y s e s  w e r e  p e r f o r m e d  b y  S c h w a r t z k o p f  

M i c r o a n a l y t i c a l  L a b o r a t o r i e s ,  W o o d s i d e ,  N . Y .

2,6-Di-tert-butyl-1,4-dihydro pyridine (2) and 2,6-Di-tert- 
butyl-3,4-dihydropyridine (3). A  s o l u t i o n  o f  9 .5 6  g  ( 5 0  m m o l)  o f  1 

in  5 0  m L  ( 5 3 0  m m o l)  o f  d r y  t - B u O H  w a s  a d d e d  t o  1 0 0  m L  o f  f r e s h l y  

c o n d e n s e d  a m m o n i a .  L i t h i u m  ( 0 .7 6 3  g , 1 1 0  m m o l)  w a s  a d d e d  in  1 6  

a p p r o x i m a t e l y  e q u a l - s i z e d  p i e c e s  o v e r  a  1 0 - m in  p e r i o d ,  a n d  a f t e r  a l 

l o w in g  t h e  r e s u l t i n g  m i x t u r e  t o  g e n t l y  r e f l u x  f o r  a n o t h e r  6 0  m in ,  8 .0 2  

g  ( 1 5 0  m m o l)  o f  a m m o n iu m  c h lo r i d e  w a s  a d d e d  in  p o r t i o n s .  A  w a t e r  

b a t h  ( 4 0  ° C )  w a s  u s e d  t o  e v a p o r a t e  t h e  a m m o n i a  a n d  3 0 0  m L  o f  d i 

e t h y l  e t h e r  w a s  t h e n  a d d e d  t o  t h e  r e s i d u e .  T h e  r e s u l t in g  e t h e r  s o lu t io n  

w a s  f i l t e r e d ,  s h a k e n  w i t h  a n h y d r o u s  s o d i u m  s u l f a t e ,  f i l t e r e d  a g a i n ,  

a n d  e v a p o r a t e d  u n d e r  v a c u u m  t o  y i e l d  9 .2 5  g  o f  2 a n d  3 (9 6 % , c r u d e ) .  

A n a l y s i s  b y  6 0  M H z  N M R  i n d i c a t e d  t h e  p r e s e n c e  o f  a  3  t o  2  r a t i o  

o f  2 t o  3 w i t h  a b o u t  1 5 %  o f  1  r e m a i n i n g .  2 :5 1 . 0 9  ( s ,  6  C H 3 ) , 2 . 9 1  ( t ,  J  
=  3 .4  H z ,  C H 2) , 4 . 2 2  ( m , 2  C H = ) ,  4 . 3 3  ( b r  s , N H ) .  3: < 5 1 . 1 0  ( s ,  3  C H 3),

1 . 1 5  ( s ,  3  C H 3 ), 1 . 9 7  ( m , C H 2 C H 2) , 5 . 1 6  ( m , C H = ) .

A  0 .2 3 8 - g  p o r t i o n  o f  t h i s  p r o d u c t  m i x t u r e  w a s  d i s s o l v e d  in  5 .0  m L  

o f  1 0 %  H C 1  a n d  t h e  r e s u l t i n g  s o l u t i o n  w a s  a l l o w e d  t o  s t a n d  a t  2 5  ° C
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f o r  2 4  h .  T h e  r e s u l t i n g  p r o d u c t s  w e r e  s h a k e n  w i t h  2 0  m L  o f  d i e t h y l  

e t h e r  a n d  1 5  m L  o f  w a t e r  a n d  t h e  e t h e r  e x t r a c t  w a s  w a s h e d ,  d r i e d  

( M g S 0 4) ,  a n d  e v a p o r a t e d  u n d e r  v a c u u m  t o  y i e l d  0 . 2 1 9  g  o f  a n  o i l  

c o n s i s t i n g  o f  4  t o g e t h e r  w i t h  a b o u t  1 0 %  o f  1  ( 6 0  M H z  XH  N M R  a n a l 

y s i s ) .
2,2,8,8-Tetram ethyl-3,7-noiianedione (4). A  2 .0 0 - g  p o r t i o n  o f  a  

p r o d u c t  m i x t u r e  t h o u g h t  b y  XH  N M R  s p e c t r o s c o p ic  a n a l y s i s  t o  c o n s is t  

o f  a  1  t o  3  r a t i o  o f  2 t o  3 t o g e t h e r  w i t h  6  t o  8 %  o f  1  w a s  s u b j e c t e d  t o  

s i l i c a  g e l  c o lu m n  c h r o m a t o g r a p h y  u s i n g  a  0  t o  1 0 %  d i e t h y l  e t h e r  g r a 

d i e n t  in  d i s t i l l e d  p e n t a n e  t o  y i e l d ,  in  o r d e r  o f  e l u t i o n :  ( a )  0 . 1 3 7  g  o f  

p u r e  1  h a v i n g  o n l y  a  f a i n t  “ h y d r o c a r b o n - l i k e ”  o d o r ;  ( b )  0 . 0 2 2  g  o f  

i m p u r e  7; (c )  1 . 6 4  g  o f  p u r e  4, m p  2 9 . 0 - 3 1 . 0  ° C  [6 0  M H z  1 H N M R  5
1 . 1 3  ( s ,  6  C H s ) ,  1 . 8 1  ( p , C H 2) ,  2 . 5 3  ( t ,  2  C H 2) ; I R  ( C D C 1 3 ) 1 7 0 5  c m “ 1 ; 

m a s s  s p e c t r u m  ( m / e ,  5 0  e V )  2 1 2  ( M + ) , 1 5 5 , 1 2 7 , 1 1 0 , 1 0 9 ,  8 5 , 7 1 , 6 9 ,

5 7 , 5 5 .  A n a l .  C a l c d  f o r  C i 3H 240 2: C ,  7 3 . 5 4 ;  H ,  1 1 . 3 9 .  F o u n d :  C ,  7 3 . 6 8 ;

H ,  1 1 . 5 5 . ] .
2,6-Di-tert-butyl-3,4,5,6-tetrahydropyridine (5). A  s o lu t io n  o f

I .  9 1 3  g  ( 1 0  m m o l)  o f  1  a n d  0 . 7 4 1  g  ( 1 0  m m o l)  o f  i - B u O H  in  5 .0  m L  o f  

o x a c y c lo p e n t a n e  w a s  a d d e d  t o  3 5  m L  o f  f r e s h l y  c o n d e n s e d  a m m o n ia .  

L i t h i u m  ( 0 .5 5 5  g , 8 0  m m o l)  w a s  a d d e d  in  t e n  a p p r o x i m a t e l y  e q u a l 

s iz e d  p i e c e s  o v e r  a  1 5 - m i n  p e r i o d .  T h e  r e s u l t i n g  m i x t u r e  w a s  a l lo w e d  

t o  g e n t l y  r e f l u x  f o r  a n o t h e r  2  h  a n d  t h e n  4 .2 8  g  ( 8 0  m m o l)  o f  a m m o 

n i u m  c h lo r i d e  w a s  a d d e d  i n  p o r t i o n s  a l o n g  w i t h  2 0  m L  o f  o x a c y c l o 

p e n t a n e  t o  f a c i l i t a t e  s t i r r i n g .  A  w a t e r  b a t h  ( 4 0  ° C )  w a s  u s e d  t o  e v a p 

o r a t e  t h e  a m m o n i a  a n d  t h e  r e s i d u e  w a s  s h a k e n  w it h  5 0  m L  o f  p e n t a n e  

a n d  3 5  m L  o f  w a t e r .  T h e  s e p a r a t e d  p e n t a n e  l a y e r  w a s  w a s h e d  w i t h  

w a t e r ,  d r i e d  ( M g S 0 4) , a n d  e v a p o r a t e d  u n d e r  v a c u u m  t o  y i e l d  1 . 6 4  g  

o f  a n  o i l  w h i c h  w a s  s u b j e c t e d  t o  s i l i c a  g e l  c o lu m n  c h r o m a t o g r a p h y  

u s in g  a  0  t o  6 %  d i e t h y l  e t h e r  g r a d ie n t  in  d i s t i l l e d  p e n t a n e  t o  y i e l d  1 . 3 7  

g  o f  c r u d e  5 .  V a c u u m  d i s t i l l a t i o n  o f  t h i s  p r o d u c t  r e m o v e d  a  s u b s t a n t i a l  

a m o u n t  o f  h i g h  b o i l i n g  i m p u r i t y  a n d  y i e l d e d  0 .8 9 5  g  ( 4 6 % )  o f  p u r e  5 :  

b p  9 9 - 1 0 0  ° C  ( 1 6 . 5  m m ) ;  6 0  M H z  XH  N M R  5 0 .9 2  ( s ,  3  C H 3 ) , 1 . 0 8  ( s ,  

3  C H 3) , c a .  1 . 0 0 - 2 . 2 5  ( m , C H 2 C H 2 C H 2), 2 .9 0  ( m , C H ) ;  13 C  N M R  2 1 . 2  

( C H 2) , 2 3 .0  ( C H 2 ), 2 4 . 3  ( C H 2) , 2 7 . 4  ( 3  C H 3 ), 2 8 .9  ( 3  C H 3 ) , 3 5 .6  ( C ) ,

4 0 .5  ( C ) ,  6 6 .9  ( C H ) ,  1 7 4 .0  ( = C ) ;  I R  ( C D C 1 3) 1 6 5 0  c m - 1 ; m a s s  s p e c t r u m  

(m /e , 7 0  e V )  1 9 5  ( M + ,  3 ) ,  1 8 0  ( 5 ) ,  1 5 5  ( 2 0 ) ,  1 3 8  ( 1 6 ) ,  1 0 9  ( 5 6 ) ,  8 4  ( 2 5 ) ,  

6 9  ( 2 5 ) ,  5 7  ( 1 0 0 ,  b a s e ) ,  5 5  ( 2 3 ) ,  4 3  ( 4 0 ) , 4 1  ( 9 3 ) .  A n a l .  C a l c d  f o r  

C 1 3 H 25N :  C ,  7 9 .9 3 ;  H ,  1 2 . 9 0 ;  N ,  7 . 1 7 .  F o u n d :  C ,  7 9 .6 8 ;  H ,  1 2 . 7 8 ;  N ,

7 .2 8 .

I m i n e  5  i s  s t o r e d  u n d e r  n i t r o g e n  a t  r o o m  t e m p e r a t u r e  t o  p r e v e n t  

d i s c o l o r a t i o n  a n d  s lo w  d e c o m p o s i t i o n .

c i s - 2 , 6 - D i - t e r t - b u t y l p i p e r i d i n e  ( 6 ) . A  s o l u t i o n  o f  4 .7 8  g  ( 2 5  

m m o l)  o f  1  in  5  m L  o f  d r y  t - B u O H  w a s  a d d e d  t o  1 7 5  m L  o f  a n h y d r o u s

1 ,2 - e t h a n e d i a m i n e .  W it h  v ig o r o u s  s t i r r in g  a n d  h e a t in g  o f  t h i s  m ix t u r e  

(9 0  ° C  o i l  b a t h )  3 . 1 2  g  ( 4 5 0  m m o l)  o f  l i t h i u m  w a s  a d d e d  o v e r  a  3 0 - m in  

p e r i o d  in  1 2  a p p r o x i m a t e l y  e q u a l - s i z e d  p i e c e s  a l t e r n a t i n g  w i t h  a p 

p r o x i m a t e l y  e q u a l  p o r t io n s  o f  d r y  i - B u O H ,  s u c h  t h a t  t h e  t o t a l  a m o u n t  

o f  t - B u O H  u s e d ,  in c l u d i n g  t h e  i n i t i a l  5  m L ,  w a s  3 3 . 4  g  ( 4 5 0  m m o l) .  

A f t e r  a l l  t h e  l i t h i u m  m e t a l  h a d  b e e n  c o n s u m e d  ( 2 - 3  m i n  a d d i t i o n a l ) ,  

t h e  m i x t u r e  w a s  r a p i d l y  c o o le d  t o  a b o u t  2 5  ° C  ( w a t e r  b a t h )  a n d  6 0 - 9 0  

g  o f  d r y  i c e  w a s  a d d e d  t o  i t  in  s m a l l  p o r t i o n s  (exotherm ic  r e a c t i o n ) .  

A f t e r  a n o t h e r  1 5  m in  7 0 0  m L  o f  d i e t h y l  e t h e r  w a s  a d d e d  t o  t h e  r e a c 

t i o n  p r o d u c t s ,  f o l l o w e d  b y  3 2 . 1  g  ( 6 0 0  m m o l)  o f  a m m o n i u m  c h lo r id e  

( in  p o r t i o n s  a n d  w i t h  i c e - b a t h  c o o l in g ) .  A f t e r  a n  a d d i t i o n a l  1 0  m in  

t h e  r e s u l t i n g  m i x t u r e  w a s  s h a k e n  w i t h  3 5 0  m L  o f  w a t e r ,  d r i e d  

( M g S 0 4) , a n d  e v a p o r a t e d  u n d e r  v a c u u m  t o  y i e l d  4 .6 9  g  ( 9 5 % , c r u d e )  

o f  6 . V a c u u m  d i s t i l l a t i o n  o f  t h e  p r o d u c t  y i e l d e d  4 . 2 1  g  (8 6 % ) o f  p u r e  

6 : b p  9 5 . 0 - 9 7 . 0  ° C  ( 1 0  m m ) ;  6 0  M H z  XH  N M R  5 0 .8 8  ( s ,  6  C H 3) , c a . 

0 . 8 - 2 . 1  ( m , C H 2 C H 2 C H 2 ), 1 . 1 3  ( b r  s ,  N H ,  a s s i g n m e n t  b y  D 20  e x 

c h a n g e ) ,  2 . 1 4  ( b r  d ,  J  =  1 0 . 0  H z ,  2  C H ) ;  1 3 C  N M R  2 6 .6  ( C 4) , 2 7 . 4  ( 6  

C H 3 ), 2 7 .6  (C3, Cg), 3 4 .5  ( 2  q u a t e r n a r y  C), 6 7 .4  (C2, Cg), a s s i g n m e n t s  

c o n f i r m e d  b y  o f f - r e s o n a n c e  p r o t o n  d e c o u p l i n g ;  15 N  N M R  ( C g D 6, 

d o w n f i e l d  f r o m  e x t e r n a l  a q u e o u s  1 6 N H 4 C 1)  5 3 0 . 0 ;  m a s s  s p e c t r u m  

(m /e , 7 0  e V )  1 9 7  ( M + ,  0 .3 ) ,  1 9 6  ( 1 . 3 ) ,  1 8 2  ( 9 .4 ) ,  1 4 1  ( 1 8 ) ,  1 4 0  ( 1 0 0 ,  

b a s e ) ,  9 7  ( 1 5 ) ,  5 6  ( 3 3 ) ,  5 5  ( 2 8 ) ,  4 1  ( 2 9 ) .  A n a l .  C a l c d  f o r  C 1 3 H 27N :  C ,  

7 9 . 1 1 ;  H ,  1 3 . 7 9 ;  N ,  7 . 1 0 .  F o u n d :  C, 7 9 .3 6 ;  H ,  1 3 . 8 2 ;  N ,  7 .0 7 .

l , 5 - D i - t e r t - b u t y l - 8 - a z a - 6 , 7 - d i o x a b i c y c l o [ 3 . 2 . 1 ] o c t a n e  ( 7 ) .  A  

s o l u t i o n  o f  1 . 9 1 3  g  ( 1 0  m m o l)  o f  1  a n d  3 . 7 1  g  ( 5 0  m m o l)  o f  t - B u O H  in  

2 7  m L  o f  d i e t h y l  e t h e r  w a s  a d d e d  t o  2 5  m L  o f  f r e s h l y  c o n d e n s e d  a m 

m o n ia .  W i t h  r a p i d  s t i r r i n g  o f  t h e  r e s u l t i n g  h e t e r o g e n e o u s  m i x t u r e ,  

l i t h i u m  ( 0 .3 4 7  g , 5 0  m m o l)  w a s  a d d e d  in  e i g h t  a p p r o x i m a t e l y  e q u a l 

s iz e d  p i e c e s  o v e r  a  1 0 - m i n  p e r i o d .  A f t e r  a n o t h e r  3 0  m i n  1 5  m L  o f  a d 

d i t i o n a l  a m m o n i a  w a s  c o n d e n s e d  i n t o  t h e  m i x t u r e ,  a n d  a f t e r  a n  a d 

d i t i o n a l  6 0  m i n  a m m o n i u m  c h lo r i d e  ( 2 .9 4  g , 5 5  m m o l)  w a s  a d d e d  in  

p o r t i o n s .  A  w a t e r  b a t h  ( 4 0  ° C )  w a s  u s e d  t o  e v a p o r a t e  t h e  a m m o n i a  

a n d  t h e  r e s i d u e  w a s  s h a k e n  w i t h  3 0  m L  o f  p e n t a n e  a n d  3 0  m L  o f  

w a t e r .  T h e  s e p a r a t e d  p e n t a n e  l a y e r  w a s  w a s h e d  w i t h  w a t e r ,  d r i e d  

( M g S 0 4) , a n d  e v a p o r a t e d  u n d e r  v a c u u m  t o  y i e l d  1 . 8 5 1  g  o f  a n  o i l  

w h i c h  w a s  e s t i m a t e d  b y  6 0  M H z  XH  N M R  a n a l y s i s  t o  c o n s i s t  o f  a p 

p r o x i m a t e l y  e q u a l  p a r t s  o f  1 , 3 ,  a n d  7 .  S i l i c a  g e l  c o lu m n  c h r o m a t o g 

r a p h y  o f  t h i s  m ix t u r e  u s in g  a  0  t o  8 %  d i e t h y l  e t h e r  g r a d i e n t  in  p e n t a n e  

y i e l d e d  in  o r d e r  o f  e lu t io n :  ( a )  0 .5 0 9  g  o f  p u r e  1  ( 3H  N M R  a n a l y s i s ) ;

( b )  0 . 5 5 2  g  o f  7 ( 2 4 % ) ,  m p  9 0 . 0 - 9 2 . 5  ° C ;  (c )  0 . 4 3 5  g  o f  4. V a c u u m  s u b 

l i m a t i o n  y i e l d e d  a n  a n a l y t i c a l  s a m p l e  o f  7: m p  9 2 . 0 - 9 3 . 0  ° C ;  6 0  M H z  

XH  N M R  5 1 . 0 4  ( s ,  6  C H 3 ) , c a .  1 . 5 - 2 . 2  ( m , C H 2 C H 2 C H 2) , 3 . 4 5  ( b r  s ,  

N H ) ;  13 C  N M R  1 9 . 1  ( C H 2) , 2 5 .5  ( 6  C H 3) , 2 9 . 1  ( 2  C H 2) , 3 5 .8  ( 2  C ) ,  1 0 2 . 7  

( 2  C ,  b r i d g e h e a d ) ;  I R  ( C C 1 4) 3 3 6 5  c m - 1  ( w ) ; m a s s  s p e c t r u m  (m /e ,  7 0  

e V )  2 2 7  ( M + ) ,  1 9 5  ( M +  -  0 2) , 1 8 1 , 1 8 0 , 1 7 8 , 5 7 , 5 5 , 4 1 , 3 9 , 2 9 , 2 8 .  A n a l .  

C a l c d  f o r  C i 3 H 2 5 N 0 2 : C ,  6 8 .6 8 ; H ,  1 1 . 0 8 ;  N ,  6 . 1 6 .  F o u n d :  C ,  6 8 .5 9 ;  H ,  

1 1 . 0 3 ;  N ,  6 .0 3 .
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T r i - f e r i - b u t y l s i l a n e ,  d i - t e r t - b u t y l m e t h y l s i l a n e ,  a n d  te r t -b u t y l d i m e t h y l s i l a n e  w e r e  c o n v e r t e d  i n t o  t h e  c o r r e 

s p o n d i n g  s i l y l  p e r c h l o r a t e s  t h r o u g h  a  r a p i d  a n d  q u a n t i t a t i v e  e x c h a n g e  w i t h  t r i t y l  p e r c h l o r a t e .  T r i - i e r i - b u t y l s i l y l  

p e r c h l o r a t e  p r o v e d  s o m e w h a t  d i f f i c u l t  t o  p r e p a r e  a n d  w a s  q u i t e  u n r e a c t i v e .  te r t -B u t y l d i m e t h y l s i l y l  p e r c h l o r a t e  

r e a c t e d  w i t h  a l c o h o l s  m u c h  m o r e  r a p i d l y  t h a n  d i d  t h e  u s u a l  r e a g e n t ,  t e r i - b u t y l d i m e t h y l s i l y l  c h lo r i d e .  T h e  e t h e r s  

f o r m e d  f r o m  d i - f e r i - b u t y l m e t h y l s i l y l  p e r c h l o r a t e  p r o v e d  f a r  m o r e  s t a b l e  t o  a c i d i c  c o n d i t i o n s  t h a n  T H P  o r  t e r i -  

b u t y l d i m e t h y l s i l y l  e t h e r s .

In synthetic organic chemistry silylating agents are often 
used to protect hydroxyl functions. However, unhindered silyl 
groups such as trimethylsilyl are of limited value because of 
their extreme reactivity toward acid- and base-catalyzed 
solvolysis. Since 1972, one of the most popular protecting re
agents has been teri-butyldimethylsilyl chloride.1 Ethers 
formed from this hindered silyl chloride are many times more 
stable toward solvolysis than are trimethylsilyl ethers. The 
use of increasing steric bulk on silicon to provide increased 
solvolytic stability has recently been extended to ferf-butyl- 
diphenylchlorosilane by Hanessian and Lavallee.2 Of course, 
the same steric bulk which affords the additional protection 
also resists the formation of the silyl ether in the first place. 
However, Corey1 found t e r t -butyldimethylsilyl chloride to 
be satisfactory for primary and secondary alcohols when im
idazole is utilized as a catalyst, though extended reaction times 
are sometimes required.

We wished to continue the replacement of methyl groups 
on silicon by te r t -butyl groups to its logical conclusion. 
However, we anticipated that even two ieri-butyl groups on 
silicon would render the silyl chloride ineffective in reactions 
with alcohols. Thus the need for a better leaving group than 
chloride was considered of prime necessity. We recently dis
covered that perchlorate is an extremely labile leaving group 
on silicon.3 Thus, when triethylsilyl perchlorate is treated with 
sodium borohydride at room temperature, there is immediate 
and quantitative formation of triethylsilane. This reduction 
is particularly dramatic in view of the usual requirement of 
the more reactive LiAlH4 for reduction of alkoxysilanes.

N a B H 4
Et2Si0C103 — >• Et3SiH

In view of the striking reactivity of silyl perchlorates as 
demonstrated in the above example, we felt that the percho- 
rate group might overcome any reactivity obstacles inherent 
for silyl chlorides. This paper will report the syntheses of 
te r t-butyldimethylsilyl, di-ieri-butylmethylsilyl, and tri- 
te r t -butylsilyl perchlorates, and their reactions with alco
hols.

Results and Discussion
Synthesis. Silyl perchlorates were first prepared some 20 

years ago by Wannagat and Liehr4 through the reactions of

0022-3263/78/1943-3649$01.00/0

silyl chlorides with silver perchlorate.

R3SiCl + AgC104 — R3SiC104 + AgCl 
(R = Me, Et, n-Pr, Ph, p-MeCeH4)

Their studies revealed no evidence for ionic character, and it 
was concluded that these compounds were simply covalent 
esters of perchloric acid.

While the above method of synthesis is quantitative, we 
were loath to become involved with a process requiring con
siderable amounts of an expensive silver salt. Thus, a less 
costly route was sought. We have found3 that the long-es
tablished trityl salt-silyl hydride exchange reaction5 works 
quite well when the organic salt is trityl perchlorate. Indeed, 
we have found that all silyl hydrides attempted to date, save 
the most highly hindered for which the reaction is slower, react 
with trityl perchlorate in methylene chloride to instanta
neously decolorize the solution and afford triphenylmethane 
and silyl perchlorate.6 For example, triethylsilane reacts with 
trityl perchlorate to produce triphenylmethane and trieth
ylsilyl perchlorate, both in essentially quantitative yield. The 
silyl perchlorate can be distilled out as a colorless liquid.

c h 2c i2
Et3SiH + Ph3C104-  — ► Et3Si0C103 + Ph3CH

tert-Butyldimethylsilane (1) was prepared in 90% yield 
from chlorodimethylsilane and tert-butyllithium. Addition 
of 1 to a methylene chloride solution of trityl perchlorate 
yielded upon workup 91% of clear, odorless ieri-butyldi- 
methylsilyl perchlorate (2) [bp 35 °C (0.06 Torr)].

Di-ieri-butylmethylsilane (3) was synthesized from 
methyldichlorosilane and tert-butyllithium in 82% yield. This 
material had a bp of 152-4 °C and had identical spectral 
properties with the impure 3 (bp 148-155 °C) prepared by the 
more tedious, multistep method of Doyle and West.7 Con
version of 3 to di-iert-butylmethylsilyl perchlorate (4) was 
accomplished in 87% yield [bp 65 °C (0.1 Torr)] through ex
change with trityl perchlorate.

The method of Dexheimer and Spialter8 was used to pre
pare tri-ieri-butylsilane (5). While tri-ieri-butylsilyl per
chlorate (6 ) could be prepared from reaction of 5 with trityl 
perchlorate, the reaction was quite sluggish and separation 
from triphenylmethane proved difficult. Thus 5 was converted
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Table I. Reactivity Comparison of iert-Butyldimethylsilyl 
Perchlorate and tert-Butyldimethylsilyl Chloride with 

___________________ Tertiary Alcohols___________________

t-BuMe2Si0 C103
registry (2)a £-BuMe2SiCl6

no. Py/CH;jCN_______ imidazole/DMF

i-BuOH 76-65-0

590-67-0

i i/2 — 30 s 
100% in 5 min
11/2 ~3 min 
100% in 2 0  min

30% in 3 days 

10% in 3 days

“ Registry no.: 67124-66-7. b Registry no.: 18162-48-6.

to the silyl iodide 7 by the method of Weiderbruch and Peter,9 
and then transformed with silver perchlorate in acetonitrile 
to 6  in 98% yield. Sublimation produced white, crystalline 6 
in 91% yield (dec >150 °C).

Cl £-Bu

1
M e 2S iH

f -B u L i 1
M e 2S iH

1

P h 3C+C 1 0 4‘

C 5H i 2 ’
90%

C H jC l j
91%

M e M e

2 f -B u L i  1
C I.S iH  — ------------M t -B u h S iH  -

P h 3C +C 1 0 4~

c 5h , .
82%

R-Bu t.Sil 
6

3
A g C 1 0 „

C H .C N

C H jC l,
8 7 %

f-Bu

Me2Si0C103

2

Me

R-Bu )2SiOC10.| 
4

(t-Bu).,siocia,

All the silyl perchlorates (2, 4, and 6 ) were found to react 
quite rapidly with water, so normal precautions for their 
handling must be taken.

Reactions with Alcohols. All reactions of silyl perchlorates 
were conducted in acetonitrile solution with 1 equiv of a 
pyridine present. It is unlikely that the silyl perchlorate is 
actually the ultimate reactant, as the NMR spectrum of this 
solution reveals the pyridine ring protons to be considerably 
shifted downfield. This could be accounted for by either 8  or 
9. However, the pyridinium salt 8  most easily accounts for the

downfield shifts of ~0.25 ppm observed for methyl on silicon 
for 2 and 4. While 2 and 4 exhibited similar behavior with re
gard to the formation of a pyridinium complex, the NMR 
spectrum of tri-tert-butylsilyl perchlorate (6 ) and pyridine 
was quite different with regard to the chemical shift and 
sharpness of the pyridine region. This part of the spectrum 
was reminiscent of the addition of 0.5 equiv of perchloric acid 
to pyridine, namely, the peaks were broad and their chemical 
shifts were between those of pyridine and pyridinium ion. If 
this was the result of an equilibrium situation it should be 
disturbed by the presence of 2. Indeed, when a slight excess 
of 2  was added to the system, the aromatic signals became 
identical with those observed for 2 alone with pyridine.

f-BuMe2Si—N

cio;
£-Bu.,Si0C10:) +

N

i-Bu;1Si— N'

CIO,'
Attempts were made to eliminate this complexation by 

using 2,6-di-terf-butyl-4-methylpyridine in place of pyridine.

Table II. Relative Solvolytic Stabilities of Blocked 
____________________ Alcohols_____________________

registry 1% HC1 in 5% NaOH 
ether“ no. 95% EtOH in EtOH

£-BuMe2SiOR 67124-67-8 

709-83-1

10 0% removal 
in 15 min at 
room temp

10 0% removal 
in 15 min at 
room temp

~15% removal 
after 9 h at 
80 °C

stable

i-Bu2MeSiOR 67124-68-9 no dec after no dec after 3 
3 days at days at 80 °C 
room 
temp

50% dec 24 h 
at 90 °C

0 R = cyclohexyl.

Quite surprisingly NMR studies showed that all three silyl 
perchlorates reacted with this extremely hindered base.

To determine whether or not silyl perchlorates reacted in 
the desired fashion, to afford silyl ethers, 2 and 4 were reacted 
with cyclohexanol. Cyclohexanol was added to a stirred so
lution of 2 and pyridine in acetonitrile, and after 1.5 h, aqueous 
workup afforded a 99% yield (>95% pure by GC) of tert-  
butyldimethylsilyl cyclohexyl ether (10). A similar reaction 
using 4 produced a 100% yield (>95% pure by GC) of di-fer£- 
butylmethylsilyl cyclohexyl ether (1 1 ).

O H

R - B u b M e S i O — \  /  ■*--------- —-------
\___ /  M e C N /P y

100%

2
M e C N /P y

99%

/BuMe.SiK 3
10

In order to compare the relative reactivities of silyl chlorides 
and silyl perchlorates, the reactions of 2 and £er£-butyldi- 
methylsilyl chloride with two tertiary alcohols were examined 
and the results are shown in Table I. For the protection of 
these tertiary alcohols it is apparent that the silyl perchlo- 
rate/pyridine system is by far the more useful silylating agent, 
rapidly providing quantitative yields of the desired silyl ether 
at room temperature. No olefin formation was detected in 
these reactions of 2 .

To compare the relative reactivities of the hindered silyl 
perchlorates, 2, 4, and 6  were each added to acetonitrile so
lution containing te r t -butyl alcohol and 1 equiv of 2 ,6 -di- 
fert-butyl-4-methylpyridine. The reactivity order of the series 
was observed to be 2 (i i/ 2 < 30 s) > 4 {t-y2 < 60 s) > 6 (no re
action). Thus it was decided that in view of both the consid
erable difficulty in preparation of 6  (drybox or Schlenk tube 
techniques and sublimation) and its extreme lack of reactivity 
that this hindered perchlorate was never likely to play a role 
in organic synthesis. Another disturbing feature of this com
parison was the discovery that for the reaction of 4 a signifi
cant amount of isobutene was formed. This elimination was 
also observed in the reaction of 4 and te r t-butyl alcohol in the 
presence of a 2 0% excess of pyridine, thus removing the pos
sibility of 4 as a protecting reagent for tertiary alcohols and 
presumably others which can readily form a stabilized car
bocation.

Solvolytic Stability of Di-iert-butylmethylsilyl Ethers.
Di-ter£-butylmethylsilyl ethers have been reported by Doyle 
and West10 when they reduced cyclohexanones with di-£ert-
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butylmethylsilane; however, the stabilities of these ethers were 
not investigated. Thus we set out to compare the stability of 
di-ierf-butylmethyl cyclohexyl ether (1 1 ) relative to the 
terf-butyldimethylsilyl cyclohexyl ether (1 0 ) under both 
acidic and basic conditions. These results are summarized in 
Table II.

In 5% ethanolic sodium hydroxide solution 10 is relatively 
stable, though it does decompose slowly, while 11 is totally 
inert under these conditions. However, this represents no 
improvement over the traditional THP blocked alcohol as it 
is also completely stable. More importantly, it was found that 
the di-ier£-butylmethylsilyl system answered the frequent 
complaint on the acid lability of the iert-butyldimethylsilyl 
block. Indeed 11 was totally inert to acidic conditions which 
quickly and quantitatively solvolyzed both 10 and the THP 
derivative of cyclohexanol.

Since Doyle10 had reported that tr i- te r t-butylsilyl ethers 
resisted cleavage, we were concerned that the di-ter£-butyl- 
methylsiloxy system would also have a cleavage problem. This 
fear was realized when cesium fluoride in Me2SO failed to 
react with 11 even at elevated temperatures. However, boron 
trifluoride in methylene chloride quickly and cleanly cleaved 
this ether even at 0 °C. Under these conditions the alcohol is 
never subjected to boron trifluoride as the hydroxylic func
tionality is protected as a borate ester until liberation by 
aqueous bicarbonate.

11
b f 3

c h 2c i2
£-Bu2MeSiF + F2BOC6Hn

N a H C 0 3 C6HuOH 
h 2o  94%

0 °C , 30 m in

Of course it is expected that BFg would cause unwanted side 
reactions for some molecules of synthetic interest. On the 
other hand, one would probably not be interested in the di- 
ferf-butylmethylsilyl blocking group unless protection against 
rather rigorous acidic conditions were required to effect the 
desired transformation(s).

Conclusions
Silyl perchlorates are easily prepared by the trityl exchange 

reaction and, if normal precautions are taken, are stable re
agents. However, since the compounds are perchlorates, it is 
highly recommended that safety shields be employed when 
using significant quantities. tert-Butyldimethylsilyl per
chlorate represents a significant improvement over tert-  
butyldimethylsilyl chloride with respect to reactivity. For 
protection of primary and secondary alcohols di-£erf-butyl- 
methylsilyl perchlorate provides a block that is far more stable 
to acidic conditions.

Experimental Section
General. I n f r a r e d  s p e c t r a  ( I R )  w e r e  r e c o r d e d  o n  a  B e c k m a n  

s p e c t r o p h o t o m e t e r .  R o u t i n e  N M R  s p e c t r a  w e r e  d e t e r m i n e d  o n  a  

V a r i a n  H A - 1 0 0  in s t r u m e n t  a n d  c h e m i c a l  s h i f t s  a r e  r e p o r t e d  a s  p a r t s  

p e r  m i l l io n  (8 s c a le )  f r o m  t e t r a m e t h y l s i l a n e ,  t h o u g h  i t  w a s  n o t  a l w a y s  

u s e d  a s  t h e  i n t e r n a l  s t a n d a r d  ( b e n z e n e  a n d  m e t h y le n e  c h lo r id e  w e r e  

o f t e n  u s e d ) .  1 3 C  a n d  29S i  N M R  w e r e  r e c o r d e d  o n  a  B r u k e r  9 0 - M H z  

F T  s p e c t r o p h o t o m e t e r  a s  w e r e  t h e  k i n e t i c  e x p e r i m e n t s  o f  t h e  s i l y l  

p e r c h l o r a t e s  w i t h  2 , 6 - d i - f e r i - b u t y l - 4 - m e t h y l p y r i d i n e .

R o u t i n e  a n d  h i g h - r e s o l u t i o n  m a s s  s p e c t r a  ( M S )  w e r e  r e c o r d e d  o n  

a n  A E I  M S - 9 0 2 .  G a s  c h r o m a t o g r a p h i c / m a s s  s p e c t r a l  ( G C / M S )  

a n a l y s i s  w a s  a c c o m p li s h e d  o n  a  P e r k i n - E l m e r  2 7 0  m a s s  s p e c t r o m e t e r .  

R o u t i n e  a n a l y t i c a l  g a s  c h r o m a t o g r a p h y  ( G C )  w a s  a c c o m p l i s h e d  o n  

a  V a r i a n  a e r o g r a p h  6 0 0 - C  f l a m e  io n i z a t i o n  i n s t r u m e n t  u s i n g  a  V8 in .  

d i a m e t e r ,  6 - f t  lo n g  c o lu m n  p a c k e d  w i t h  1 0 %  D e x e l  3 0 0  o n  C h r o m o s o r b

P .  G C  y i e l d s  w e r e  a c c o m p li s h e d  b y  a d d in g  k n o w n  a m o u n t s  o f  a n  in e r t  

s t a n d a r d .
S o l v e n t s  w e r e  d r i e d  b y  d i s t i l l a t i o n  f r o m  P 2 O 5  u n d e r  n i t r o g e n ,  a n d  

w e r e  s t o r e d  o v e r  m o l e c u l a r  s i e v e s .
A l t h o u g h  t h e  s i l y l  p e r c h l o r a t e s  a r e  c o v a l e n t  l i q u i d s ,  t h e y  s h o u l d  

b e  t r e a t e d  a s  p o t e n t i a l  e x p l o s i v e s  w i t h  a l l  p r o p e r  s a f e t y  e q u i p m e n t .  

O u r  o n l y  e x p l o s i o n  o c c u r r e d  w h e n  a  s y r i n g e ,  u s e d  f o r  i n j e c t i n g  a  

s a m p l e  o f  t r i e t h y l s i l y l  p e r c h l o r a t e  in t o  a  r e a c t io n  f l a s k ,  e x p l o d e d  lo n g

after  t h e  a d d i t i o n  w a s  c o m p l e t e .  T h e  r e a c t i o n  i t s e l f  w a s  u n 
h a r m e d .

Tri- tert-butylsilane ( 5 )  and Tri-fert-butylsilyl Iodide ( 7 ) .  T h e

m e t h o d  o f  D e x h e i m e r  a n d  S p i a l t e r 8 w a s  u s e d  t o  p r e p a r e  5 ,  a n d  7 w a s  

p r e p a r e d  f r o m  5  b y  t h e  m e t h o d  o f  W e i d e r b r u c h  a n d  P e t e r 9 a n d  r e c 

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

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

t w o  c o m p o u n d s .  S o m e  a d d i t i o n a l  s p e c t r a l  d a t a  w a s  o b t a i n e d  f o r  7: 
13 C  N M R  s h o w e d  s i n g le t s  a t  8 ( C D C I 3 , ^ - d e c o u p l e d )  3 0 . 7  a n d  2 4 .5  

in  t h e  r a t i o  o f  4 . 1 : 1  a n d  i t s  29S i  N M R  ( C H C I 3 ) s h o w e d  a  s i n g le t  a t  8
4 7 .9 .

Tri-tert-butylsilyl Perchlorate ( 6 ) . A  s a m p l e  o f  A g C 1 0 4 w a s  

p la c e d  in  a  f l a s k  a n d  d r i e d  b y  h e a t i n g  a t  1 5 0  ° C  u n d e r  v a c u u m  o v e r 

n i g h t .  T h i s  s a m p l e  o f  A g C 1 0 4 a n d  a  s a m p l e  o f  7 w e r e  p la c e d  in  a  

“ d r y b o x ”  in  w h i c h  a l l  s u b s e q u e n t  m a n i p u l a t i o n s  w e r e  c a r r i e d  o u t .  A  

q u a n t i t y  o f  7 ( 2 .2 5  g ,  6 .9 1  m m o l)  a n d  A g C 1 0 4 ( 1 . 3 0  g , 6 . 3 1  m m o l)  w e r e  

p la c e d  in  4 0  m L  o f  a c e t o n i t r i l e  a n d  h e a t e d  t o  7 5  ° C  w i t h  t h e  i m m e 

d i a t e  f o r m a t i o n  o f  a  y e l lo w  p r e c i p i t a t e  p r e s u m e d  t o  b e  A g l .  H e a t i n g  

w a s  c o n t in u e d  f o r  5  h . A f t e r  t h e  m ix t u r e  h a d  c o o le d  i t  w a s  f i l t e r e d  a n d  

t h e  y e l lo w  p r e c i p i t a t e  ( A g l )  w a s  w a s h e d  w i t h  a c e t o n i t r i l e  a n d  a l lo w e d  

t o  d r y  ( 1 . 4 4  g , 9 8 % ) . T h e  f i l t r a t e  w a s  e x t r a c t e d  s e v e r a l  t i m e s  w i t h

1 5 - m L  p o r t i o n s  o f  h e x a n e  a n d  t h e n  e v a p o r a t e d  t o  y i e l d  1 . 8 3  g  o f  a  

s l i g h t l y  y e l lo w  s o l i d  w h i c h  w a s  s u b l i m e d  a t  9 5  ° C  a n d  0 .0 2 - m m  

p r e s s u r e  t o  f u r n is h  w h it e  c r y s t a l l in e  6  ( 1 . 7 1  g , 5 .7 4  m m o le s ,  9 1 %  b a s e d  

o n  A g C 1 0 4). T h e  m a t e r i a l  c o u l d  a l s o  b e  p r e p a r e d  o u t s i d e  o f  t h e  

“ d r y b o x ”  u s i n g  S c h l e n k  t u b e ,  s y r i n g e ,  a n d  r u b b e r  s e p t u m  t e c h 

n i q u e s .

T h e  w h i t e  c y r s t a l l in e  6  w a s  fo u n d  t o  s o f t e n  a n d  b e g in  t o  d e c o m p o s e  

a t  1 5 0  ° C .  I t  b e c a m e  c o m p l e t e l y  b l a c k  a t  1 8 5  ° C :  : H  N M R  ( C D 3 C N )  

f> 1 . 2 7  ( s ) ;  ! 3 C  N M R  ( C D 3 C N ,  'H  d e c o u p le d )  8 2 9 . 1 8 , 2 3 . 1 8 ;  29S i  N M R  

( C D 3 C N )  8 2 9 . 2 7 ;  I R  ( c m - 1 , f i l m  w a s  p r e p a r e d  b y  p la c i n g  a  s m a l l  

a m o u n t  o f  a  v e r y  c o n c e n t r a t e d  C H 2 C I 2 s o l u t i o n  b e t w e e n  t w o  s a l t  

p la t e s ,  p r e s s i n g  t h e  p la t e s  t o g e t h e r ,  a n d  e v a c u a t i n g  t h e m  in  a  v a c u u m  

d e s ic c a t o r )  2 9 6 0  m , 2 9 1 0  m , 2 8 8 0  m , 1 4 8 6  m , 1 4 7 6  m , 1 3 9 9  m , 1 3 7 4  m , 

1 2 7 0  m , 1 2 3 1  s , 1 0 3 4  s , 1 0 2 1  w , 1 0 1 4  w , 9 3 5  s , 8 2 0  s , 8 0 8  s , 7 4 3  s , 7 0 8  w , 

6 9 0  w .

Reaction of 7 with Alkali. A  q u a n t i t y  o f  7 ( 4 0  m g , 0 . 1 2  m m o l)  w a s  

p la c e d  in  a n  N M R  t u b e  w i t h  0 .5  m L  o f  C D 3C N  a n d  5  / rL  ( 0 .2 8  m m o l)  

o f  w a t e r .  A f t e r  h e a t i n g  o v e r n i g h t  a t  7 5  ° C  t h e r e  w a s  n o  c h a n g e  in  t h e  

N M R  s p e c t r u m  r e l a t i v e  t o  t h e  s t a r t i n g  s o l u t i o n .  T o  t h e  r e a c t i o n  

m i x t u r e  w a s  a d d e d  2 5  fiL o f  a  5 0 %  a q u e o u s  K O H  s o lu t io n . A f t e r  a g a in  

h e a t i n g  o v e r n i g h t  a t  7 5  ° C  i t  a p p e a r e d  t h a t  t h e  * H  N M R  a b s o r p t i o n  

o f  7 a t  ( 5 1 .2 4  w a s  b e i n g  s lo w l y  r e p l a c e d  b y  a  s i n g le t  a t  < 5 1 . 1 5  a n d  o n e  

a t  8 1 . 0 6 .

Reaction of 6  with Water. T h e  N M R  t u b e  u s e d  t o  o b t a i n  t h e  

p r o t o n  s p e c t r u m  o f  6  c o n t a i n e d  ~ 4 0  m g  ( 0 . 1 3  m m o l)  in  ~ 0 . 4  m L  o f  

C D 3 C N .  T o  t h i s  s o l u t i o n  w a s  a d d e d  3  ¿¿L  ( 0 . 1 7  m m o l)  o f  w a t e r  a n d  

t h e  N M R  s p e c t r u m  w a s  c h a n g e d  i m m e d i a t e l y  f r o m  a  s i n g le t  a t  8 1 . 2 7  

t o  a  s i n g le t  a t  8 1 . 0 8 .
Triethylsilyl Perchlorate. T r i t y l  p e r c h l o r a t e  ( 1 0 . 3 9  g , 3 0  m m o l)  

w a s  p la c e d  in  a  f l a s k  e q u i p p e d  w i t h  a  r u b b e r  s e p t u m  a n d  a  m a g n e t i c  

s t i r r e r .  T h e  T h e  f l a s k  w a s  c o o le d  in  a n  ic e  b a t h  a n d  4 0  m L  o f  m e t h 

y l e n e  c h lo r i d e  w a s  a d d e d  ( y e l l o w - o r a n g e  s lu r r y ) .  T r i e t h y l s i l a n e  ( 3 ,5  

g , 3 0  m m o l)  w a s  a d d e d  d r o p w i s e  v i a  s y r i n g e .  A s  t h e  a d d i t i o n  w a s  

c o m p l e t e d  t h e  m i x t u r e  b e c a m e  h o m o g e n e o u s  a n d  c o l o r l e s s .  A f t e r  

w a r m i n g  t o  r o o m  t e m p e r a t u r e  t h e  r u b b e r  s e p t u m  w a s  r e m o v e d  a n d  

q u i c k l y  r e p l a c e d  b y  a  s h o r t - p a t h  d i s t i l l i n g  h e a d  ( s o m e  f u m i n g  w a s  

o b s e r v e d ) .  T h e  s y s t e m  w a s  h e a t e d  t o  5 0  ° C  a t  a t m o s p h e r i c  p r e s s u r e  

f o r  3 0  m in  t o  d r i v e  o f f  t h e  m e t h y le n e  c h lo r i d e .  T h e  r e s i d u e  w a s  t h e n  

c a r e f u l l y  e v a c u a t e d  ( t e n d s  t o  b u m p  a n d  f o a m )  a n d  d i s t i l l e d  a t  1 0  m m  

t o  f u r n i s h  5 . 9 1  g  ( 9 2 %  y i e l d )  o f  a  c l e a r ,  c o l o r l e s s  l i q u i d :  b p  4 3 - 4 5  ° C  

( 0 .5  m m )  [ lit . (4 )  b p  4 5 - 4 6  ° C  a t  ( 1  m m ) ] ; 6 0 - M H z  'l l  N M R  8 0 .9 5  (m ) ; 

29S i  N M R  ( n e a t  w i t h  1 0 %  C 6D 6) 8 4 5 .6 .
tert-Butyldimethylsilane (1). F r e s h l y  d i s t i l l e d  c h lo r o -  

d i m e t h y ls i l a n e  (9 .4 6  g , 0 . 1  m o l)  w a s  a d d e d  t o  2 0  m L  o f  p e n t a n e  c o o le d  

in  a n  ic e  b a t h .  D r o p w is e  a d d i t i o n  o f  tert- b u t y l l i t h i u m  in  p e n t a n e  (5 0  

m L  o f  2 . 0  M  s o l u t i o n ,  0 . 1  m o l)  w a s  a c c o m p l i s h e d  u s i n g  a  s y r i n g e  a n d  

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

w a r m  t o  r o o m  t e m p e r a t u r e  o v e r n i g h t .  T h e  p r o d u c t  m i x t u r e  w a s  

p o u r e d  in t o  a  m i x t u r e  o f  ic e  a n d  b ic a r b o n a t e  s o lu t io n . A f t e r  e x t r a c t io n  

w i t h  w a t e r  t h e  p e n t a n e  s o l u t i o n  w a s  d i s t i l l e d  t o  a f f o r d  1 0 . 4  g  (9 0 %  

y i e l d )  o f  t e r t - b u t y l d i m e t h y l s i l a n e :  b p  8 1 - 8 3  ° C ;  3H  N M R  ( C C 1 4) 0
3 . 6 1  ( s e p t e t ,  1  H ,  J =  3 . 5  H z ) ,  0 .8 9  ( s ,  9  H ) ,  0 . 0 1  ( d , 6  H ,  J  =  3 . 5  H z ) ;  

I R  ( f i lm )  2 9 5 0  s ,  2 9 2 5  s , 2 8 9 5  m , 2 8 8 0  m , 2 8 5 5  s ,  2 0 9 9  s ,  1 4 6 0  m , 1 4 2 0  

w , 1 3 8 2  w , 1 3 5 8  m , 1 2 5 2  s ,  1 0 6 0  m , 1 0 0 4  m , 9 8 2  s ,  8 7 2  s ,  8 3 0  s ,  7 9 1  w , 

7 7 1  w , 7 5 1  m , 7 1 3  m ; M S  m /e  ( r e l  in t e n s i t y )  1 1 6  ( 1 4 ) ,  1 0 1  ( 2 ) , 7 5  ( 2 0 ) ,  

7 3  ( 3 0 ) ,  5 9  ( 1 0 0 ) ,  5 8  ( 3 4 ) ,  5 7  ( 4 3 ) ,  5 6  ( 4 9 ) ; M S  C a l c d  f o r  C 6 H 1 6 S ,  m /e  
1 1 6 . 1 0 2 1 ;  f o u n d  m /e  1 1 6 . 1 0 2 2 .

tert-Butyldimethylsilyl Perchlorate ( 2 ) .  T h i s  c o m p o u n d  w a s  

p r e p a r e d  f r o m  tert- b u t y l d i m e t h y l s i l a n e  ( 1 . 1 6  g , 1 0  m m o l)  a n d  t r i t y l
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perchlorate (3.65 g, 10.5 mmol) in the same manner as triethylsilyl 
perchlorate to afford 1.95 g (91% yield) of clear, odorless 2: bp 35 °C 
(0.06 mm); 'H NMR (CD3CN) b 0.99 (s, 9 H), 0.51 (s, 6 H); IR (film) 
2955 m, 2935 m, 2885 w, 2865 m, 1471 m, 1465 m, 1394 s, 1367 w, 1226 
s, 1101 m, 1032 s, 1011 s, 1001 s, 938 w, 850 m, 780 s, 708 m, 662 m.

Di-tert-butylmethylsilane (3). This compound was prepared 
from feri-butyllithium (110 mL, 2.1 M in pentane, 0.23 mol) and 
methyldichlorosilane (12.6 g, 0.11 mol) in the manner used to prepare 
teri-butyldimethylsilane except that aqueous NH4CI was used to 
neutralize the product mixture. Fractional distillation produced 14.39 
g (82%yield) of di-ierf-butylmethylsilane (bp 152-154 °C) which was 
found to have identical spectral properties with the impure material 
(bp 148-155 °C) prepared by the more tedious multistep method of 
Doyle and West.7

Preparation of Di-tert-butylmethylsilyl Perchlorate (4). This 
compound was prepared from 3 (7.21 g, 45.6 mmol) and trityl per
chlorate (15.7 g, 45.6 mmol) in 30 mL of methylene chloride by the 
same method used for triethylsilyl perchlorate (except the reaction 
mixture was stirred 1 h at room temperature). Distillation furnished
10.2 g (39.8 mmol, 87% yield) of clear, colorless 4: bp 65 °C (0.1 mm);

NMR (CD3CN) 5 1.11 (s, 18 H), 0.57 (s, 3 H); IR (film) 2975 s, 2945 
s, 2900 m, 2870 s, 1472 s, 1395 w, 1371 m, 1230 s, 1114 s, 1034 s, 1010 
s, 938 w, 826 m, 790 s, 739 m, 680 m.

NMR Tube Reactions of Silyl Perchlorates 2, 4, and 6. A 
number of the reactions of 2, 4, and 6 were conducted in essentially 
the same fashion. A small septum was placed on an NMR tube and 
the tube was purged with dry nitrogen via a long, syringe needle. 
Deuterioacetonitrile (CD3CN, 0.5 mL) was injected into the tube along 
with 30 nL of methylene chloride as an internal lock. A quantity of 
silyl perchlorate (0.126 mmol) was injected into the tube and its 
spectrum then obtained. For the two liquid perchlorates 2 and 4 
volumetric measurements of the pure materials were used based on 
the approximate densities of 1.15 g/mL for 2 and 1.08 g/mL for 4. For 
the solid 6 a stock solution was prepared by diluting 0.74 g (2.5 mmol) 
of 6 to 5 mL with CD3CN to provide a 0.5 M solution. The requisite 
volume (250 /xL, 0.125 mmol) of this solution was injected into an 
NMR tube containing 0.280 mL of CD3CN and 30 t x h  of CH2CI2 to 
approximate the final concentrations used for 2 and 4.

Reactions of 2 and the 2-Pyridinium Complex with Water. To 
each of the NMR tube reaction mixtures with and without pyridine 
was added 0.4 mL each of water and pentane. After vigorous shaking 
the pentane layer was removed and GC/MS of each product mixture 
was obtained and a single product was found from both reactions. The 
remaining pentane solutions were allowed to evaporate in open vials. 
A small amount of CCI4 was added to the residue and solution IR and 
NMR spectra were obtained which showed the products of the two 
reactions to be identical and the structure was assigned as tert-butyl 
dimethylsil and: 'H NMR (CC14) b 0.86 (s, 9 H), 0.01 (s, 6 H); IR (CC14) 
3090 w, 3070 w, 3035 w, 2950 s, 2925 s, 2860 s, 1740 m, 1390 w, 1362 w, 
1255 s, 1170 s, 1105 m, 940 w, 840 s, 675 s; GC/MS m/e (rel intensity) 
246 (0.4, 231 (1), 189 (24), 147 (100), 133 (4), 132 (4), 117 (5), 73 (15), 
66 (2), 59 (2), 57 (1), 45 (1), 41 (2).

Reactions of 4 and the 4-Pyridinium Complex with Water. 
Spectral data on the pentane extracts was obtained in identical 
fashion as for 2. Again only one product was found for both reactions 
and its structure was assigned as di-teri-butylmethylsilanol: 1H NMR 
(CC14) b 1.10 (s, 1 H) (for the reaction of the perchlorate itself this peak 
was seen at 0.91), 0.96 (s, 18 H), 0.01 (s, 3 H); IR (CC14) 3700 m, 3090 
w, 3075 w, 3035 w, 2960 s, 2930 s, 2885 m, 2855 s, 2470 m, 1385 w, 1361 
w, 1250 m, 1005 w, 981 w, 969 w, 670 s; GC/MS m/e (rel intensity) 174 
(2), 117 (12), 75 (100), 61 (4), 60 (4), 57 (3), 56 (2).

Reaction of 6 and the 6-Pyridinium Complex with Water. 
Spectral data on the pentane extracts was obtained in identical 
fashion as for 2 and 4; however, for 6 there was a significant difference 
between the reactions. The reaction of 6 with water produced a single 
product whose structure was assigned to be tri-tert-butylsilanol: 
NMR (CCI4) b 1.09 (s); IR (CC14) 3700 m, 2980 m, 2955 s, 2905 m, 2875 
s, 1480 m, 1385 m, 1368 w, 1010 s, 965 w, 620 m; GC/MS m/e (rel in
tensity) 159 (16), 117 (35), 87 (2), 75 (100), 61 (3), 57 (3), 41 (5). Silanol 
prepared by Dexheimer and Spialter21 from the ozonolysis of tri- 
tert- butylsilane was reported to have the following spectral properties: 
'H  NMR (CC14) 6 3.12 (s, 1 H), and 1.10 (s, 27 H); IR 3448 w, 2950 s, 
2874 s, 1481 m, 1393 w, 1368 w, 1075 w, 821 s; MS parent ion peak m/e 
216.

The product mixture from the reaction of the 6-pyridinium com
plex with water was found to be primarily tri-tert-butyl silanol and 
the GC/MS showed nothing more; however, the NMR showed some 
new absorptions at b 1.22 and 1.19 and the IR showed new absorptions 
at 3410 w, 2210 m, 1620 m, 1593 w, 1455 m, 1445 m, 885 w, 693 w. The 
source of these new absorptions remains unidentified.

Comparison of the Reactivities of the tert-Butyldimethylsilyl 
Perchlorate-Pyridine System to the Silyl Chloride-Imidazole 
System. These reactions were conducted in NMR tubes in a fashion 
similar to previous descriptions. For the reactions of 2 with tert -butyl 
alcohol and 1 -methylcyclohexanol a quantity of 2 (46 mg, 0.215 mmol) 
was injected into an NMR tube containing 0.75 mL of CD3CN and
5 /uL of benzene as an internal lock. Pyridine (20 mg, 0.25 mmol) was 
then added. To this solution was added 14.5 mg (0.196 mmol) of 
tert-butyl alcohol and the change in the O-i-Bu absorption was 
monitored by NMR. The tert-butyl alcohol peak at b 1.22 was grad
ually replaced by the SiO-t-Bu peak at <51.26. The conversion was over 
50% at 30 s and was complete at 5 min: ]H NMR (CD3CN reaction 
solution) b 1.26 (s, 9 H), 0.89 (s, 9 H), 0.12 (s, 6 H).

The reaction was repeated with 1-methylcyclohexanol (22 mg, 0.193 
mmol) replacing tert-butyl alcohol. The methyl peak of the alcohol 
at b 1.18 was gradually replaced by a peak at b 1.26. The conversion 
was ~50% at 3 min and complete at 20 min: JH NMR (CD3CN reac
tion solution) b 1.49 (m, 10 H), 1.19 (s, 3 H), 0.87 (s, 9 H), 0.07 (s, 6 
H).

Attempts to derivatize these tertiary alcohols using ferf-butyldi- 
methylsilyl chloride were then made to provide a strict comparison. 
The chloride (32 mg, 0.213 mmol) and imidazole (30 mg, 0.44 mmoles) 
in the proportions suggested by Corey and Venkateswarlu1 were 
added to 0.75 mL of DMF. The same amounts of each of the two al
cohols were added as before and the changes in NMR spectrum of the 
solution were monitored. After 3 days the conversion of tert-butyl 
alcohol to the ether was ~30%; for 1-methylcyclohexanol it was 
—T 0%.

Preparative Scale Reaction of 2 with 1-Methylcyclohexanol.
To a flask equipped with a magnetic stirrer and a rubber septum was 
added 0.862 g (4.03 mmol) of 2 and 5 mL of acetonitrile. Pyridine 
(0.332 g, 4.2 mmol) was added slowly and finally 0.45 g (3.95 mmol) 
of 1-methylcyclohexanol was injected to the stirred solution. Just after 
the mixture became homogeneous a phase separation occurred. 
Stirring was continued for 1.5 h. The reaction mixture was then 
poured into a small separatory funnel containing 15 mL of pentane 
and 15 mL of saturated NaHC03 solution. The pentane layer was then 
extracted several times until the smell of pyridine could no longer be 
detected in the aqueous phase. Evaporation of the pentane solution 
then afforded 0.891 g (99% yield) of the desired silyl ether (>95% pure 
by GC): 'H  NMR (CC14) b 1.48 (m, 10 H), 1.18 (s, 3 H), 0.86 (s, 9 H), 
0.05 (s, 6 H); IR (film) 2930 s, 2855 s, 1460 m, 1445 w, 1372 w, 1358 w, 
1275 w, 1253 s, 1168 m, 1135 m, 1061 s, 1024 s, 1000 m, 831 s, 768 s; MS 
m/e (rel intensity) 228 (2), 213 (6), 185 (6), 177 (26), 95 (11), 75 (100), 
59 (11), 57 (4); MS calcd for Ci3H2gOSi m/e 228.1909, found m/e 
228.1905.

Preparative Scale Reaction of 2 with Cyclohexanol. Silyl
perchlorate 2 (0.854 g, 4.0 mmol) was reacted with pyridine (0.38 g,
4.8 mmol) and finally with 0.401 g (4.0 mmol) of cyclohexanol in the 
fashion described above. Workup as above furnished 0.848 g (99% 
yield) of the desired silyl ether (>95% pure by GC): XH NMR (CC14)
6 3.58 (br s, 1 H), 1.47 (m, 10 H), 0.88 (s, 9 H), 0.02 (s, 6 H); IR (film) 
2930 s, 2860 s, 1465 m, 1445 w, 1371 w, 1360 w, 1255 m, 1132 w, 1096 
s, 1050 m, 1018 w, 1002 w, 992 w, 935 w, 883 w, 868 m, 834 s, 790 w, 771 
m; MS m/e (rel intensity ) 214 (1), 199 (1), 157 (63), 75 (100), 73 (11); 
MS calcd for Ci2H26SiO m/e 214.1753, found m/e 214.1759.

Preparative Scale of 4 with Cyclohexanol. A quantity of 4 (5.60 
g, 21.9 mmol) in 20 mL of CH3CN was reacted with pyridine (1.9 g, 
24 mmol) and finally with 2.19 g (21.9 mmol) of cyclohexanol. Again 
a phase separation occurred immediately after the dissolution of the 
cyclohexanol. After stirring the mixture for 1 h, 20 mL of pentane was 
added and the mixture extracted once with dilute HC1 and twice with 
water. Evaporation of the pentane solution provided 5.62 g (100%) 
of the desired silyl ether (>95% pure by GC): ' H NMR (CC14) 5 3.62 
(br s, 1 H), 1.50 (m, 10 H), 0.95 (s, 18 H), 0.04 (s, 3 H); IR (film) 2930 
s, 2860 s, 1465 m, 1445 w, 1381 w, 1368 m, 1250 m, 1128 w, 1092 s, 1048 
m, 1016 m, 1006 m, 992 w, 931 w, 883 w, 871 w, 856 m, 820 s, 776 m, 750 
m, 692 m; MS m/e (rel intensity) 256 (6), 241 (3), 199 (36), 157 (48), 
75 (100), 73 (18), 61 (12), 41 (15); MS calcd for C15H32OSi m/e 
256.2222, found m/e 256.2210.

Solvolytic Stability Comparison of ter t-Butyldimethylsilyl
(10), Di-tert-butylmethylsilyl (1 1 ), and Tetrahydropyranyl 
(THP) Ethers of Cyclohexanol. For the acid stability test a stock 
solution of 1% HC1 in aqueous ethanol was prepared by adding 2.9 g 
of concentrated (35%) aqueous HC1 to 97.1 g of 95% ethanol. A sample 
of each ether (50 pL) was placed in a test tube containing 0.5 mL of 
the 1% HC1 in aqueous ethanol solution and a septum placed over the 
mouth of the tube. The decomposition of the ethers was followed by 
GC. Both 10 and the THP ether were completely reacted in 15 min 
at room temperature; however, the DTBMS ether showed no de
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composition after 3 days at room temperature. Upon heating some 
decomposition was observed, but after 24 h at 80 °C <50% decom
position had occurred.

For the alkaline stability test a stock solution of 5% NaOH in 
aqueous ethanol was prepared by dissolving 5 g of NaOH in 95 g of 
95% ethanol. The THP ether was assumed to be stable under basic 
conditions, but samples of both silyl ethers (50 gh) were placed in 
NMR tubes containing 0.9 mL of the 5% NaOH in aqueous ethanol 
solution. The spectrum of 11 showed no change after heating at 80 °C 
for 3 days; however, 10 was found to decompose slowly under these 
conditions as ~15% of the silyl ether methyl absorption at 5 0.03 had 
been converted to a new peak at ft -0.07 after 9 h at 80 °C.

Cleavage of the Di-tert-butylmethylsilyl Ether of Cyclo- 
hexanol (11) with BF3. A sample of 11 (0.278 g) was placed in a flask 
with 10 mL of methylene chloride. Decane (0.081 g) was added as an 
internal GC standard. The flask was cooled in an ice bath and BF.j was 
slowly passed over the stirred solution for 30 min. Saturated aqueous 
NaHCOs (15 mL) was added to the mixture and it was allowed to stir 
at room temperature for 5 h. The mixture was placed in a separatory 
funnel and the methylene chloride layer drained off. The aqueous 
layer was then extracted once with 10 mL of diethyl ether and the 
ether extract combined with the methylene chloride layer. After 
stirring the solution was found (by GC) to contain di-ieri-butyl- 
methylfluorosilane and cyclohexanol (94% yield; cyclohexanol was 
further identified by comparison of GC/MS with authentic materi
al).
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Since examination of models suggests that bridgehead enones of the types 17 and 18 may have unusual chemical 
and physical properties, a variety of methods (Schemes III—VI) have been explored to form the enone 18. Although 
various base-catalyzed elimination reactions (Scheme III) and pyrolytic elimination reactions (Schemes IV-VI) 
appear to generate the desired enone 18, the tendency of this strained enone to undergo conjugated addition of 
nucleophiles or thermal rearrangement has thus far prevented us from isolating it.

An earlier investigation2 of the structure of the G27H38O 
compound formed from isophorone and hot aqueous alkali 
had suggested the intermediacy of the dienone 1 (Scheme I) 
with a bridgehead C=C. A stepwise synthesis of this C27 
compound was effected utilizing as one step the base-catalyzed 
dehydrohalogenation of the chloro enone 2 to generate the 
dienone 1 that underwent a rapid Michael reaction. To learn 
whether this ready dehydrohalogenation 1^-2  was dependent 
on the presence of an allylic chloride (albeit a twisted allylic 
system) in the chloro ketone 2, we have now examined an 
analogous reaction with the saturated chloro ketone 3. This 
ketone 3 was prepared from dimer 43 of 3,5-dimethylcyclo- 
hexenone (5) by reduction to the ketol 6 and subsequent re
action with SOCI2. Reaction of this chloro ketone 3 with 
NaNH2 in a liquid NH3-THF mixture formed the amino ke
tone 8. As in our earlier study,2 it seems most improbable that 
the conversion 3 —► 8 occurs by either an SnI or an Sn2 pro
cess. Instead, we presume that a base-promoted dehydroha
logenation formed the enone intermediate 7 that was rapidly 
trapped by the conjugate addition of either ammonia or amide 
anion.

The ability to form, and in many cases isolate, bridgehead 
olefins of the type 10 (Scheme II) is now well established 
through the efforts of many investigators.4 Several systems 
containing a bridgehead C =C  that is part of a conjugated 
enone are also known.4a’b These include enones l l ,5a_c 12,5d 4

13,5d'S and 14.5b The enone systems 11 appear to be relatively 
unstrained, while the systems 12 in part minimize strain by 
some distortion of the C =C  accompanied by twisting about 
the C-C bond of the enone system so that the C =C  and C = 0  
functions are not coplanar.5d The failure of the enones 12 to 
undergo Michael additions is attributable both to this non
planarity (and resultant poor conjugation) in the enone system 
and to the fact that the enolate anion 15 formed by Michael 
addition to the enones 12 would be more strained than the 
starting enone.5d’f Other examples of enone systems with 
considerable internal strain energy are the trans cyclic enones 
16® formed by photochemical isomerization.

In examining molecular models of these various bridgehead 
enone systems, we were impressed by the observation that 
while enones such as 12-14 seemed unlikely to have their C=C 
and C = 0  functions coplanar, such coplanarity appeared to 
add little strain to enones such as 17 (the parent system of 
intermediates 1 and 7) and 18. The main relief of strain in 
these latter two enones appeared to result from allowing the 
molecules to twist at the center of the C =C  functions (indi
cated with arrows in structures 17 and 18). A twist at this lo
cation would correspond to the geometry that might be ex
pected for the photochemically excited states7 or the radical 
anions derived from these enone systems. Consequently, it was 
of interest to seek preparative routes to enones such as 17 or 
18 to learn whether these systems would exhibit unusual

0022-3263/78/1943-3653$01.00/0 © 1978 American Chemical Society
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Scheme I

5 4a, mp 1 1 9 -1 2 1  °C
b, mp 9 0 -9 2  °C

NaNH2, THF 
liquid NH3

8, R = H
9, R = COCH3

chemical, electrochemical, or photochemical behavior. This 
paper describes our efforts to prepare the bridgehead enone 
system 18.

A suitable synthetic precursor for the enone 18 appeared 
to be the known ketol 198 9 (Scheme III) obtained by the Mi
chael addition of ethyl acetoacetate to cyclohexenone followed 
by decarboethoxylation and an intramolecular aldol reaction. 
Similar synthetic routes have been employed to obtain the 
relatively unstrained enones 11 ,Sa 0 When we employed mild 
reaction conditions in the reaction of ethyl acetoacetate with 
cycloheptenone, the diketone 20 was isolated. However, our 
preliminary attempts to convert this diketone 20 to a ketol 
analogous to 19 have produced complex mixtures of aldol 
products.

Reaction of the ketol 19 with SOCl2 formed the chloro ke
tone 21. We presume that this conversion 19 —► 21, like the 
comparable preparations of chloro ketones 2 and 3, proceeds 
by the formation and subsequent ionic decomposition of a 
chlorosulfite intermediate. An attempt to prepare the chloro 
ketone 21 by reaction of the ketol 19 with (COCl)2 resulted in 
the formation of the diketo lactone 22 isolated as one of its enol 
forms (e.g., 23).

Although the chloro ketone 21 failed to react (or formed an 
intermediate that was reconverted to 21) when heated with 
amine bases (EtaN, 7 -collidine), it reacted rapidly (<15 min

Scheme II

(CH2)„
V

10

(CH2)„

12a, n = 4 
b, n = 5

CO,Et

11a, n = 6 
b , n = 9

13a, R = H, n = 5 
b, R = N R 2, n = 5

R

16a, n = 4
b, n = 5

at 25 °C) with methanolic NaOMe to form the ketone 24. This 
rapid conversion, 21 —» 24, clearly required the presence of 
base and was not a solvolytic transformation. Thus, it seems 
very probable that the enone 18 was generated and then rap
idly trapped by the conjugate addition of MeOH. Support for 
this viewpoint was obtained by performing the chloro ke- 
tone-NaOMe reaction in the presence of other good nucleo
philes (PhSH, MeSH, PhSeH, Me2NH) to produce the sub
stituted bicyclic ketones 25-28.

Scheme III

NaOMe, v
MeOH 22 23

other
nucleophiles

< 7 > °
x

25, X  = PhS—
26, X  = M eS -
27, X  = PhSe—
28, X  = M e2N—

Me3N f X~
29, X ‘ = I-
30, X  = O H '
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PhSe=0

Scheme IV
20 °C
--------18 +  PhSeOH

33

Several other observations also suggest that the enone 18 
is an exceptionally reactive Michael acceptor for nucleophiles. 
Hofmann degradation of the solvent-free quaternary am
monium hydroxide 30 at 150 °C resulted in sublimation of the 
ketol 19 (presumably form 18 + H20) as the only volatile 
product. Also, the selenoxide 31 (Scheme IV), formed by ox
idation of the selenide 27 with m-ClCeH^CUH9 in furan at
4-5 °C, underwent thermal decomposition at about 20 °C to 
form the hydroxy selenide 32. Although the electrophilic ad
dition of benzeneselenenic acid (33, present in equilibrium 
with Ph2Se2 and PhSeO2H)10a to reactive olefins is now known 
to be a common side reaction in selenoxide decomposition,10 
the analogous electrophilic addition to the electron-poor C=C 
of enones is normally not observed.9 In the present case, we 
believe we are observing such a nucleophilic addition of the 
selenenic acid 33 (or its anion) to the strained enone 18, fol
lowed by an intramolecular transfer of a phenylselenide unit 
(see structure 34), a process analogous to the addition of 
benzeneselenenamides to enones.11 In any case, the conversion 
31 —► 32 suggests that we have generated the conjugated enone 
18 and not its unconjugated isomer 35. An additional example 
of the tendency of the enone 18 to undergo conjugate addition 
reactions was found in the reaction of the chloro ketone with 
the sterically hindered alkoxide, KOBu-f, in various reaction 
solvents. We did not find any tert-butyl ether as had been 
observed earlier2 in reaction of the sterically hindered chloro 
ketone 2 with KOBu-f. Instead, reaction of the chloro ketone 
21 with KOBu-t formed a mixture of polymeric materials with 
properties suggesting that one of the enolate anions, 36 (X = 
Cl or f-BuO), had undergone Michael addition to the enone 
18, forming a new enolate anion, 36b, capable of further an
ionic polymerization with more enone 18.

The above observations suggested that, although the enone 
18 could readily be generated by either base-promoted 
dehydrochlorination of the chloro ketone 21 or by thermal 
decomposition of the selenoxide 31 at about 20 °C, the avidity 
with which the enone 18 added nucleophiles would make its 
isolation from such reaction mixtures difficult. A number of 
experiments were performed in which we attempted to trap 
the enone 18 (generated from 21 and a base) as its cycloadduct 
with excess furan, CH2=C H C H =C H 2, CH2=CHOEt, or 
PhN3. In all cases where the enone 18 was generated with 
NaOMe, the sole product isolated was the methoxy ketone 24 
in spite of the fact that only 1 mol equiv of NaOMe and a large

excess of the trapping agent were employed. When the enone 
18 was generated with 1 mol equiv of KOBu-i and excess 
trapping agent, the major product in all cases was the poly
meric material described previously. In one case (21 + 
KOBu-i in furan) a small amount of a monomeric material 
was isolated with IR and mass spectral properties suggesting 
that it may be the cycloadduct 37. Thus far, we have been 
unsuccessful in finding reaction conditions that will produce 
a sufficient amount of this product to permit its adequate 
characterization. We also sought to trap the enone 18, gener
ated by thermal decomposition of the selenoxide 31 in CH2C12, 
by reaction with Br2 to form a vicinal dibromide. Unfortu
nately, this experiment was apparently complicated by reac
tion of Br2 with the various selenium-containing byproducts 
to form HBr; the major reaction product was the bromo ketone 
38. Although the attempted trapping experiments described 
are hardly definitive, they do suggest that the enone 18 is not 
an exceptionally reactive component in various cycloaddition 
reactions.

The foregoing experiments suggested the desirability of 
exploring methods that might generate the enone 18 under 
circumstances where its subsequent reaction with nucleophilic 
reagents could be minimized. Accordingly, we turned our at
tention to gas-phase pyrolysis of the keto acetate 39 (Scheme
V). The slow addition of a solution of this acetate 39 in 
CH2Cl2-pentane to a tube packed with glass helices and 
heated with an oven at 580-600 °C resulted in the complete 
consumption of the acetate 39 with the formation of two major 
volatile products, each a CgH120  ketone. Unfortunately, both 
of these products were structural isomers of the desired enone
18. The minor product was demonstrated to have structure
40 both by its spectrometric properties and by isomerization 
over a Pd-C catalyst to the phenol 42. This phenol 42 was 
identified with an authentic sample and shown to be different 
from the isomeric phenol 43, prepared along with an unsatu
rated phenol believed to be 44 by reduction12 of isosafrole (45). 
The major pyrolysis product was shown to be the bicyclic 
ketone 41 both by its spectrometric properties and by oxida
tive degradation to the known crystalline diketone 46.

The precursor of these two pyrolysis products, 40 and 41, 
would appear to be the dienone 18 or its double bond isomer 
46, formed by isomerization in the pyrolysis column. Either 
concerted rearrangements or the homolytic cleavage of a C-C 
bond in each intermediate, 18 and 46, to yield the diradial 
intermediates 47 and 48 would constitute reasonable pathways 
for the formation of the final products 40 and 41.

Although the photolytie decomposition of the ketc lactone 
22 (Scheme VI) produced a very complex mixture, pyrolysis 
in a hot tube (a known procedure for olefin formation)13 
produced a mixture of the two previously described olefins 40 
and 41 along with a third CgHi20  ketone, the previously 
described14® C =C  isomer (49) of ketone 41. We presume that 
the enone 49 is formed by an acid-catalyzed isomerization of 
the enone 41 as it passes through the pyrolysis tube. An au
thentic sample of the enone 49 was obtained by isomerization 
of the enone 41 over a supported palladium catalyst. The 
hot-tube pyrolysis of the sulfoxide 50,14b'c prepared by oxi
dation of the sulfide 25 with TO-CIC6H4CO3H, produced a 
mixture of volatile products containing PhSH and the enones
41 and 49. Presumably the acidic byproducts140 formed in this 
pyrolysis account for the increased amount of the enone 49.

Thus, our presently completed studies suggest that the 
bridgehead enone 18 can be generated by several olefin- 
forming reactions. However, the isolation of pure samples of 
this enone, 18, for further study has proved to be a remarkably 
elusive goal, suggesting that specialized isolation techniques 
may be required. We plan continued study of possible meth
ods for the generation and isolation of this substance as well 
as a study of the formation of less strained (and hopefully
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more easily isolated) homologues.

Experimental Section15
Preparation of the Dimeric Ketol 4. The enone 5, prepared as

previously described,16 was obtained as a colorless liquid: bp 89-98 
°C (16 mm); n25D 1.4822 [lit.16 bp 84-86 °C (9 mm)]; NMR (CC14) 6
5.6-5.8 (1 H, m, vinyl CH), 1.7-2.6 (8 H, m, aliphatic CH), and 0.9-1.2 
(3 H, m, CH3). Employing a modification of previous procedures,17 
a mixture of 100 g (0.806 mol) of the enone 5,300 g of NaOH, and 150 
mL of H2O was refluxed for 40 min and then poured into ice water and 
extracted with Et20. After the ethereal extract had been washed with 
H2O, dried, and concentrated, the residual brown semisolid was 
triturated with cold hexane to leave 46.5 g of crude yellow solid. 
Recrystallization from hexane afforded 37.0 g (37%) of a mixture of

ketols 4 (NMR analysis) as pale yellow needles, mp 96-110 °C. 
Fractional recrystallization from hexane separated 16.6 g (17%) of the 
higher melting ketol 4a as colorless needles: mp 119-121 °C (lit. mp
116-118,17b 120 °C3); IR (CC14) 3470 (OH), 1650 (conjugated C = 0 ), 
and 1627 cm-1 (conjugated C=C ); UV max (95% EtOH) 249 nm (e 
9100); NMR (CCI4 ) & 4.93 (1H, s, OH) and 0.8-2.5 (23 H, m, aliphatic 
CH); mass spectrum m/e (rel intensity) 248 (M+, 3), 191 (100), 121
(21), and 41 (11).

The hexane solutions from the trituration and the initial recrys
tallization were combined, concentrated, and distilled under reduced 
pressure in a short-path still to separate 34.8 g of pale green viscous 
liquid, bp 118-135 °C (0.01 mm), that solidified on standing. Re- 
crystallizationfrom hexane separated 17.6 g of colorless solid,mp 83-86 
°C that contained (NMR analysis) both ketols 4a (minor) and 4b 
(major). A series of fractional crystallizations from hexane separated

Scheme VI

40 (7% yield)

+

41 (8% yield)

+ 49 (9% yield) + several minor 
byproducts

P h S = 0

400-420 °C
+  41 (3% yield) + several minor byproducts

CH3
49 (13% yield)

50

Pd-C, DME, 
HjO, reflux

41 49
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1.49 g (1.5%) of the pure lower melting ketol 4b as colorless plates: mp 
90-92 °C; IR (CCI4) 3470 (OH), 1645 (conjugated 0 = 0 ) ,  and 1627 
cm-1 (conjugated C=C); UV max (95% EtOH) 248 nm (c 8700); NMR 
(CCI4) d 4.89 (1 H, s, OH) and 0.7-2.7 (23 H, m, aliphatic CH); mass 
spectrum m/e (rel intensity), 248 (M+, 6), 233 (3), 191 (100), and 121 
(20).

Anal. Calcd for Ci6H940 2: C, 77.37; H, 9.74. Found: C, 77.36; H,
9.77.

Preparation of the Dihydro Ketol 6. To a refluxing solution of 
580 mg (76 mg-atom) of Li and 100 mL of Et20  in 400 mL of liquid 
NH3 was added, rapidly with stirring, a solution of 5.35 g (21.6 mmol) 
of the ketol 4a and 5.0 mL of i-BuOH in 95 mL of Et20. After the 
reaction mixture had been stirred at -33  °C for 45 min, 10 mL of H20  
was added and the NH3 was allowed to evaporate. The residue was 
partitioned between Et20  and H20  and the organic phase was washed 
with aqueous NaCl, dried, and concentrated. A cold (0 °C) solution 
of the residual semisolid in 50 mL of acetone was treated with excess 
aqueous 8 N H2Cr04, and then ¿-PrOH was added to consume the 
excess oxidant. After the resulting mixture had been neutralized with 
NaHC03, it was concentrated and partitioned between H20  and Et20. 
The ethereal layer was washed with aqueous NaCl, dried, and con
centrated to leave 4.96 g of gray-green semisolid. Recrystallization 
from EtOH afforded 2.50 g of a mixture (IR analysis) of conjugated 
and nonconjugated ketones as a colorless solid. Chromatography on 
silica gel with an EtOAc-hexane eluent (1:6 v/v) separated 1.75 g (32%) 
of the ketol 6 as colorless needles: mp 120-122 °C (lit.3 mp 124 °C); 
IR (CC14) 3550 (OH) and 1700 cm" 1 (C = 0 ); UV max (95% EtOH) 294 
nm R 25); *H NMR (CC14) <5 3.20 (1 H, s, OH) and 0.6-2.8 (25 H, m, 
aliphatic CH); mass spectrum m/e (rel intensity), 250 (M+ <1), 232
(31), 217 (13), 193 (100), 175 (15), 125 (75), 124 (66), 111 (93), 109 (62), 
108 (54), 107 (34), 83 (21), 69 (41), 55 (52), 43 (38), and 41 (53); 13C 
NMR (CDCI3, multiplicity in off-resonance decoupling) 211.3 (s), 70.8 
(s), 62.6 (d), 50.1 (t), 49.9 (t), 46.9 (t), 45.4 (t), 43.4 (t), 42.5 (t), 38.2
(d), 34.2 (s), 32.8 (d), 31.9 (q), 28.3 (d), 24.1 (q), and 22.0 ppm (q).

Preparation of the Chloro Ketone 3. A solution of 511 mg (2.04 
mmol) of the ketol 6 and 492 mg (4.14 mmol) of S0C12 in 2.5 mL of 
CHCI3 (EtOH free) was stirred at 25 °C for 19 h and then concen
trated to leave 621 mg of red solid, mp 89-91 °C. Chromatography on 
silica gel with PhH as the eluent separated 494 mg (92%) of the chloro 
ketone 3 as a pink solid, mp 93.5-94.5 °C. Recrystallization from 
MeOH afforded the pure chloro ketone 3 as colorless plates: mp
93.5-94.5 °C; IR (CC14) 1725 cm“ 1 (C = 0 ); UV max (95% EtOH) 294 
nm R 40); *H NMR (CCI4) ¡5 3.33 (1 H, d of d, J = 4.3 and 12.6 Hz), 2.55 
(1 H, d, J = 12 Hz), and 0.5-2.4 (23 H, m, aliphatic CH); at 100 MHz, 
the CH3 signals in the 1H NMR spectrum were resolved into a doublet 
(J = 6.1 Hz) at S 0.84, a singlet at 5 0.92, and a doublet (J = 5.6 Hz) 
at & 1.00; mass spectrum m/e (rel intensity) 232 (25), 217 (17), 125 (25), 
124 (100), 111 (40), 109 (81), 108 (83), 107 (60), 105 (25), 93 (31), 91
(35), 79 (26), 77 (24), 69 (32), 67 (23), 55 (45), 43 (29), 41 (74), and 39
(27); 13C NMR (CDC13, multiplicity in off-resonance decoupling) 206.3
(s) , 69.3 (s), 63.4 (d), 54.6 (t), 51.0 (t), 45.8 (t), 44.8 (t), 44.7 (t), 43.3
(t) , 41.1 (d), 35.2 (s), 34.2 (d), 31.6 (q), 29.3 (d), 23.7 (q), and 22.0 ppm
(q).

Anal. Calcd for C16H25C10: C, 71.49; H, 9.37; Cl, 13.19. Found: C, 
71.48; H, 9.38; Cl, 13.18.

Preparation of the Amino Ketone 8. A cold (—33 °C) mixture of 
NaNH2 [from 340 mg (15 mg-atom) of Na], 1.00 g (3.73 mmol) of the 
chloro ketone 3,125 mL of liquid NH3, and 20 mL of THF was stirred 
for 5 h, during which time the NH3 was allowed to evaporate. After 
5 mL of H20  had been added, the reaction mixture was partitioned 
between Et20  and aqueous NaCl. The ethereal layer was extracted 
successively with aqueous 1 M HC1 and with H20  and then dried and 
concentrated to leave 371 mg of colorless viscous liquid containing 
(TLC, silica gel with an EtOAc-hexane eluent, 1:9 v/v) the starting 
chloride 3 (Rf 0.58) and two unknown components (Rf 0.0 and 0.74). 
The acidic aqueous extract was made basic (aqueous NaOH) and 
extracted with Et20. This Et20  extract was dried and concentrated 
to leave 451 mg (49%) of the amino ketone 8 as a liquid that solidified 
on standing, mp 69-71 °C. Recrystallization from pentane afforded 
the pure amino ketone 8 as colorless prisms: mp 72-73 °C; IR (CCI4) 
3370 (NH) and 1710 cm“ 1 (C = 0 ); NMR (CC14) 5 0.7-2.9 (m, NH and 
aliphatic CH); UV max (95% EtOH) 295 nm R 23); mass spectrum m/e 
(rel intensity) 249 (M+, 3), 234 (5), 192 (65), and 124 (100).

Anal. Calcd for Ci6H27NO: C, 77.06; H, 10.91; N, 5.62. Found: C, 
77.03; H, 10.95; N, 5.61.

Preparation of the Keto Amide 9. A solution of 52 mg (0.21 mmol) 
of the amino ketone 8 and 0.5 mL of Ac20  in 1.0 mL of pyridine was 
stirred at 25 °C for 11.5 h and then partitioned between Et20  and 
aqueous 1 M HC1. The ethereal solution was washed with aqueous 5% 
NaOH, dried, and concentrated to leave 58 mg (95%) of the crude 
amide 9, mp 134-135 °C. Recrystallization from hexane separated the

pure keto amide 9 as colorless needles: mp 135-137 °C; IR (CCI4) 3430 
(NH), 1708 (C = 0 ), and 1672 cm-1 (amide C = 0 ); UV max (95% 
EtOH) 293 nm R 25); XH NMR (CDC13) & 5.68 (1 H, br, NH), 3.40 (1 
H, d, J = 13.2 Hz), and 0.7-2.9 (27 H, m, aliphatic CH); mass spectrum 
m/e (rel intensity) 291 (M+, 33), 234 (49), 232 (55), 217 (31), 216 (34), 
192 (68), 189 (77), 166 (57), 124 (100), 109 (42), 108 (45), 107 (38), 91
(34), 69 (41), 55 (51), 43 (64), and 41 (82). Although the 13C NMR 
spectrum (CDC13 solution) of the keto amide 9 was complicated by 
restricted rotation of the amide C-N bond that caused a number of 
13C signals to appear as two lines, the assignments indicated in the 
following formula are consistent both with off-resonance decoupling 
measurements and with the values observed for the structurally re
lated hydroxy ketone 6 and chloro ketone 3.

Anal. Calcd for CisH29N0 2: C, 74.18; H, 10.03; N, 4.81. Found: C, 
74.08; H, 10.04; N, 4.79.

Preparation of the Ketol 19. Following a previously described 
procedure,8 a solution of 48.7 g (375 mmol) of ethyl acetoacetate and
30.0 g (312 mmol) of 2-cyclohexenone in methanolic NaOMe [from 
450 mL of anhydrous MeOH and 7.20 g (313 mg-atom) of Na] was 
refluxed for 72 h and then cooled to 25 °C and treated with a solution 
of 43.7 g (797 mmol) of KOH in 120 mL of H20. The resulting yellow 
solution was refluxed for 12.5 h and then concentrated and extracted 
with CH2C12. After the organic extract had been washed successively 
with aqueous 4 M HC1, aqueous NaCl, aqueous NaHC03, and aqueous 
NaCl, it was dried and concentrated. The residual yellow semisolid 
was recrystallized from Et20  to separate 25.3 g (53%) of the ketol 19 
as colorless plates: mp 233-240 °C dec (lit. mp 192-193,8 232-239 
°C18); IR (CCU) 3595, 3430 (OH), and 1709 cm“ 1 (C = 0 ); UV max 
(95% EtOH) 280 nm R 18); JH NMR (CDC13) <5 3.38 (1 H, s, OH),
2.1-2.7 (5 H, m, aliphatic CH), and 1.1-2.0 (8 H, m, aliphatic CH); 13C 
NMR (CDC13, multiplicity in off-resonance decoupling) 210.5 (s, 
C = 0 ), 70.6 (s, COH), 55.1 (t, CH2), 45.5 (t, CH2), 41.1 (t, CH2), 40.2 
(t, CH2), 30.5 (t and d, CH2 and CH), and 20.0 ppm (t, CH2); mass 
spectrum m/e (rel intensity) 154 (M+, 12), 111 (30), 97 (100), 58 (17), 
55 (19), 43 (20), and 41 (24).

Anal. Calcd for C9H140 2: C, 70.10; H, 9.15. Found: C, 70.08; H, 
9.20.

Preparation of the Diketone 20. A solution of NaOEt [from 5 mg 
(0.2 mg-atom) of Na], 1.10 g (10.0 mmol) of cycloheptenone, and 1.33 
g (10.2 mmol) of ethyl acetoacetate in 5 mL of anhydrous EtOH was 
stirred at 25 °C for 21 h. The solution was then treated with 2 mL of 
an H20  solution containing 3.10 mmol of KOH and the resulting 
mixture was refluxed for 47 h, cooled, and concentrated under reduced 
pressure. After the reaction mixture had been partitioned between 
H20  and CH2C12, the organic phase was washed successively with 
aqueous 1 M HC1, with aqueous NaHC03, and with aqueous NaCl and 
then dried and concentrated. The residual green liquid (1.17 g) con
tained (TLC, silica gel coating with an EtOAc-hexane eluent, 1:4 v/v) 
the diketone 20 (Rf 0.16) and several minor unidentified byproducts 
(Rf 0.40, 0.33, and 0.03). Chromatography on silica gel with an 
EtOAc-hexane eluent (1:4 v/v) separated 867 mg (52%) of the dike
tone 20 as a colorless liquid; rc25D 1.4751; IR (CCI4) 1720 and 1705 cm-1 
(C = 0 ); UV max (95% EtOH) 280 nm R 47); NMR (CC14) d 2.35 (6 H, 
br s, CH2CO), 2.08 (3 H, s, COCH3), and 1.0-2.1 (7 H, m, aliphatic 
CH); mass spectrum m/e (rel intensity) 168 (M+, 8), 111 (100), 110
(37), 83 (64), 67 (22), 58 (30), 55 (59), 43 (82), 42 (24), 41 (36), and 39
(30).

Anal. Calcd for C10Hi6O2: C, 71.39; H, 9.59. Found: C, 71.17; H,
9.68.

Preparation of the Chloro Ketone 21. A mixture of 7.85 g (51.0 
mmol) of the ketol 19,14.5 g (102 mmol) of anhydrous Na2H P04, and
12.1 g (102 mmol) of S0C12 in 100 mL of CH2C12 was stirred at 25 °C 
for 38 h and then the pale yellow suspension was partitioned between 
H20  and CH2C12. The organic solution was dried and concentrated 
to leave 8.93 g of yellow-orange semisolid that was chromatographed 
on silica gel. The fractions eluted with Et20-hexane (3:7 v/v) con
tained 3.16 g (36%) of the chloro ketone 21: mp 126.5-127.5 °C; TLC 
Rf 0.41 (silica gel coating with an Et20-hexane eluent, 3:7 v/v). Rec
rystallization from Et20  afforded the pure chloro ketone 21 as col
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orless plates: mp 126.5-127.5 °C; IR (CCI4) 1713 and 1722 cm 1 
(C = 0 ); UV max (95% EtOH) 283 nm (e 22); ^  NMR (CC14) 5 2.82 
(2 H, s, CH2) and 1.2-2.7 (11H, m, aliphatic CH); 13C NMR (CDCI3, 
multiplicity in off-resonance decoupling) 207.1 (s, C = 0 ), 67.2 (s, CC1),
56.7 (t, CH2), 45.1 (t, CH2), 43.3 (t, CH2), 42.7 (t, CH2), 31.4 (d, CH),
30.1 (t, CH2), and 20.9 ppm (t, CH2); mass spectrum m/e (rel inten
sity) 174 (M+, 11), 172 (M+, 36), 137 (100), 136 (26), 121 (21), 95 (54), 
94 (56), 93 (39), 81 (26), 79 (32), 67 (30), 55 (22), 41 (23), and 39
(28).

Anal. Calcd for C9H!3C10: C, 62.61; H, 7.59; Cl, 20.53. Found: C, 
62.70; H, 7.61; Cl, 20.53.

In a more satisfactory procedure, 8.21 g (69.0 mmol) of S0C12 was 
added, dropwise and with stirring during 15 min, to a solution of 9.25 
g (60.0 mmol) of the ketol 19 and 7.03 g (69.5 mmol) of Et3N (distilled 
from LiARR) in 270 mL of Et20. The reaction mixture, which warmed 
to boiling with separation of a white precipitate, was filtered and 
concentrated to leave the crude product as a red solid. Chromatog
raphy on silica gel with an Et20-hexane eluent (3:7 v/v) separated 7.40 
g of the crude chloro ketone 21 as a yellow solid, mp 114-122.5 °C. 
Recrystallization from Et20  afforded 6.44 g (62%) of the previously 
described pure chloro ketone 21 as colorless plates, mp 126.5-127.5 
°C.

Reaction of the Chloro Ketone 21 With NaOMe. A solution of 
NaOMe, from 32.9 mg (1.43 mg-atom) of Na and 5 mL of anhydrous 
MeOH, was added, dropwise and with stirring during 50 min, to a 
refluxing solution of 178 mg (1.03 mmol) of the chloro ketone 21 in 
30 mL of anhydrous MeOH. The resulting solution was refluxed for 
9 h and then cooled, neutralized with aqueous NH4CI, concentrated, 
and partitioned between Et20  and H20. After the organic layer had 
been dried and concentrated, the residual yellow liquid [166 mg 
containing (TLC, silica gel coating with an EtOAc-hexane eluent, 1:4 
v/v) the methoxy ketone 24 Rf 0.18] was chromatographed on silica 
gel with an EtOAc-hexane eluent (2:1 v/v) to separate 158 mg (91%) 
of the methoxy ketone 24 as a colorless liquid, n25u 1.4887. The 
product exhibited a single GLC peak (silicone DC-710 on Chromosorb 
P) corresponding to the methoxy ketone 24 (retention time 34.6 min) 
under conditions where the retention time for the chloro ketone 21 
was 29.4 min. The spectral properties of the methoxy ketone 24 follow: 
IR (CC14) 1712 (C = 0 ) and 1098 cm- 1 (COC); UV max (95% EtOH) 
278 nm (e 21) with weak end absorption (e 103 at 211 nm); JH NMR 
(CCI4) 5 3.19 (3 H, s, OCH3) and 0.8-2.7 (13 H, m, aliphatic CH); 13C 
NMR (CDCI3, multiplicity in off-resonance decoupling) 210.9 (s, 
C = 0 ), 74.9 (s, C-O), 51.3 (t, CH2), 48.4 (q, OCH3), 46.1 (t, CH2), 37.6 
(t, CH2), 35.9 (t, CH2), 31.1 (t, CH2), 30.4 (d, CH), and 19.7 ppm (t, 
CH2); mass spectrum m/e (rel intensity) 168 (M+, 5), 125 (60), 111 
(100), 97 (18), 72 (16), 43 (18), and 41 (29).

Anal. Calcd for CioHi602: C, 71.39; H, 9.59. Found: C, 71.43; H, 
9.62.

To demonstrate the rapidity of the reaction of the chloro ketone 
21 with NaOMe, a solution of 91.8 mg (0.53 mmol) of the chloro ketone 
21 in 3 mL of anhydrous MeOH was treated with 0.15 mL of a MeOH 
solution containing 0.65 mmol of NaOMe and the resulting solution 
was stirred at 25 °C for 15 min. After the solution had been neutralized 
by the addition of 1 mL of saturated aqueous NH4CI, the MeOH was 
evaporated under reduced pressure and the residue was partitioned 
between Et20  and H20. The ethereal layer was dried and concen
trated to leave 80.1 mg (90%) of the methoxy ketone 24 that was 
identified with the previously described sample by comparison of IR 
and NMR spectra. To demonstrate the need for NaOMe in this re
action, a solution of 101 mg (0.59 mmol) of the chloro ketone 21 in 3 
mL of MeOH was stirred at 25 °C for 15 min and then concentrated 
under reduced pressure. The recovered chloro ketone 21, mp 127—
127.5 °C, amounted to 100 mg (99%) and was identified with an au
thentic sample by comparison of IR spectra. However, when a solution 
of 51.6 mg (0.30 mmol) of the chloro ketone 21 in 10 mL of MeOH was 
refluxed for 9 h and then concentrated, 37.9 mg (76%) of the methoxy 
ketone 24 (identified by comparison of IR, NMR, and TLC data) was 
isolated.

Our attempts to effect the dehydrochlorination of the chloro ketone 
21 by reaction with Et3N in Et20  for 24 h or by reaction with a sus
pension of KH (prewashed with pentane) in THF at - 3  °C for 40 min 
or at 23 °C for 18 h resulted in the recovery of 79-94% of the un
changed chloro ketone 21. Similarly, after a solution of 51 mg (0.29 
mmol) of the chloro ketone 21 and 58 mg (0.57 mmol) of Et3N in 2 mL 
of heptane had been refluxed (98 °C) for 15 h, all of the starting chloro 
ketone 21 (IR and TLC analyses) was recovered. After a mixture of 
61 mg (0.36 mmol) of the chloro ketone 21 and 2 mL of 2,4,6-collidine 
had been refluxed for 22 h, the neutral product (55 mg separated in 
the usual way) again contained (TLC analyses) the starting chloro 
ketone 21. Chromatography separated 50 mg (82%) of the pure chloro 
ketone 21, mp 126-127 °C.

A solution of NaOMe, from 32.3 mg (1.40 mg-atom) of Na and 0.5 
mL of MeOH, was added, dropwise and with stirring during 2 min, 
to a solution of 183 mg (1.06 mmol) of the chloro ketone 21 in 35 mL 
of furan. The resulting mixture, from which a precipitate began to 
separate within a few seconds, was stirred for 25 °C for 16.5 h and then 
concentrated and partitioned between Et20  and H20. The organic 
layer was dried and concentrated to leave 154 mg (87%) of the me
thoxy ketone 24 (IR and NMR analysis) with no other product being 
detected. In a similar experiment NaOMe [from 32.1 mg (1.40 mg- 
atom) of Na and 0.5 mL of MeOH] was added to a solution of 175 mg 
(1.01 mmol) of the chloro ketone 21 in 35 mL of butadiene. The re
sulting mixture was stirred under reflux for 2 h, allowed to stand 
overnight, and then subjected to the previously described isolation 
procedure to separate 158 mg (93%) of the methoxy ketone 24. When 
the same procedure was repeated with 1.07 mmol of the chloro ketone 
21 and 1.02 mmol (0.95 equiv) of NaOMe, the product again contained 
(GLC, IR, NMR) mainly the methoxy ketone 24 accompanied by a 
small amount of the starting chloro ketone 21. In a similar procedure, 
192 mg (1.11 mmol) of the chloro ketone 21 in 50 mL of EtOCH=CH2 
was treated with 0.26 mL of a MeOH solution containing 1.11 mmol 
of NaOMe and stirred at 25 °C for 5 h. After following the previously 
described isolation procedure, an aliquot of the crude product (194 
mg of pale yellow liquid) was mixed with a known amount of n- 
CgHnPh (an internal standard) for GLC analysis (silicone DC-710 
on Chromosorb P, apparatus calibrated with known mixtures). The 
product contained methoxy ketone 24 (86% yield, retention time 28.4 
min) and n-CsHnPh (20.9 min); the product was identified with an 
authentic sample of the methoxy ketone 24 by comparison of IR and 
NMR spectra, GLC retention times, and TLC R¡ values (R¡ 0.39, silica 
gel coating with an EtOAc-hexane eluent, 4:6 v/v).

The mixture obtained by the dropwise addition during 60 min of 
KOBu-t [from 55.4 mg (1.42 mg-atom) of K and 5 mL of t -BuOH] to 
a refluxing solution of 177 mg (1.03 mmol) of the chloro ketone 21 in 
30 mL of t -BuOH was refluxed for an additional 2 h and then cooled, 
neutralized with aqueous NH4C1, concentrated, and partitioned be
tween H20  and CH2C12. The organic layer was dried and concentrated 
to leave 169 mg of a viscous liquid (contains halogen) that appeared 
to be a mixture of polymeric materials: IR (CHC13) 1690 cm-1 (C = 0); 
NMR (CDC13) 5 1.0-2.8 (m, aliphatic CH including a t-BuO singlet 
at 5 1.27). Very similar crude product mixtures were obtained when 
a solution of the chloro ketone 21 in f-BuOH was added to f-BuOK 
in i-BuOH and then stirred at 25 °C and when a solution of the chloro 
ketone 21 in DME was added to a solution of alcohol-free KOBu-t in 
DME and then stirred at 2-4 °C for 30 min. Comparable crude 
products were also obtained when the chloro ketone 21 was allowed 
to react at 25 °C with 2 mol equiv of KOBu-f in CH2=CHOEt or with 
a mixture of 1 mol equiv of PhN3 and 2 mol equiv of KOBu-i in THF. 
After a solution of 173 mg (1.00 mmol) of the chloro ketone 21 in 20 
mL of anhydrous furan had been treated with 271 mg (2.42 mmol) of 
alcohol-free KOBu-f, the resulting suspension was stirred at 25 °C 
for 4.5 h and then partitioned between CH2C12 and H20. The organic 
phase was dried and concentrated to leave 147 mg of viscous liquid 
containing (TLC, silica gel coating with an Et20-hexane eluent, 3:7 
v/v) mainly the previously described high molecular weight material 
(Rf 0- 0.1) accompanied by a small amount of a more rapidly eluted 
component (Rf 0.25). Chromatography on silica gel separated 3.7 mg 
(1.8%) of this component, which may be the adduct 37, as a colorless 
liquid: IR (CCI4) 3070 (vinyl CH) and 1705 cm-1 (C = 0 ); mass spec
trum m/e (rel intensity) 204 (M+, 10), 161 (27), 136 (32, M+ -  furan), 
119 (32), 118 (41), 108 (55), 94 (23), 91 (30), 82 (100), 81 (20), 79 (23), 
68 (38), 57 (24), 56 (20), 55 (25), 43 (26), 41 (44), 40 (36), and 39 (62). 
Our attempts to obtain larger amounts of this material have thus far 
been unsuccessful. In an attempt to trap the enone 18 as an a,/3-epoxy 
ketone, a solution of 104 mg (0.602 mmol) of the chloro ketone 21 in 
5 mL of f-BuOH was treated with 40 mg (3.8 mmol) of aqueous 30% 
H20 2 and 0.61 mL (4.6 mmol) of aqueous 7.3 M NaOH. After the re
sulting suspension had been stirred at 25 °C for 1 h, it was partitioned 
between Et20  and aqueous NH4CI. The organic solution was dried 
and concentrated to leave 79.6 mg (86%) of the crude ketol 19, mp 
232-240 °C dec, that was identified with an authentic sample by 
comparison of IR spectra and TLC Rf values.

Preparation of the Sulfide 25 and the Sulfoxide 50. To a solution 
of 193 mg (1.12 mmol) of the chloro ketone 21 and 429 mg (3.9 mmol) 
of PhSH (freshly distilled) in 5 mL of anhydrous MeOH was added, 
dropwise and with stirring during 5 min, 1.2 mL of a MeOH solution 
containing 5.12 mmol of NaOMe. The resulting solution, from which 
a white precipitate began to separate after two-thirds of the NaOMe 
solution had been added, was stirred at 25 °C for 2 h and then con
centrated under reduced pressure and partitioned between Et20  and 
H20. The Et20  solution was dried and concentrated to leave 261 mg 
of liquid product that solidified on standing and contained (TLC,
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silica gel coating with an EtOAc-hexane eluent, 1:9 v/v) an unknown 
component (Rf 0.41), the keto sulfide 25 (R/ 0.32), and the methoxy 
ketone 24 (Rf 0.09). Chromatography on silica gel with an EtOAc- 
hexane eluent (1:9 v/v) separated 247 mg (89%) of early fractions 
containing the keto sulfide 25, mp 66-67 °C. This product crystallized 
from an Et20-pentane mixture as colorless plates with the same 
melting point; IR (CC14) 1709 cm“ 1 (C = 0 ); UV max (95% EtOH) 222 
(« 11 000) and 267 nm (e 1300); >H NMR (CC14) b 7.2-7.8 (5 H, m, aryl 
CH) and 1.2-2.9 (13 H, m, aliphatic CH); mass spectrum m/e (rel 
intensity) 246 (M+, 85), 137 (77), 110 (76), 109 (51), 96 (71), 95 (100), 
93 (49), 67 (41), 55 (21), and 41 (29); 13C NMR (CDC13, multiplicity 
in off-resonance decoupling) 209.9 (s, C = 0 ), 137.3 (d, 2 C atoms),
129.3 (s), 128.9 (d, 2 C atoms), 128.3 (d), 53.0 (t), 49.2 (s), 45.6 (t), 39.3 
(t), 38.4 (t), 30.9 (d and t, 2 C atoms), and 20.1 ppm (t).

Anal. Calcd for Ci5H18OS: C, 73.13; H, 7.36; S, 13.01. Found: C, 
73.01; H, 7.39; S, 12.96.

To a cold (—70 °C) solution of 547 mg (2.22 mmol) of the keto sul
fide 25 in 55 mL of CH2CI2 was added, dropwise and with stirring 
during 7 min, a solution of 384 mg (2.22 mmol) of freshly purified19 
m-ClCeH-iCOrjH in 16 mL of CH2CI2. After the resulting mixture has 
been stirred at -7 0  °C for 10 min, it was partitioned between Et20 
and aqueous Na2S03. The organic layer was washed with aqueous 
NaHCCL, dried, and concentrated to leave 578 mg of a colorless solid 
that contained (TLC, silica gel coating with an EtOAc-hexane eluent, 
7:3 v/v) the sulfoxide 50 (Rf 0.31) and two minor unidentified in
purities (Rf 0.69 and 0.18). This material was chromatographed on 
silica gel with an EtOAc-hexane (7:3 v/v) eluent to separate 554 mg 
(95%) of the sulfoxide 50 (a mixture of stereoisomers) as a viscous 
liquid that crystallized on standing: mp 129-138 °C; IR (CC14) 1713 
(C = 0 ) and 1053 cm“ 1 (S = 0 ); NMR (CDC13) b 7.3-7.7 (5 H, m, aryl 
CH) and 1.0-3.1 (13 H, m, aliphatic CH); UV max (95% EtOH) 251 
nm (« 4700) with end absorption (i 9060 at 211 nm); mass spectrum 
m/e (rel intensity) 262 (M+, 9), 218 (21), 138 (41), 137 (100), 126 (37),
109 (88), 95 (87), 93 (62), 82 (40), 81 (46), 79 (34), 78 (30), 77 (40), 67
(48), 55 (37), and 41 (32).

Anal. Calcd for C15H18O2S: C, 68.67; H, 6.91; S, 12.22. Found: C, 
68.61; H, 6.94; S, 12.18.

Preparation of the Sulfide 26. After a cold (4 °C) solution of 1.73 
g (10.0 mmol) of the chloro ketone 21 and 2.00 g (41.6 mmol) of MeSH 
in 25 mL of MeOH had been treated with 10.3 mL of an MeOH solu
tion containing 54.3 mmol of NaOMe, the resulting mixture was 
warmed to 25 °C and allowed to stand for 10 h. The resulting mixture 
was concentrated and partitioned between Et20 and H2O. After the 
organic layer had been dried and concentrated, the residual yellow 
liquid (1.79 g) was chromatographed on silica gel with an EtOAc- 
hexane eluent (1:9 v/v) to separate 1.59 g (86%) of the keto sulfide 26 
as a pale yellow liquid: n25o 1.5372; IR (CC14) 1710 cm-1 (C = 0 ); UV 
max (95% EtOH) 240 (shoulder, e 181) and 287 nm (e 30); ‘ H NMR 
(CC14) 6 2.1-2.6 (6 H, m, aliphatic CH) and 1.2-2.1 (10 H, m, aliphatic 
CH including a CH3S singlet at 6 2.02); mass spectrum m/e (rel in
tensity) 184 (M+, 74), 137 (75), 109 (39), 95 (100), 93 (66), 67 (50), and 
41 (34); 13C NMR (CDCI3, multiplicity in off-resonance decoupling)
209.4 (s), 52.1 (t), 45.7 (t), 44.5 (s), 38.2 (t), 37.7 (t), 30.8 (t and d, 2 C 
atoms), 19.7 (t), and 9.5 ppm (q).

Anal. Calcd for Ci0Hi6OS: C, 65.17; H, 8.75; S, 17.40. Found: C, 
65.06; H, 8.77; S, 17.36.

Preparation of the Amino Ketone 28. To a refluxing (7 °C) so
lution of 1.73 g (10.0 mmol) of the chloro ketone 21 in 300 mL of 
Me2NH (freshly distilled from Na) was added, dropwise and with 
stirring during 3 min, 2.35 mL of a MeOH solution containing 10.2 
mmol of NaOMe. After the resulting solution had been refluxed for 
2 h, the Me2NH was allowed to evaporate and the residue was parti
tioned between Et20  and aqueous 1 M HC1. The aqueous phase was 
made basic (pH 10) with NaOH and extracted with Et20. After this 
final ethereal extract had been dried and concentrated, the residual 
pale green liquid was distilled to separate 1.67 g (92%) of the amino 
ketone 28 as a colorless liquid: bp 79-80 °C (0.05 mm); re26d 1.5049; 
IR (CCI4) 1709 cm" 1 (C = 0 ); UV max (95% EtOH) 215 (e 709) and 279 
nm (shoulder,c 60); XH NMR (CDC13) b 1.2-3.3 (19 H, m, aliphatic 
CH including a 6 H singlet for the Me2N group at 6 2.35); mass spec
trum m/e (rel intensity) 181 (M+, 58), 139 (20), 138 (100), 124 (84),
110 (21), and 85 (29); 13C NMR (CDC13, multiplicity in off-resonance 
decoupling) 211.4 (s, C = 0 ), 57.5 (s), 46.7 (t), 46.0 (t), 37.3 (q, 2 C 
atoms), 36.5 (t, ?), 32.5 (t, ?), 31.1 (t, ?), 30.2 (d, ?), and 19.3 ppm 
(t).

Anal. Calcd for Cn H19NO: C, 72.88; H, 10.57; N, 7.73. Found: C, 
72.77; H, 10.59; N, 7.69.

Preparation of the Ammonium Salts 29 and 30. A solution of 186 
mg (1.03 mmol) of the amino ketone 28 and 388 mg (2.73 mmol) of Mel 
in 3 mL of Et20 was stirred at 25 °C for 48 h and then filtered to 
separate 312 mg (94%) of the methiodide 29 as a colorless solid, mp

206-210 °C dec. Recrystallization from Et0H-H20  afforded the pure 
methiodide 29 as colorless plates: mp 206-209 °C dec; IR (KBr pellet) 
1699 cm-1 (C = 0 ); UV (95% EtOH) shoulder at 285 nm (e 25) with 
end absorption (c 10 700 at 218 nm); NMR (Me2SO-d6) b  1.3-3.4 (22 
H, m, aliphatic CH including a Me3N+ singlet at b 3.07).

Anal. Calcd for Ci2H22INO: C, 44.59; H, 6.86; I, 39.26; N, 4.33. 
Found: C, 44.55; H, 6.88; I, 39.18; N, 4.35.

A mixture of 64.2 mg (0.199 mmol) of the methiodide 29,140 mg 
(0.604 mmol) of Ag20, and 1.5 mL of H20  was stirred at 25 °C for 12 
h and then filtered. The filtrate was concentrated under reduced 
pressure and the residual crude ammonium salt 30 was heated to 150 
°C for 4 h in a sublimation apparatus at 20-mm pressure. The subli
mate that was collected amounted to 13.5 mg (44%) of the ketol 19, 
mp 233-240 “C dec, that was identified with the previously described 
sample by comparison of IR spectra.

Preparation of the Keto Selenide 27. Following previously de
scribed directions,20 a solution of 2.34 g (7.50 mmol) of PhSeSePh in 
100 mL of anhydrous MeOH was treated, portionwise, with 790 mg 
(20.9 mmol) of NaBH4 and the resulting solution was stirred at 25 °C 
for 2.5 h. Then 1.73 g (10.0 mmol) of the chloro ketone 21 was added 
and the resulting solution was stirred while 10 mL of a MeOH solution 
containing 43.4 mmol of NaOMe was added dropwise during 2 min. 
The resulting mixture was stirred at 25 °C for 1.5 h and then con
centrated under reduced pressure and partitioned between Et20  and 
H20. The ethereal solution was dried and concentrated to leave 3.04 
g of crude yellow liquid product containing (TLC, silica gel coating 
with an EtOAc-hexane eluent, 1:9 v/v) the selenide 27 (Rf 0.30) and 
a minor, unidentified impurity (Rf 0.65). Chromatography on silica 
gel with an EtOAc-hexane eluent (1:9 v/v) separated 2.54 g (87%) of 
the keto selenide 27 as a pale yellow liquid, n25o 1.6043. The selenide 
27 crystallized on standing as yellow plates: mp 49.5-51 °C; IR (CCI4) 
1709 cm-1 (C = 0 ); UV max (95% EtOH) 220 (e 12 100) and 280 nm 
(« 610); >H NMR (CC14) 6 6.9-7.7 (5 H, m, aryl CH) and 1.0-3.2 (13 
H, m, aliphatic CH); mass spectrum m/e (rel intensity) 296 (M+, 7), 
294 (M+, 22), 292 (M+, 17), 291 (M+, 5), 290 (M+, 6), 157 (52), 137 
(100), 109 (54), 95 (95), 93 (73), 81 (35), 77 (45), 67 (65), 55 (47), and 
41 (45); 13C NMR (CDC13, multiplicity in off-resonance decoupling)
210.0 (s, C=G ), 137.8 (d, 2 C atoms), 128.4 (d, 3 C atoms), 125.4 (s),
53.9 (t), 46.2 (t), 45.6 (s), 40.1 (t), 39.1 (t), 31.4 (d), 30.8 (t), and 20.6 
ppm (t).

Anal. Calcd for CisHisOSe: C, 61.43; H, 6.19. Found: C, 61.48; H,
6.28.

Preparation of the Keto Acetate 39. A solution of 1.54 g (10.0 
mmol) of the ketol 19 and 5 mL of Ac20  in 10 mL of anhydrous pyri
dine was stirred for 25 °C for 176 h with additional 2.5-mL portions 
of Ac20  being added after 42.5 and 151 h. The resulting mixture was 
partitioned between Et20  and H20  and the ethereal layer was washed 
with aqueous 1 M HC1 and then dried and concentrated to leave 1.25 
g of the crude acetate 39 as a yellow solid, mp 59.5-66 °C. Recrystal
lization from pentane separated 1.09 g (56%) of the pure keto acetate 
39 as colorless plates: mp 65.5-67 °C; IR (CC14) 1737, 1730 (ester 
C = 0 ), and 1713 cm-1 (C = 0 ); UV (95% EtOH) shoulder at 250 nm 
(e 45) with weak end absorption (e 140 at 207 nm); NMR (CC14) b 2.85 
(2 H, br s, CH2CO) and 1.1-2.8 (14 H, m, including a CH3CO singlet 
at b 1.93); mass spectrum m/e (rel intensity) 196 (M+, 2), 136 (42), 111
(34), 108 (76), 97 (63), 95 (51), 94 (39), 93 (63), 92 (44), 82 (42), 79 (40), 
67 (45), 55 (61), 53 (33), 43 (100), 41 (54), and 39 (55).

Anal. Calcd for Cu Hi60 3: C, 67.32; H, 8.22. Found: C, 67.36; H,
8.25.

Preparation of the Diketo Lactone 22. A solution of 1.54 g (10.0 
mmol) of the ketol 19 and 1.28 g (10.1 mmol) of freshly distilled 
(COCl)2 in 25 mL of CHC13 (alcohol free) was protected from moisture 
and stirred at 25 °C for 47 h. Evaporation of the volatile materials left 
a red-brown solid containing (TLC, silica gel coating with an 
EtOAc-hexane eluent, 2:3 v/v) the diketo lactone 22 (Rf 0.18) and 
three unidentified components (Rf 0.59, 0.33, and 0.05). The crude 
product was chromatographed on silica gel with EtOAc-hexane 
mixtures as the eluent to separate 856 mg of the product 22 as a tacky 
orange solid. Recrystallization from an Et20-CHC13 mixture sepa
rated 728 mg (35%) of the pure diketo lactone 22 (obtained as the enol 
23) as orange plates: mp 180.5-181.5 °C; IR (CHCI3) 3490 (br, OH), 
1788,1777,1768,1760 (lactone C = 0 ), 1687 (conjugated C = 0 ), and 
1621 cm- 1 (C=C); UV max (CH2CN) 270 (£ 7170) and 335 nm (e 
3260); XH NMR (CDC13) b 7.91 (1 H, s, OH) and 1.0-3.0 (11 H, m, al
iphatic CH); mass spectrum m/e (rel intensity) 208 (M+, 4), 164 (45), 
137 (74), 136 (100), 135 (21), 95 (22), 69 (34), 55 (30), 41 (54), and 39
(36); 13C NMR (CDC13, multiplicity in off-resonance decoupling) 196.0 
(s), 164.8 (s), 144.8 (s), 127.2 (s), 83.1 (s), 43.8 (t), 37.8 (t, 2 C atoms),
31.0 (t), 29.7 (d), and 21.3 ppm (t).

Anal. Calcd for CnH120 4: C, 63.45; H, 5.81. Found: C, 63.50; H, 
5.83.
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Formation and Decomposition of the Selenoxide 31. A cold (4 
°C) solution of 171 mg (0.58 mmol) of the selenide 27 and 101 mg (0.58 
mmol) of purified19 m-ClC6H4C03H in 12 mL of anhydrous furan was 
stirred at 4-5 °C for 30 min and then warmed to 25 °C and stirred for 
2 h. During this warming the solution acquired a distinct yellow color 
at ~20 °C. After the reaction mixture had been partitioned between 
aqueous 10% Na2C 03 and CH2CI2, the organic layer was washed with 
aqueous NaCl, dried, and concentrated. The residual yellow liquid 
(184 mg) contained (TLC, silica gel coating with an EtOAc-hexane 
eluent, 1:4 v/v) Ph2Se2 (Rf 0.72), the starting selenide 27 (R/ 0.52), the 
hydroxy selenide 32 (Hr 0.19), and a minor unknown component (Rf 
0.04). Chromatography on silica gel with an EtOAc-hexane eluent 
(1:9 v/v) separated 31 mg of Ph2Se2, mp 59-61 °C (lit.9 mp 60-62 °C, 
identified with an authentic sample by comparison of IR spectra and 
mixture melting point determination), 9.6 mg of the starting selenide 
27 (IR and mass spectral analysis), and 78.5 mg (44%) of the hydroxy 
selenide 32 as a colorless solid, mp 94-96 °C. Recrystallization from 
a PhH-hexane mixture separated the pure hydroxy selenide 32 as 
colorless plates: mp 97-98 °C; IR (CCI4) 3500 (br, assoc. OH) and 1700 
cm-1 (C = 0 ); UV max (95% EtOH) 227 (e 8100) and 325 nm («960); 
4H NMR (CDCI3) 6 6.9-8.0 (5 H, m, aryl CH), 3.5-3.9 (1 H, m, 
COCHSe), and 1.0-3.3 (12 H, m, OH and aliphatic CH); mass spec
trum m/e (rel intensity) 310 (M+, 75), 308 (M+, 39), 214 (61), 212 (34), 
171 (59), 169 (45), 159 (53), 158 (71), 157 (100), 156 (56), 155 (83), 154
(61), 153 (50), 117 (44), 97 (77), 95 (34), 91 (42), 79 (40), 78 (55), 77 (81), 
69 (39), 65 (44), 55 (62), 51 (51), 50 (44), 43 (75), 41 (55), and 39 (53); 
13C NMR (CDC13, multiplicity in off-resonance decoupling) 206.5 (s, 
0 = 0 ) ,  134.3 (d, 2 C atoms), 128.7 (d, 3 C atoms), 127.8 (s), 70.6 (s, 
COH), 66.1 (d, CHSe), 41.3 (t), 39.1 (t), 38.0 (t), 30.5 (t), 29.5 (d), and
19.5 ppm (t). Comparison of the position of the 13C NMR signal for 
the substituted bridgehead carbon atom (70.6 ppm) with the position 
of the corresponding signals for the ketol 19 (70.6 ppm) and the keto 
selenide 27 (45.6 ppm) indicates that our product has the structure 
32 and is not the isomeric a-hydroxy-/3-phenylseleno ketone.

Anal. Calcd for Ci5H180 2Se: C, 58.26; H, 5.87. Found: C, 58.33; H,
5.93.

In a similar experiment, 590 mg (2.01 mmol) of the selenide 27 was 
oxidized with 361 mg (2.09 mmol) of purified19 m-ClC6H4C0 3H in 
50 mL of CH2CI2 at 1-3 °C for 1 h and then 427 mg (2.67 mmol) of Br2 
was added to the cold solution. After the resulting solution had been 
warmed to 25 °C and stirred for 1 h, it was washed with aqueous 10% 
Na2C 03 and then dried and concentrated. The residual orange liquid 
(654 mg) contained (TLC, silica gel coating with an EtOAc-hexane 
eluent, 1:9 v/v) the bromo ketone 38 (Rf 0.34) and two minor un
identified components (Rf 0.78 and 0.44). Chromatography on silica 
gel with an EtOAc-hexane eluent (7:93 v/v) separated 240 mg (55%) 
of the bromo ketone 38, mp 79-80.5 °C. Recrystallization from hexane 
afforded the pure bromo ketone 38 as colorless plates: mp 84.5-85.5 
°C; IR (CC14) 1722 cm- 1 (C = 0); UV max (95% EtOH) 224 (e 426) and 
283 nm (e 65); XH NMR (CC14) 6 2.8-3.2 (2 H, m, CH2CO), 2.0-2.8 (6 
H, m, aliphatic CH), and 0.7-2.0 (5 H, m, aliphatic CH); mass spec
trum m/e (rel intensity) 218 (M+, 2), 216 (M+, 2), 137 (100), 109 (23), 
95 (73), 93 (30), 67 (31), 65 (20), 55 (20), 41 (20), and 39 (25); 13C NMR 
(CHCI3, multiplicity in off-resonance decoupling) 206.9 (s), 62.3 (s),
58.0 (t), 45.1 (t), 44.5 (t, 2 C atoms), 32.0 (d), 30.0 (t), and 21.6 ppm 
(t).

Anal. Calcd for C9H 3BrO: C, 49.79; H, 6.04; Br, 36.81. Found: C, 
49.80; H, 6.04; Br, 36.75.

Vapor-Phase Pyrolysis Studies. A. With the Keto Acetate 39.
A solution of 1.55 g (7.90 mmol) of the acetate 39 in 10 mL of CH2C12 
and 40 mL of pentane was added, dropwise during 2.5 h, to the top 
of a 20-cm vertical glass column packed with glass helices and sur
rounded by an oven heated to 580-600 °C. During this addition a slow 
stream of N2 was passed through the column and the effluent solvent 
and volatile pyrolysis products were collected in traps cooled with a 
dry ice-i-PrOH mixture. After the effluent liquid had been concen
trated, an aliquot of the crude pyrolysate (910 mg of red liquid) was 
mixed with a known weight of n-C8H17Ph (an internal standard) for 
GLC analysis (silicone DC-710 on Chromosorb P, apparatus cali
brated with known mixtures). The material contained the keto olefin 
41 (retention time 18.6 min, 42% yield), the dienone 40 (22.9 min, 16% 
yield), n-CgHiyPh (54.0 min), and a series of minor unidentified 
components (1.3,1.5,1.7, 2.0,2.1,2.6,3.3,4.3, 5.4,6.9,9.4,11.4,14.4, 
and 15.0 min). A collected (GLC) sample of the keto olefin 41 was 
obtained as a colorless liquid: n2BD 1.5047; IR (CCR) 1729 (C = 0 ), 1650 
(C=C), and 897 cm" 1 (C=CH 2); UV max (95% EtOH) 283 nm (c 239); 
NMR (CC14) 5 4.6-5.1 (2 H, m, vinyl CH), 2.6-2.9 (1 H, m, CHCO), 
and 1.4-2.6 (9 H, m, aliphatic CH); mass spectrum m/e (rel intensity) 
136 (M+, 12), 93 (25), 92 (100), 91 (24), 79 (37), 77 (16), 41 (15), and 
39 (20).

Anal. Calcd for C9H120: C, 79.37; H, 8.88. Found: C, 79.35; H,

8.90.
A collected (GLC) sample of the dienone 40 was obtained as a col

orless liquid: n25u 1.4995; IR (CC14) 1671 (C = 0 ), 1639 (C=C), and 
924 cm“ 1 (CH=CH2); UV max (95% EtOH) 237 nm (e 9830); NMR 
(CDCI3 at 100 MHz) b 5.9 (1H, m, vinyl CH), 1.9-2.7 (8 H, m, aliphatic 
CH including a CH3 singlet at b 1.98), and a pattern characteristic of 
a —CH=CHo group with signals (total 3 H) at 5 5.82 (d of d of d, J 
= 6.9,10.8, and 18.6 Hz), 5.08 (d of d of d, J  = 1.4,1.5, and 18.6 Hz), 
and 5.06 (d of d of d, J = 1.5,1.6, and 10.8 Hz); mass spectrum m/e (rel 
intensity) 136 (M+, 11), 107 (14), 94 (30), 93 (34), 82 (100), 79 (17), 77 
(14), 54 (32), 53 (16), 44 (20), 41 (29), and 39 (40).

Anal. Calcd for C9H120: C, 79.37; H, 8.88. Found: C, 79.29; H, 
8.92.

B. With the Keto Lactone 22. A solution of 217 mg (1.04 mmol) 
of the lactone 22 in 10 mL of CH2C12 was added, dropwise during 50 
min, to the previously described pyrolysis apparatus with the oven 
heated to 600-620 °C. The crude liquid pyrolysate was 172 mg of red 
liquid. After an aliquot of this crude product had been mixed with 
n-CgHnPh (an internal standard), GLC analysis (silicone DC 710 on 
Chromosorb P, apparatus calibrated with known mixtures) indicated 
the presence of the enone 49 (retention time 18.5 min, 9% yield), the 
enone 41 (23.8 min, 8% yield), the dienone 40 (31.5 min, 7% yield), 
n-CsHivPh (76.2 min), and a number of minor, unidentified materials 
(1.1,1.2,1.7, 2.0,2.6, 3.2,4.4, 5.5,6.6, 7.5,8.4,9.1,13.4, and 35.3 min). 
Collected (GLC) samples of ketones 40 and 41 were identified with 
previously described samples by comparison of IR and mass spectra 
and GLC retention times. A collected (GLC) sample of the enone 49 
was identified with a subsequently described sample by comparison 
of IR and mass spectra and GLC retention times.

C. With the Sulfoxide 50. A solution of 275 mg (1.05 mmol) of the 
sulfoxide 50 in 10 mL of CH2C12 was added, dropwise during 45 min, 
to the previously described pyrolysis apparatus with the oven heated 
to 400-420 °C. An aliquot of the crude pyrolysate (511 mg of red liq
uid) was mixed with n-CsHiyPh for GLC analysis (silicone DC 710 
on Chromosorb P). The crude product contained PhSH (retention 
time 5.5 min), the enone 41 (19.4 min, 3% yield), the enone 49 (15.3 
min, 13% yield), an unidentified component [or mixture of compo
nents, IR (CC14) 1717 cm-1, 29.8 min, ~10%yield], ra-CsHivPh (59.8 
min), and a number of minor unidentified components (1.5, 2.0, 2.3,
4.3, 9.8, and 11.7 min). Collected (GLC) samples of PhSH and the 
enone 41 were identified with authentic samples by comparison of IR 
and mass spectra and GLC retention times. A collected (GLC) sample 
of the enone 49 was obtained as a colorless liquid: IR (CCI4) 1726 
(C = 0 ) and 1650 cm-1 (weak, C =C ); NMR (CDC13, obtained at 100 
MHz) b 6.07 (1 H, d of d of q, J = 7.1,1.9, and ~1.7 Hz, vinyl CH),
2.7-3.0 (2 H, m, bridgehead CH), 2.16 (2 H, d, J = 2.9 Hz, CH2CO), 
and 1.1-2.1 [7 H, m, aliphatic CH including a CH3 doublet (J = ~1.7 
Hz) at b 1.82]; mass spectrum m/e (rel intensity) 136 (M+, 12), 94 (75), 
93 (12), 91 (14), 79 (100), 77 (16), 41 (11), and 39 (14); calcd for C9H120, 
136.0888; found, 136.0908 [lit.14- IR 1715 cm "1; NMR b 6.02 (d of q, 
J = ~ 2 and ~6.5 Hz), 2.84 (br, 2 H), and 1.62 (d, J = ~2 Hz)].

To obtain an authentic sample of the enone 49 a mixture of 204 mg 
(1.5 mmol) of the enone 41,160 mg of 5% Pd/C catalyst, 2 mL of H20, 
and 18 mL of DME was refluxed for a total of 268 h with the reaction 
being stopped periodically to examine the progress of the isomeriza
tion. After the mixture had been filtered and then partitioned between 
Et20  and aqueous NaCl, and organic solution was dried and con
centrated. The crude liquid product (834 mg) contained (GLC with 
added internal standard) the enone 49 (26% yield) and the starting 
enone 41 (27% recovery). Collected (GLC) samples of both enones 41 
and 49 were identified with previously described samples by com
parison of IR and mass spectra and GLC retention times. The col
lected sample of enone 49 exhibited a UV maximum (95% EtOH) at 
295 nm (t 47) [lit.14- UV 294 nm (t 153)].

Degradation of the Keto Olefin 41. To the mixture obtained from
3.9 mg of 0s04 and 30.9 mg (0.227 mmol) of the keto olefin 41 in 0.75 
mL of purified dioxane and 0.25 mL of H20  was added, portionwise 
and with stirring during 35 min, 102 mg (0.477 mmol) of NaI04. After 
the resulting suspension had been stirred at 25 °C for 3 h, it was 
partitioned between H20  and CH2C12. The organic layer was dried 
over Na2S04, concentrated, redissolved in an Et20-PhH mixture (1:1 
v/v), filtered through alumina, and again concentrated to leave 30.7 
mg of the crude diketone 46. Recrystallization from a PhH-hexane 
mixture afforded 20.8 mg (66%) of the pure diketone 46 as colorless 
plates: mp 195.5-196.5 °C (lit. mp 188-190,21 191,22 190-191 °C23); 
IR (CC14) 1742 and 1721 cm" 1 (C = 0 ) [lit.21 IR (CCL) 1745 and 1720 
cm x]; UV max (cyclohexane) 298 (e 103), 307 (e 103), 318 («101), and
329 nm (i 73) [lit.21 UV max (cyclohexane) 300 (e 100), 320 («100), and
330 nm (« 75)]; mass spectrum m/e (rel intensity) 138 (M+, 73), 110 
(12), 109 (11), 95 (16), 82 (11), 81 (17), 68 (37), 67 (83), 55 (100), 41 (19), 
and 39 (18).
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Isomerization of the Dienone 40. A mixture of 17.1 mg (0.126 
mmol) of the dienone 40,24 mg of 5% Pd on C, 0.4 mL of H20, and 3.6 
mL of DME was refluxed for 78 h, at which time isomerization of 40 
was practically complete [TLC analysis on silica gel with an EtOAc- 
hexane eluent (1:4 v/v); 40, Rf 0.47; 42, Rf 0.57]. The mixture was di
luted with Et20 , filtered, washed with aqueous NaCl, dried, and 
concentrated to leave 31.1 mg of crude liquid product. After an aliquot 
of the crude product had been mixed with a known weight of 
PhCH2CH2Ph (an internal standard), GLC analysis (silicone DC-710 
on Chromosorb P, apparatus calibrated with a known mixture) in
dicated the presence of the phenol 42 (retention time 30.2 min, 30% 
yield), PhCH2CH2Ph (81.1 min), and a number of minor unidentified 
byproducts. A collected (GLC) sample of the phenol 42 was obtained 
as a colorless solid, mp 50-51 °C (lit. mp 51,24 52-54,25 54,26 55 °C27), 
that was identified with an authentic sample (Aldrich Chemical Co.) 
by comparison of IR and mass spectra and GLC retention times. The 
sample was clearly different from the isomeric phenol 43.

Following a previously described procedure,12 5.04 g (31.1 mmol) 
of isosafrole (45) was added, dropwise and with stirring during 30 min, 
to a refluxing dispersion of 4.66 g (202 mg-atom) of Na in 35 mL of 
xylene. Then 45 mL of anhydrous EtOH was added, dropwise and 
with stirring during 4 h, and the resulting mixture was steam-distilled 
to remove volatile neutral components. The residual aqueous solution 
was acidified and extracted with CH2C12. The organic extract was 
dried and concentrated and the dark residual liquid (3.38 g) was 
distilled to separate 1.69 g of colorless liquid, bp 106-109 °C (8 mm), 
that contained [TLC on silica gel coating, EtOAc-hexane eluent (3:17 
v/v)] the phenol 43 (Rf 0.41) and a component believed to be phenol 
44 (Rf 0.36). Chromatography on silica gel with an EtOAc-hexane 
eluent separated early fractions containing 1.04 g (25%) of the phenol 
43 as a colorless liquid: n25n 1.5199 [lit. bp 110 (10 mm),12117-118 °C 
(11 mm)28]; IR (CCL,) 3590 and 3380 cm" 1 (OH); NMR (CC14) 6
6.2-7.4 (5 H, m, OH and aryl CH), 2.43 (2 H, t, J = 7 Hz, benzylic 
CH2), 1.2-2.1 (2 H, m, CH2), and 0.85 (3 H, t, J = 7 Hz, CH3); mass 
spectrum m/e (rel intensity) 136 (M+, 39), 121 (16), 108 (43), 107 (100), 
77 (21), and 39 (13).

Later chromatographic fractions contained 462 mg (11%) of a 
component believed to be phenol 44 as a colorless liquid: n25d 1.5748; 
IR (CC14) 3590, 3400 (OH), and 965 cm' 1 (trans-CH=CH); NMR 
(CC14) 5 6.5-7.4 (7 H, m, OH, vinyl and aryl CH) and 1.78 (3 H, d, J 
= 5 Hz, CH3); mass spectrum m/e (rel intensity) 134 (M+, 100), 133
(71), 107 (30), 105 (28), 91 (22), 77 (24), 51 (20), 40 (25), and 39
(22).

Anal. Calcd for C9H10O: C, 80.56; H, 7.51. Found: C, 80.31; H,
7.71.

Registry No.— 3, 66921-72-0; 4, 17348-81-1; 5, 1123-09-7; 6, 
66921-73-1; 8, 66921-74-2; 9, 66921-75-3; 19, 20498-02-6; 20, 66921- 
76-4; 21,66921-77-5; 23,66921-78-6; 24,66921-79-7; 25,66921-80-0; 
26, 66921-81-1; 27, 66921-82-2; 28, 66921-83-3; 29, 67011-17-0; 30, 
66921-84-4; 32, 66921-85-5; 37, 66921-86-6; 38, 66077-98-3; 39, 
66921-87-7; 40,66921-88-8; 41,66921-89-9; 42,698-71-5; 43,621-27-2;
44.66921- 90-2; 45,120-58-1; 46,66921-91-3; 49,53922-17-1; 50 isomer
1.66921- 92-4; 50 isomer II, 67009-05-6; ethyl acetoacetate, 141-97-9; 
2-cyclohexenone, 930-68-7; cycloheptanone, 1121-66-0; diphenyl di- 
selenide, 1666-13-3.
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The rates of reaction of a series of 2-(X-benzyl)-5-nitroisoquinolinium cations (8, X = 4-CH30, 4-CH3, H, 3-F,
3-CN, 4-CN) with the 2-methylisoquinolinium cation (9) to give the corresponding 2-(X-benzyl)-5-nitro-l-isoqui- 
nolinones and l,2-dihydro-2-methylisoquinoline have been studied in 0.01-0.5 M KOH in 20% acetonitrile-water 
at 25 °C and ionic strength 1.0. These reactions are strictly first order in each reactant, and the dependence of the 
second-order rate constant on [“ OH] indicates that the reaction involves hydride transfer from the pseudobase an
ions of 8 to 9. The correlation line for the pH-independent second-order rate constant, log k p  = - 0.11er + 1.35, in
dicates that the transition state is quite “ reactant.-like” . The rates of reaction of the corresponding l-deuterio-2- 
(X-benzyl)-5-nitroisoquinolinium cations (14, X = 4-CH30, H, 3-F, 4-CN) have also been investigated (log k p  = 
—0.29ct + 1.13). An X-dependent primary kinetic isotope effect is shown to be consistent with a reactant-like transi
tion state for direct hydride transfer from C-l of the iV-benzyl-5-nitroisoquinoline derivatives to 9. Such direct hy
dride transfer is confirmed by 'H  NMR spectral studies of the reaction of 8 with 9 in D2O and of 14 with 9 in H2O. 
The mechanism of the general disproportionation reaction of heterocyclic pseudobases is discussed in the context 
of the observed mechanism for the current reaction which can be considered as a “ crossed disproportionation” .

The disproportionation of heteroaromatic cations in 
aqueous base has been known for many years.2̂ 1 For example, 
fresh organic extracts of basic aqueous solutions of the 2- 
methylphthalazinium cation (1) contain2’6-7 a mixture of 2- 
methyl-l,2-dihydrophthalazine (2) and 2-methyl- 1-phtha- 
lazinone (3). Similar reactions have been reported for pyri-

1 2 3

dinium,7 isoquinolinium,8’9 benzothiopyrylium,10 quinazoli- 
nium,11 acridinium,3 xanthylium,12 thioxanthylium,12-13 and 
phenanthridinium3 cations. In all cases, the cations display 
spectral changes consistent with pseudobase formation at 
electronic absorption spectral concentrations (e.g., 1 + “OH

4),6 with the disproportionation reaction becoming im-

4
portant only at much higher concentrations of the heterocycle. 
This concentration dependence indicates the bimolecular 
nature of these reactions, and the 1:1 ratio of oxidized and 
reduced products, in those cases which have been carefully 
investigated, is indicative of a true disproportionation reac
tion.

The bimolecular nature of the reaction has also been es
tablished14-15 by deuterium labeling experiments in the case 
of the pyrimido[4,5-b]quinolinium cations 5. Reduced product 
6 is doubly labeled with deuterium; no deuterium is incorpo
rated into the reduced product when the unlabeled cation is 
allowed to disproportionate in D20. Clearly, hydrogen transfer 
during disproportionation occurs without exchange with 
solvent protons, and so direct interaction between two het
erocyclic molecules is indicated.

Disproportionation for the 2-methylphthalazinium cation 
occurs only in the range pH 10-13, with the pseudobase, itself, 
being extracted from more basic aqueous solutions in which 
the pseudobase alkoxide ion (pKro-  = 13.0) predominates.6

Although there does not appear to have been a detailed kinetic 
study of the pH dependence of these disproportionation re
actions, these qualitative observations suggest that the rate 
of disproportionation reaches a maximum value at the pH at 
which the concentration of the pseudobase is at its maximum 
value. At first glance, this result seems to suggest that the 
alkoxide ion is stable toward disproportionation and that this 
reaction proceeds via the pseudobase itself in aqueous solution 
but not in organic solvent. However, this interpretation is not 
consistent with the observed stability of many pseudobases 
to disproportionation, and it is difficult to conceive of a 
mechanism for a disproportionation via two molecules of the 
pseudobase. A kinetically equivalent mechanism for the re
action of two molecules of the pseudobase is the reaction of 
the pseudobase alkoxide ion with the heterocyclic cation as 
has been suggested16 for the disproportionation of the pseu
dobase of berberine to oxyberberine and dihydroberberine.

Direct spectrophotometric kinetic studies of such dispro
portionation reactions are difficult because of the relatively 
high concentrations of heterocycle that are necessary to pro
mote disproportionation and the relative insolubility of both 
reaction products in aqueous media. For an investigation of 
the kinetics and mechanism of such reactions, we have chosen 
to study the “crossed disproportionation” reaction between 
2-benzyl-5-nitroisoquinolinium cations (8) and the 2- 
methylisoquinolinium cation (9) which react in aqueous base 
to give the 2-benzyl-5-nitro-l-isoquinolinones (10) and 1,2- 
dihydro-2-methylisoquinoline (11). Such a crossed reaction

0022-3263/78/1943-3662$01.00/0 © 1978 American Chemical Society
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also has the advantage that one can study substituent effects 
(e.g., X in 8 ) in the two reacting species individually; the in
terpretation of substituent effects in a simple dispropor
tionation is complicated by simultaneous substituent variation 
in both reacting species. The present paper reports a kinetic 
study of the mechanism of the above reaction via pH -rate 
dependence, substituent effects, and kinetic isotope effects.

R e s u lts

Basic aqueous solutions of 2-benzyl-5-nitroisoquinolinium 
cations (8 ) are pink due to the presence of the pseudobases 12 
Umax 450-458 nm) and/or the pseudobase anions 13 (Xmax 
493-507 nm) . 17 Quantitative studies17’25 of cation-pseudobase 
equilibration in these systems indicate that the cations 8  are 
essentially completely converted to their pseudobases 12  at

12 13

even the lowest base concentrations (0.01 M KOH) investi
gated in the current kinetic study. Addition of the 2-methyl- 
isoquinolinium cation to such pink solutions ([KOH] =
0.01-0.5 M) produces decolorization at rates which can be 
conveniently measured by conventional spectrophotometry 
at room temperature. The time dependence of the visible 
absorption spectrum of the 2-(4-methoxybenzyl)-5-nitroi- 
soquinolinium cation in 0.5 M KOH in the presence of excess 
2-methylisoquinolinium cation is displayed in Figure 1. The 
presence of a relatively clean isosbestic point at 413 nm is in
dicative of the occurrence of a single major reaction that does 
not involve intermediate species in any significant concen
tration. These spectral changes are consistent with the for
mation of 2-(4-methoxybenzyl)-5-nitro-l-isoquinolinone (10, 
X = 4 -CH3O) (Xmax 367 nm17) and l,2-dihydro-2-methyliso- 
quinoline (Xmax(CHCl3) 328 nm6) since neither of these 
products show more than a very weak tail absorption in the 
vicinity of 500 nm.

These two reaction products were confirmed by H1 NMR 
spectral studies of chloroform extracts of a basic solution in 
which the 2-(4-cyanobenzyl)-5-nitroisoquinolinium and 2- 
methylisoquinolinium cations had been allowed to react under 
the conditions described in the Experimental Section. The 
product spectrum clearly indicated a mixture of 10, X  = 4-CN, 
and 11. Repetition of this experiment in basic D2O, and also 
the corresponding reaction of the l-deuterio-2-(4-cyanoben- 
zyl)-5-nitroisoquinolinium (14) and 2-methylisoquinolinium 
cations in H2O, indicated that there was no detectable incor
poration of solvent hydrogen at C-l of the l,2-dihydro-2- 
methylisoquinoline product. Thus direct transfer of hydrogen 
occurs from C-l of the Af-(4-cyanobenzyl)isoquinoline de- 
rivatiye to C-l of 9.

1

Figure 1. Time dependence of the absorption spectrum of a solution 
containing 8-Br~ (X = 4-CH30 ) (2.1 X  10-4 M) and 2-methyliso
quinolinium bromide (1.7 X  10~3 M) in 0.5 M KOH in 20% 
CH3CN-H2O at 25 °C, ionic strength 1.0. Spectra were recorded at 
times (min) indicated on each curve.

Figure 2. Double reciprocal plot of dependence of h2obsd on [ OH] 
for 8-Br- (X = 4-CH30) (□) and 14-Br“  (X = 4-CH30) (■ ). Data at 
25 °C, ionic strength 1.0, in 20% CH3CN-H20.

For each of the 7V-benzyl-5-nitroisoquinolinium cations 8 
(X = 4-CH30,4-CH3, H, 3-F, 3-CN, 4-CN) the change in ab
sorbance at 480 nm was recorded as a function of time in the 
presence of 50-500-fold molar excesses of 2-methyliso
quinolinium cation in the range 0.01-0.5 M KOH in 20% 
CH3CN in water at 25 °C, ionic strength 1.0. In all cases the 
reaction proved to be first order in the 5-nitroisoquinoline 
derivative for at least 4 half-lives and pseudo-first-order rate 
constants, fciobsd, were calculated. Values of k i ohsA were pro
portional to the concentration of the 2 -methylisoquinolinium 
cation, and thus the kinetics of the reaction are first order in 
each reactant. The second-order rate constant &2obsd was 
evaluated for each X at 6-10 base concentrations in the range 
[KOH] = 0.01-0.5 M. In each case, plots of l/fe2obsd vs. 1/ 
[~OH] were linear (e.g., Figure 2), and extrapolation of these 
plots to l/[_OH] = 0 gives l/fc2H, where k 2H is a second-order 
rate constant that is independent of [~OH], The values k 2n  
that were evaluated in this way for each 8  from least-squares 
analysis of the plots in Figure 2 are given in Table I.
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Table I. Kinetic Parameters for the Reduction of the 2-Methylisoquinolinium Cationh by N-Benzyl-5-
nitroisoquinolinium Cations0___________________________________

cation X
registry

no.
kP , M “ 1

min-1
kP, M " 1

min-1 K , M - 1

8 4-CH3O 64840-47-7 23.9 ±  0.2 8.3 ±  0.1
4-CH3 64840-46-6 23.1 ± 0 .2 8.2 ±  0.1
H 52166-52-6 22.9 ±  0.2 7.5 ±  0.1
3-F 64840-45-5 20.7 ±  0.2 10.4 ±  0.1
3-CN 64840-43-3 18.6 ±  0.4 12.7 ±  0.3
4-CN 64840-42-2 19.5 ±  0.5 12.7 ±  0.3

14 4-CH3O 64840-51-3 15.7 ±  0.3 6.8 ±  0.2
H 64840-50-2 13.6 ±  0.3 7.8 ±  0.2
3-F 64840-49-9 10.9 ±  0.2 12.8 ±  0.3
4-CN 64840-48-8 8.5 ±  0.3 10.9 ±  0.3

° At 25.0 °C, ionic strength 1.0, 20% CH3CN-H2O. b Registry no. 33718-23-9.

Figure 3. Hammett plots for the dependence of k2 on X for 8 (k p )  
and 14 (/e2D).

The linear relationships in Figure 2 are consistent with eq 
1, where K is the equilibrium constant for a rapidly estab-

k2H = k2°b*d(l + l/K [-O H ]) (1)

lished preequilibrium of the form

K = [Y]/[Z][-OH]

Values of K  were evaluated from the slopes (= \/k2HK) of the 
lines in Figure 2 and are included in Table I. Since the 2- 
methylisoquinolinium cation is not involved in a base-de- 
pendent equilibrium in this region,6 the equilibrium constant 
K must be related to a base-dependent equilibrium of the 
N-benzyl-5-nitroisoquinoline derivatives. In fact, it has been 
established that alkoxide ion (13) formation from the pseu
dobases (12) does occur in this region and values of =
[13]/[12][~OH] for this ionization have previously17 been 
evaluated spectrophotometrically under the current experi
mental conditions (except for the absence of the 2-methyli- 
soquinolinium cation). Values of K = 7-12 M-1 in Table I are 
in reasonable agreement with K (\ = 9-12 M“ 1 previously re
ported for these species.

The kinetics of oxidation of four V-benzyl l-deuterio-5- 
nitroisoquinolinium cations 14 by the 2-methylisoquinolinium 
cation were also investigated in the same way as described 
above, and the values of k p  and K  that were evaluated for 
these deuterated derivatives are also included in Table I.

In Figure 3, k2u and k P  are plotted as a function of the 
Hammett <r constant for the substituent X. Least-squares 
analysis gives the correlation lines of eq 2 and 3.

log k P  = —0.11(±0.04)<t

+ 1.35(±0.01) (corr. coeff. = 0.977) (2)

log k P  = —0.29(±0.03)<t

+ 1.13(±0.01) (corr. coeff. = 0.997) (3)

Table II. Kinetic Isotope Effects for the Reduction of the 
2-Methylisoquinolinium Cation by JV-Benzyl-5- 

________ nitroisoquinolinium Cations (8 and 14)°________

X_________ kP/kP  X_________ kP/kP

4-CH3O 1.52 3-F 1.90
H 1.68 4-CN 2.29

° At 25 °C, ionic strength 1.0, in 20% CH3CN-H2O.

The difference in the slopes of these correlation lines is sig
nificantly greater than the experimental error. In fact the 
kinetic isotope effect k p / k p  shows a clear dependence on 
the electronic effect of the substituent X  (Table II), and from 
eq 2 and 3 the substituent dependence of this isotope effect 
can be expressed by eq 4.

log {k p / k p )  = 0.18c -  0.23 (4)

Discussion
The reaction between the 2-benzyl-5-nitroisoquinolinium 

cation and the 2-methylisoquinolinium cation in aqueous base 
results in the oxidation of the former to 2-benzyl-5-nitroiso- 
quinolinone and reduction of the latter to l ,2-dihydro-2- 
methylisoquinoline. The observed second-order kinetics for 
this reaction, the rate dependence on base concentration, the 
absence of a spectroscopically observable intermediate, and 
the deuterium labeling studies (for both product structure and 
kinetics) are all consistent with direct hydrogen transfer from 
the pseudobase anion 13 to the 2-methylisoquinolinium cat
ion. The magnitudes of the kinetic isotope effects (k p / k p  
in Table II) require C-H bond breaking in the rate-deter
mining transition state. The small negative p values (eq 2 and
3) indicate a small decrease in electron density for the N- 
benzylisoquinoline derivative in the transition state relative 
to the reactant pseudobase anion. All of these experimental 
data are most readily rationalized in terms of transition state 
15 which involves hydride transfer from the pseudobase anion 
to the 2-methylisoquinolinium cation. The p values of eq 2 and 
3, upon comparison with p = —1.05 for the protonation of

15
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ring-substituted benzylamines,18 clearly indicate that in the 
transition state only a small fractional positive charge is de
veloped on the ring nitrogen atom of the N-benzylisoquinoline 
derivative; i.e., a quite “ reactant-like” transition state.

The kinetic isotope effects increase with the electron- 
withdrawing effect of the substituent X  and thus show a 
definite dependence on the nature of X (eq 4). This substit
uent dependence of k p / k p  is the electronic reverse of that 
recently reported17 for the oxidation of the same series of 
alkoxide ions (13) by ferricyanide ion. This latter reaction has 
p(k2H) = -1.29 which corresponds to a quite “ product-like” 
transition state in contrast to the “ reactant-like” transition 
state that is indicated for the present reaction. This depen
dence of substituent effect for k p / k p  on transition state 
structure can be rationalized in terms of a combination of the 
theoretical prediction of a transition state dependent kinetic 
isotope effect19 and the substituent dependence of transition 
state structure that is required by the Hammond postulate.20 
This argument has been presented earlier17 for the product
like transition state in the ferricyanide oxidation of 13, and 
will now be briefly enunciated for the reactant-like transition 
state in the present system.

A reactant-like transition state is consistent with a single- 
step exothermic reaction as indicated in Figure 4. As discussed 
previously,17 the stability of the alkoxide ion 13 is expected 
to be relatively independent of the substituent X, while the 
stability of the isoquinolinone products 10, represented by 
their zwitterionic resonance contributors 16, will be more re-

NO,

16

sponsive to variations in X. Electron-withdrawing substitu
ents (e.g., X  = 4-CN) will lead to the destabilization of 16, 
while electron-releasing substituents (e.g., X  = 4-OCH3) will 
lead to further stabilization of 16. This situation is represented 
qualitatively in Figure 4. In such a case, the Hammond pos
tulate predicts that the transition state should gradually be
come less reactant-like as X  is varied from 4-OCH3 to 4-CN. 
Theoretical treatments of primary kinetic isotope effects of 
asymmetric transition states predict that &H/feD should in
crease as the transition state becomes less reactant-like.19 This 
prediction is in accord with the observed variation in k p / k p  
with the substituent X  in the present study.

The substituent dependence of k p / k p  observed in this 
study is particularly interesting, since the substituent effects 
on the kinetic isotope effect are of similar magnitudes to the 
substituent effects on the reaction rate (eq 2-4). In this regard, 
it should be noted that theoretical considerations19 of the 
dependence of kinetic isotope effects on transition-state 
structure predict the steepest dependence of isotope effect on 
transition-state structure when the transition states are very 
reactant-like (or very product-like). Such is the case in the 
present reaction. There appear to be few detailed systematic 
experimental studies of the transition-state dependence of 
kinetic isotope effects. Most available experimental data in 
this area refer to proton transfers, usually with large isotope 
effects which indicate later transition states (e.g., ref 19d), and 
so are not directly comparable with the present data.

The products observed for this reaction are exactly analo
gous to the disproportionation products of heterocyclic cations 
in aqueous base and strongly suggest that such reactions occur 
via hydrogen transfer from a pseudobase alkoxide ion to a 
heterocyclic cation. Such a suggestion was made some years 
ago by Jeffs16 but without any supporting experimental evi-

Figure 4. Schematic representation of the substituent dependence 
of the energy profiles for the reaction of JV-benzyl-5-nitroisoquinol- 
inium cations with the 2-methylisoquinolinium cation in basic solu
tion. Curves derived as described in text and ref 17.

dence. Also consistent with this mechanistic interpretation 
is the recent observation of Clark and Parvizi15 that 17 and 
18 react to give the products 19 and 20 at pH 10.2 much faster

17 18

than the self-disproportionation of 17 and 18 individually at 
this pH. These workers interpret the mechanism of hydride 
transfer in this reaction as being via transition state 21; how
ever, the alkoxide ion 22 could act as hydride donor to 17 in 
a kinetically equivalent mechanism to 21.

Such disproportionation via hydride transfer from pseu
dobase alkoxide ion to heterocyclic cation would be expected 
to occur most readily in those heterocyclic systems in which 
reasonable concentrations of cation and pseudobase anion can 
be obtained simultaneously. This implies ready dispropor
tionation for those cations which have pX r+ and P<Kro-  of 
similar magnitude, and particularly in those cases where pK r+ 
> pK ro-  An example of the latter situation is the 1-methyl- 
quinolinium cation which irreversibly forms l-methyl-2-
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quinolinone in very basic aqueous solution without undergoing 
any spectral changes consistent with reversible pseudobase 
formation.6 For this cation, pi<R+ has been estimated6 as 16.5, 
while pK ro-  may be estimated21 as 14.4.

There are many heterocyclic pseudobases for which dis
proportionation has not been reported. For systems having 
P_Kr+ «  P-Kro- > significant concentrations of heterocyclic 
cation and pseudobase anion cannot exist simultaneously. 
Thus, the rate of pseudobase disproportionation via reaction 
of heterocyclic cation and pseudobase anion would be quite 
small in such cases. However, it should also be noted that 
relatively ready disproportionation has been reported12’13'22 
for xanthylium and thioxanthylium cations which have ex
tremely low pK”r+ values (e.g., pK r+ = —0.8323for 23 (X = 0) 
and pX r+ = — 0.2123 for 23 (X = S)). These cations are very

23

susceptible to nucleophilic attack, and apparently in these 
cases the neutral pseudobases are sufficiently reactive to act 
as hydride donors toward such very reactive cationic hydride 
acceptors.

Habermehl and Schunk24 have drawn attention to the 
analogy between pseudobase disproportionation and the 
Cannizzarro reaction of aldehydes, which can be considered 
to be a disproportionation of the aldehyde hydrate to a car
boxylic acid and alcohol. This reaction is usually considered 
to involve hydride transfer from either the mono- or dianion 
(i.e., 24 or 25) of the aldehyde hydrate to the carbonyl group 
of another aldehyde molecule. The anions 24 and 25 are clearly

OH
I

O“
I

I
RCHI

I
RCH

I
0

I
O

24 25

quite similar electronically to the pseudobase anion which is 
suggested above to be involved in hydride transfer to a het
erocyclic cation in pseudobase disproportionation.

Experimental Section
Salts of the cations 8 and 14 were available from earlier studies.17’25 

2-Methylisoquinolinium bromide was prepared by treatment of iso
quinoline with methyl bromide in a Fisher pressure bottle, and the 
product was recrystallized several times from aqueous ethanol. Po
tassium chloride and acetonitrile (spectroscopic) were the best com
mercially available grades. Potassium hydroxide solutions were pre
pared by dilution of a standardized 1 M KOH solution.

Kinetic Studies. All kinetic measurements were at 25.0 ±  0.05 °C 
in 20% (v/v) acetonitrile-water at ionic strength 1.0 (KOH + KC1). 
Reactions were followed using a Unicam SP1800 spectrophotome- 
ter-Unicam AR-25 linear recorder combination at 480 nm in all cases. 
Concentrations of lV-benzyl-5-nitroisoquinolinium cations were in 
the range 2-4 X 10-5 M, while concentrations of 2-methylisoquinol- 
inium bromide were in the range 0.2-1.0 X 10“ 2 M. First-order plots

were linear for at least 4 half-lives and rate constants were calculated 
from least-squares fitting of these plots.

Product Studies. A typical experiment is described. A solution (50 
mL) containing 2-(4-cyanobenzyl)-5-nitroisoquinolium bromide (2.7 
X 10~3 M) and 2-methylisoquinolinium bromide (4.5 X 10~3 M) in 
0.1 M KOH and 40% acetonitrile was allowed to react until the pink 
color of the pseudobase had faded (about 2 h). Acetonitrile was re
moved on the rotary evaporator at room temperature, and the aqueous 
solution was extracted with several aliquots of chloroform. Solvent 
was removed from the combined chloroform extracts on the rotary 
evaporator at room temperature. The residue was dissolved in CDCI3 
and the H1 NMR spectrum was recorded. The major peaks in this 
spectrum were readily assigned to a mixture of 2-(4-cyanobenzyl)-
5-nitro-l-isoquinolinone17 and l,2-dihydro-2-methylisoquinoline.6 
Several other unidentified signals were established by control ex
periments to be due to decomposition products of l ,2-dihydro-2- 
methylisoquinoline and/or small amounts of self-reaction products 
of the 2-methylisoquinolinium cation. Prolonged reaction of the al
kaline solution, or the use of temperature above room temperature 
during the workup, resulted in extensive decomposition of 1,2-dihy- 
dro-2-methylisoquinoline.

The above experiment was repeated (a) with 2-(4-cyanobenzyl)-
5-nitroisoquinolinium bromide in D20-acetonitrile and (b) with 1- 
deuterio-2-(4-cyanobenzy!)-5-nitroisoquinolinium bromide in 
H20-acetonitrile. In both experiments, the relative intensities of the 
signals at 5 4.12 (C (l)-H ) and 2.69 (CH3 ) of l ,2-dihydro-2-methyli- 
soquinoline indicated that, within experimental error, there was no 
incorporation of solvent hydrogen at C-l.
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exo- and endo-1,2-diphenyl- and -l,2-dimethyl-2-norbornyl p-nitrobenzoates were synthesized and their rates 
of solvolysis determined in 80% aqueous acetone. The tertiary chlorides were also synthesized and their rates of sol
volysis measured in 100% ethanol. The exo/endo rate ratios for the solvolysis of l,2-diphenyl-2-norbornyl p-nitro
benzoates (350) and of l,2-dimethyl-2-norbornyl p-nitrobenzoates (564) are similar to the ratios observed for the 
corresponding tertiary 2-phenyl and 2-methyl derivatives, as well as to those for the secondary 2-norbornyl tosyl- 
ates. Similarly, the exo/endo ratio observed for the l,2-dimethyl-2-norbornyl chlorides (178) is similar to the value 
previously determined for the epimeric 2-norbornyl chlorides (170). Consequently, the presence of substituents 
at the 2 position or at the 1,2 positions has little effect upon the observed exo/endo rate ratios. The introduction of 
a 1-phenyl substituent into the 2-phenyl-2-norbornyl p-nitrobenzoate does not increase, but decreases significantly 
the rate of solvolysis (by factors of 21 in the exo and 58 in the endo). A 1-methyl substituent, introduced into 2- 
methyl-2-norbornyl p-nitrobenzoate, increases the rate. The effect is the same in both the exo (8.5) and the endo
(8.6). Similar effects were realized for the ethanolysis of the corresponding tertiary chlorides. The effects of the 1- 
phenyl and 1-methyl substituents reveal the absence of significant charge delocalization from the 2 to the 1 position 
in the solvolytic process. It is concluded that these tertiary derivatives must undergo solvolysis without a bridging 
and accompanying charge delocalization to the 1 position associated with such bridging. Yet the free-energy di
agram for the solvolysis of l ,2-dimethyl-2-norbornyl p-nitrobenzoate is remarkably similar to 2-methyl-2-norborn- 
yl p-nitrobenzoate and to 2-norbornyl tosylate. It does not appear reasonable to attribute such similar behavior to 
the operation of totally different physical phenomena. Yet such has been claimed. Three such proposals which have 
been advanced are considered and refuted on the basis of available experimental data. Comparison of the rate of 
solvolysis of 2-methyl-endo-norbornyl chloride with that for enc/o-norbornyl chloride reveals a relative rate of 
53 000. Ignoring minor differences in the ground state energies, this yields a difference in the energies of the tertiary 
and secondary transition states of 6.5 kcal mol-1. This corresponds to an estimated difference in energy of the 2- 
methyl-2-norbornyl cation and 2-norbornyl cation under stable ion conditions of 7.5 kcal mol-1 and a difference 
in the calorimetric heats of ionization of 2-methyl-exo-norbornyl chloride and of exo-norbornyl chloride in SCHCIF 
of 7.4 kcal mol-1. These results establish that the magnitude of the positive charge at the developing cationic center 
in these transition states must approach that in the intermediate ions or ion pairs, providing strong support for the 
validity of the Hammond postulate as applied to solvolytic processes. The similarity in the tertiary/secondary rate 
ratio for the exo isomers to the value for the endo isomers supports the absence of any significant nonclassical reso
nance contribution to the rate of solvolysis of exo-norbornyl derivatives. These data yield essentially identical 
values of 2-Me/2-H, 5.3 X 104 for endo and 5.5 X 104 for exo, incompatible with the presence of major nonclassical 
resonance contributions in the exo secondary and its reduction or absence in the exo tertiary. Other approaches for 
extrapolating from the tertiary derivatives to the secondary fail to support the presence of a major nonclassical res
onance contribution in the exo secondary, absent in the endo secondary anc in the exo and endo tertiary deriva
tives, as postulated in some current proposals.

The proposed nonclassical structure (1) for the 2-nor
bornyl cation distributes positive charge from the 2 position 
to the 1 and 6 carbon atoms4 (eq 1). The nonclassical ion (1)

V l"

was considered to be a resonance hybrid of the three canonical 
structures, T, 1", and U". In this interpretation, the charge 
is not delocalized from the cationic center by hyperconjuga
tion, but involves a specific a bridge, converting the unsym- 
metrical classical structure (corresponding to T) into the 
nonclassical structure (1) with a plane of symmetry.

It was later suggested that this last structure (1'") does not 
contribute significantly to the resonance hybrid.5 Conse
quently, only canonical structures F and 1" need now be

0099-3263/78/1 Q43-3667$fl1 OO/O

considered as significant contributors to the resonance hybrid 
(eq 2).

2 1'

This structure implies that significant portions of the 
positive charge of the carbocation are distributed equally to 
C-l and C-2. The transition state for a solvolytic process 
leading to such an intermediate is believed to be close to the 
carbocation produced.6 Consequently, in the transition state
(4) for the solvolysis of an exo-norbornyl derivative (3), a 
significant portion of the developing positive charge at C-2 
should be delocalized to C-l (eq 3). On the other hand, in the

3 4

endo isomer (5) the 1,6-bonding pair is postulated to be 
stereoelectronically unfavorable for such participation (eq 4).

(Pi 1Q7ft AmpnVQn PViflimVnl Snriptv
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5 6

Consequently, the mechanism for the delocalization of charge 
from C-2 to C-l, which operates in the exo isomer, cannot be 
effective in the transition state for the endo isomer (6). It 
follows that there should be far less delocalization of charge 
from C-2 to C-l in 6, as compared to 4. Accordingly, a rea
sonable test of the nonclassical proposal for 2-norbornyl would 
appear to be an examination of the relative magnitudes of the 
charge delocalization from C-2 in the transition states for the 
solvolysis of appropriate exo- and endo-norbornyl deriva
tives.

A frequently used test of this kind is the introduction of a 
phenyl or methyl group into the position being probed.lb 
These substituents provide electron density on demand to 
satisfy electron deficiencies at the carbon atoms to which they 
are attached. The 2 position in the transition state for a sol- 
volyzing endo-norbornyl derivative should possess a far higher 
electron deficiency than the 2 position of the corresponding 
exo isomer, partially satisfied as the latter would be by elec
tronic contributions from the 1,6-bonding pair. Therefore, 
2-Me or 2-Ph should exhibit considerably greater activating 
effects on the endo isomers than on the corresponding exo 
isomers.

It is not possible to test in this way for such charge delo
calization at C-l. The introduction of a phenyl or methyl 
group at C-l produces a species (7) which undergoes solvolysis 
only with rearrangement to the tertiary cation7 (8), subse
quently converted to the tertiary derivatives (9) (eq 5). Con-

 ̂ 8 9

sequently, such derivatives contain an internal driving force 
to produce in the solvolysis the more stable tertiary cation, so 
that it becomes difficult to utilize the effect of substituents 
at C-l as a probe of the magnitude of the charge delocalization 
to C-l.

Fortunately, these difficulties can be avoided by introducing 
the substituent into the related 2-substituted-2-norbornyl 
derivative. This structural modification converts the molecule 
into a system (10) which undergoes solvolysis into a tertiary 
cation (11), without rearrangement to a more stable structure 
(eq 6). We are now in a position to observe whether a phenyl

10 H 12

or methyl substituent, represented by R, introduced into the 
exo isomer (13 — 10) is far more effective than the same 
substituent introduced into the endo isomer (14 — 15) (eq 7 
and 8).

13 10

Note that the predicted effects of introducing such groups 
at C-2 are opposite to those for introducing the groups at C-l 
for systems involving nonclassical resonance. At C-2 the 
rate-enhancing effect of the groups should be larger for the 
endo isomer. At C-l the rate-enhancing effects of the groups 
should be larger for the exo isomer. In the absence of non
classical resonance, similar effects of such groups would be 
anticipated for both epimers.

There was still another question we wished to answer. It has 
been argued that resonance is possible in the 2-norbornyl 
cation because the two canonical structures (T and 1") are 
equivalent with identical energies (eq 2). On the other hand, 
in a tertiary cation, such as 2-phenyl- or 2-methyl-2-norbornyl
(16), the two canonical structures (16 and 17) differ greatly 
in energies. Whatever the level of resonance stabilization in 
a nonclassical 2-norbornyl system (1 = T 1"), it should be 
much less8 in 16 (eq 9). However, in symmetrically disubsti-

16 n

tuted 1,2-norbornyl cations, the two canonical structures (18' 
and 18") are again equivalent (eq 10). Will nonclassical reso-

18 18' 18"

nance, of the kind postulated to be present in 2-norbornyl (eq 
2), now return? If so, the 1-R substituent should exhibit an 
enormously greater effect in the exo isomer (eq 7) compared 
with the endo isomer (eq 8).

Accordingly, we undertook to synthesize and to determine 
the rates of solvolysis of exo- and endo-l,2-diphenyl-2-nor- 
bornyl and l,2-dimethyl-2-norbornyl p-nitrobenzoates in 80% 
aqueous acetone and the corresponding chlorides for solvolysis 
in 100% ethanol.

Finally, attention is called to the study of the related 1,2- 
di-p-anisyl-2-norbornyl,9 l,2-diphenyl-2-norbornyl,10 and
l,2-dimethyl-2-norbornyln cations under stable ion condi
tions, and to the highly pertinent studies on the solvolysis of 
optically active l,2-dimethyl-2-norbornyl derivatives.12’13 
These studies will be incorporated into the discussion of the 
present results.

Results
Synthesis. 1-Phenyl-exo-norbornanol14 (19) was oxidized 

to 1-phenylnorbornanone (20) by aqueous chromic acid, uti
lizing the two-phase oxidation procedure.15 Addition of 
phenyllithium in ether provided 1,2-diphenyl-endo-norbor- 
nanol14 (21), converted to the p-nitrobenzoate (22) by treat
ment with n-butyllithium and p-nitrobenzoyl chloride in 
THF16 (eq 11).

(8)

22

n-BuLi
PNBCI
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Major problems were encountered in the synthesis of the 
exo isomer. The standard procedure to obtain the exo isomer 
through solvolysis of the exo chloride (23) or the endo OPNB
(22) failed. Only the corresponding olefin, 1,2-diphenylnor- 
bornene (24), was produced (eq 12). Attempts to hydrate 24

h 2o (12)

0 5 )

24

(16)

by oxymercuration-demercuration17 or by synthesis of the 
epoxide18 followed by reduction19 failed. However, hydrobo- 
ration of 24 by HBBr2/SMe220 followed by oxidation with al
kaline hydrogen peroxide gave a mixture of approximately 
10% of the desired 1,2-diphenyl-exo-norbornanol (25) with 
the isomeric secondary alcohol (26) (eq 13). The alcohol

mixture was converted into the mixed p-nitrobenzoates and 
most of the secondary isomer was removed by fractional 
crystallization. The resulting product, containing approxi
mately 40% of the p-nitrobenzoate (27) of 25, proved satis
factory for the solvolytic study. The secondary p-nitroben- 
zoate showed no evidence of undergoing solvolysis under the 
conditions used to solvolyze the desired tertiary isomer.

2-Methyl-endo-norbornanol (28) was converted to 1- 
methylnorbornanone (29) by means of a combined isomer
ization-oxidation technique. The ketone (29) was treated with 
méthylmagnésium iodide to form 1,2-dimethyl-endo-nor- 
bornanol21 (30). The alcohol was then converted into the p- 
nitrobenzoate (31) by the usual procedure16 (eq 14). The endo

alcohol (30) was converted into the exo chloride (32) by 
treatment with hydrogen chloride in an automatic hydro- 
chlorinator.22 The chloride was then hydrolyzed in buffered 
aqueous acetone to yield 1,2-dimethyl-exo-norbornanol (33), 
which was converted into the p-nitrobenzoate16 (34) (eq 
15).

Treatment of 2-methyl-exo-norbornanol (35) with hydro
gen chloride yields 2-methyl-exo-norbornyl chloride21,23 (36). 
On further contact with hydrogen chloride rearrangement 
occurs to the secondary chloride24 (37) (eq 16). There appears

to be no method now available to prepare 2-methyl-en.do- 
norbornyl chloride (38).

Me

Cl
38

Fortunately, treatment of 1,2-dimethyl-exo-norbornyl 
chloride (32) with hydrogen chloride takes another course. 
Here, isomerization to the secondary chloride is not feasible. 
Instead, there is an isomerization to another isomer, identified 
as 1,2-dimethyl-endo-norbornyl chloride (39) (eq 17).

32 39

The formation of the second isomer can be followed by the 
appearance of two new methyl peaks in the XH NMR spectrum 
and by the formation of an isomer which undergoes solvolysis 
at a rate Vl78 that of the original chloride. Both isomeric 
chlorides, which were not separated, undergo hydrolysis to the 
same alcohol (33). At equilibrium the two chlorides are present 
in the ratio 70% 32/30% 39.

Equilibration of l,2-Dimethyl-2-norbornanols. The exo
and endo alcohols, 30 and 33, were dissolved in cyclohexane 
(0.2 M solutions) and isomerized under the influence of 6 M 
sulfuric acid at room temperature. GC analysis of aliquots 
revealed an equilibrium distribution of 72% exo and 28% endo, 
similar to the equilibrium distribution for the chlorides, 70% 
32 and 30% 39.

Rates of Solvolysis. The rates of solvolysis of the p-ni- 
trobenzoates were determined in 80% aqueous acetone by the 
titrimetric procedure.16 In our earlier studies,1® we had utilized 
60% aqueous dioxane as the solvolytic medium, following 
Bartlett and Stiles.25 However, we observed that this medium 
was not a satisfactory solvent for the slower compounds. 
Competitive reaction with oxygen produced acid, resulting 
in erratic, somewhat high values for the slower endo deriva
tives. Accordingly, we shifted to aqueous acetone on the rec
ommendation of R. C. Fort and P. v. R. Schleyer and this has 
proven to be a far superior medium. Accordingly, we rede
termined the kinetic data for the isomeric l,2-dimethyl-2- 
norbornyl p-nitrobenzoates utilizing aqueous acetone and 
only these data are here reported. The pertinent rate data are 
summarized in Table I.

The rates of solvolysis of the tertiary chlorides were deter
mined in 100% ethanol. The differential method was employed 
for determining the rate constants for 1,2-dimethyl-exo- and 
-endo-norbornyl chlorides.26 The available rate data for the



3670 J. Org. Chem., Vol. 43, No. 19,1978 Brown et al.

Table I. Rates of Solvolysis of l,2-Dimethyl-2-norbornyl and l,2-Diphenyl-2-norbornyl p-Nitrobenzoates and Related
Derivatives in 80% Aqueous Acetone_______________________________________

OPNB isomer T\, °C
ki X 106 s-1 

T  2,°C 25 °C

AH%  
kcal 

mol-1
AS*

eu

exo/ 
endo, 
25 °C rel rate, 25 °C

2-CH3“ exo 94.6 (100) 6.94 (75) 0.010* 26.3 -7 .0 885 1.00
endo 54.7 (150) 5.41 (125) 1.13 X 10~5 b 30.1 -7 .5 1.00

1,2-(CH3)2 exo" 40.0 (75) 1.91 (50) 5.45 X 10“ 2 b 26.6 -2 .5 564 5.45
(8.44 X 10_2) c (875)c (8.5)c

endof 41.4 (125) 3.11 (100) 9.67 X 10-® 6 30.0 -3 .8 8.6
2-Phd exo 179 (50) 7.56 23.6 -2 .7 127 1.00

endo 364(100) 30.2 (75) 0.059* 25.1 -7 .4 1.00
1,2-Ph2 exo^ 168 (75) 9.86 (50) 0.36* 24.8 -4 .9 350 0.048

endo* 204 (125) 17.9 (100) 1.03 X IO" 3 * 28.2 -5 .2 0.0174

0 Reference 47. * Calculated from data at higher temperatures.c Values in parentheses are ka values, k j k t = 1.55 in 90% aqueous 
acetone at 25 °C (ref 12), assumed to be the same in 80% aqueous acetone. d Reference 46. " Registry no.: 13351-32-1. /  Registry no.: 
13351-31-0. e Registry no.: 67162-93-0. h Registry no.: 67162-94-1.

Table II. Rates o f Ethanolysis for Norbornyl Chlorides
registry _____________ k\ X 10 6 s 1__________________  exo/

system isomer no. T u ° C t 2, °  c 25 °C AH* AS* endo

2-norbornyl exo“ 765-91-3 175 (99.7)* 38.8 (85)c 0.0236d 26.6 -4 .8 170"
(5.42 X 10~4)f

endo“ 2999-06-6 0.56 (85) " 1.40 X 10“ 4 g
(3.2 X 10~6K

2-methyl-2-norbornyl exo 19138-54-6 0.754 (0) 30.0 23.3 - 1.2
endo 6196-86-7 0.168* 178

l,2-dimethyl-2-norbornyl exo 35033-23-9 6.03 (0) 210 22.6 - 0.6
endo 6564-96-1 1.18 178

2-phenyl-2-norbornyl exo 16166-72-6 9080 (0) 158000 17.9 - 2.2
l ,2-diphenyl-2-norbornyl exo 67162-95-2 542 (0) 11300 19.1 -3 .5
2-p -anisyI-2-norbornyl exo1 2.55 X 10s

“ In 80% ethanol. b Reference 27b. " Reference 27a. d Calculated from data at higher temperatures. " Calculated from the exo/endo 
rate ratio at 85 °C (70) assuming constant entropy. 1 Rate constant in ethanol. Calculated from the rate of chloride in 80% ethanol 
using the factor for the tosylates, Al> 80% Etoti/^i, EtOH =  43.5; M.-H. Rei, Ph.D. Thesis, Purdue University, 1967. g Calculated from 
the exo/endo rate ratio of 170 at 25 °C. h Calculated from the rate of 1,2-dimethyl-endo-norbornyl chloride, assuming the effect of 
the 1-methyl substituent to be the same as in the exo isomers (fci,2-dimethyl-e;ro-/fc2-meihyl-eio- = 7.0). This assumption appears to be 
valid; see text. 1 H. C. Brown and K. Takeuchi, J. Am. Chem. Soc., 88, 5336 (1966).

ethanolysis o f  the tertiary and secondary 2-norbornyl ch lo
rides are summarized in Table II.

W e wished to compare the rates o f  ethanolysis o f  exo- and 
endo-norbornyl chlorides at 25 °C  with our values for the 
tertiary chlorides. Data were available for the solvolysis in 80% 
ethanol o f exo-norbornyl chloride at 85 and at 99.7 °C  and o f 
endo-norbornyl chloride at 85 °C .27 The exo/endo rate ratio 
o f  70 at 85 °C  calculates to be 170 at 25 °C, in good agreement 
with the value o f  178 for l,2-dim ethyl-2-norbornyl chloride. 
The rate constant for the unknown 2-m ethyl-endo-norbornyl 
chloride was calculated from  the rate for 1,2-dim ethyl- 
endo -norbornyl chloride by assuming that the effect o f the 
1-methyl substituent was the same as in the exo isomers 
bh  i ,2 -dimethyi-e j;o -/^ 2 -methyi-ea:o- = 7.0). These values are included 
in Table II.

Alternatively, we could have estimated the rates for exo- 
and endo-norbornyl chlorides by proceeding from the tosyl
ates, correcting from  tosylate to chloride.lb Similarly, we could 
have proceeded from  the rate constant for 2-m ethyl-endo- 
norbornyl p-nitrobenzoate (Table I) to the value for the 
chloride by correcting for the leaving group.28 In fact, the 
values are very similar. However, the procedure adopted in
volves much smaller corrections. It also avoids the uncertainty 
involved in the usual assumption o f a constancy in the cor
rection factors for different leaving groups.29’30

Discussion
As was pointed out earlier, the nonclassical 2-norbornyl 

cation (2) is stabilized by resonance involving two equivalent

canonical structures (T  and 1"). Such resonance should be 
considerably lower in tertiary 2-norbornyl cations where the 
two canonical structures (16 and 17) differ considerably in 
their energies.8 It was a major objective o f the present study 
to exam ine the possibility that the introduction o f  a substit
uent at C -l, identical with that at C -2 (18), would again p ro 
vide two equivalent canonical structures (18' and 18"), re
sulting in an increase o f  the nonclassical resonance in the 
system. Such an increase could readily be detected in the 
transition state by comparing the effect o f the substitutent 
at C -l in the exo isomer as com pared to that produced in the 
endo isomer.

The rate constant for ethanolysis o f  2-m ethyl-endo-nor- 
bornyl chloride is 53 000 times that for endo-norbornyl 
chloride (Table II). Ignoring small differences in the 
ground-state energies, this means that the transition state for 
the solvolysis o f the tertiary chloride must be 6.5 kcal m o b 1 
m ore stable than that for the corresponding secondary chlo
ride.

T o  the extent that solvent participation contributes to the 
transition state for the secondary chloride, the difference will 
be even larger. However, recent studies have revealed that 
solvent participation is not significant in the solvolysis o f  both 
exo- and endo-norbornyl derivatives.31’32 Consequently, it 
appears reasonable to ignore what can only be quite minor 
contributions o f this kind by the usual solvolytic media.

According to the Hammond postulate, the transition state 
for solvolysis should be close to the first intermediate, the 
corresponding free ion or ion pair.6 Therefore, the secondary
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and tertiary 2-norbornyl cations (or ion pairs) should differ 
in energy by a quantity somewhat larger than 6.5 kcal 
mol-1 .

Under stable ion conditions, the tertiary 2-methyl-2-nor- 
bornyl cation is estimated to be some 7.5 kcal mol-1 more 
stable than the secondary 2-norbornyl cation.33 Similarly, the 
difference in the calorimetric heats of ionization of 2- 
methyl-exo-norbornyl and exo-norbornyl chlorides in SO2CIF 
has recently been determined to be 7.4 kcal mol-1 .34 These 
values are in excellent agreement with the value derived from 
the relative rates and the Hammond postulate.6 Resonance 
involving canonical structures which differ in energies by
6.5-7.5 kcal mol-1 should not be large.

In the same way, the two canonical structures for 2-phe- 
nyl-2-norbornyl cation (16, R = Ph) can be estimated to differ 
in energies by somewhat more than 12 kcal mol“ 1. The cor
responding structures for the 2-p-anisyl-2-norbornyl cation 
should differ in energies by some 15 kcal mol“ 1.

Consider the consequences of introducing a substituent at 
C-l, identical with the substituent at C-2 (eq 10). In the endo 
isomer, the substituent will have little effect, since a bridging 
is postulated not to occur in the endo isomer (eq 8). However, 
in the exo isomer (eq 7), return of all or part of the resonance 
energy should bring about rate increases of 103-106 or even 
greater. Thus we should observe large unambiguous effects 
of the 1-R substituent in systems where nonclassical resonance 
returns or increases.

The l,2-Di-p-anisyl-2-norbornyl System. We did not
undertake an examination of this interesting system. It had 
been examined under stable ion conditions and unambiguous 
evidence had been obtained for its classical nature9 (eq 18).

The ion was generated in concentrated sulfuric acid. The 
UV spectrum was similar to that of the 2-p-anisyl-2-norbornyl 
cation, without the changes anticipated for extended conju
gation in a symmetrical tr-bridged cation (41).

The 2-p-anisyl-2-norbornyl cation is half formed from the 
carbinol in 41% sulfuric acid. To form the ion 40 ̂  40' requires 
more (51%), not less concentrated sulfuric acid. This is not in 
accord with greater stabilization of the cation by the cumu
lative effect of two p-anisyl groups, as in 41.

The 2-p-anisyl-2-norbornyl cation does not react easily with 
bromine, evidently because the p-anisyl group is conjugated 
with the cationic center. The 1,2-di-p-anisyl cation takes up 
bromine in <1 min, corresponding to the presence of a non- 
conjugated p-anisyl group, as in 40 r® 40'.

Finally, on cooling solutions of the cation to low tempera
tures (-7 0  °C), changes in the XH NMR spectrum are ob
served which indicate impending nonequivalence of the two 
aryl rings.

It has been argued that these results should not be gener
alized to other systems. First, steric effects could prevent the 
two p-anisyl groups from being coplanar for optimum con

jugation in 41.35’36 (However, such steric difficulties do not 
prevent the three p-anisyl groups in the more crowded tri- 
p-anisylmethyl cation from stabilizing the system: p /Cr for 
p-AnsC+ 0.82; p-An2CH+ —1.24).37 Second, Winstein has 
suggested that highly stable 2-norbornyl cations, stabilized 
by extreme groups, such as 2-p-anisyl, should be classical.38 
However, he implied that less stabilizing groups, such as 
phenyl and methyl, could provide nonclassical cations. Ac
cordingly, these were the focus of our studies.

The I,2-Diphenyl-2-norbornyl System. The introduction 
of a phenyl group at the 2 position of norbornyl increases the 
rate of hydrolysis over the parent compound by a factor of 
approximately 109 (Table II). The introduction of a phenyl 
group into the 1 position (43) in 2-phenyl-endo-norbornyl 
p-nitrobenzoate (42) does not increase the relative rate (RR), 
but decreases it by a factor of 58 (eq 19). Evidently, the com-

(19 )

bined inductive and steric effects of the 1-Ph substituent are 
responsible; no significant electronic contribution is antici
pated for this isomer. The critical case is the exo isomer.

The presence of a 1-Ph substituent in 1,2-diphenyl-exo- 
norbornyl p-nitrobenzoate (45) does not result in any en
hanced rate. Indeed, there is an actual decrease by a factor of 
21 over the parent compound (44) (eq 20).

R R (2 5 °C )  1 . 0 0  1 / 2 1

In the corresponding chlorides (46 and 47), the factor is 
similar, 16 (eq 21).

R R (25°C ) 1-00 1/16

The exo/endo rate ratio for 45/43 is 350, slightly larger than 
the value of 127 realized for the parent system 44/42. This 
increase in the exo/endo rate ratio arises not from any increase 
in the rate of the exo isomer (45), but from a comparative 
decrease in the rate of the endo isomer (43). Possibly, the 
decrease arises from the enhanced steric difficulties afforded 
by the 1-Ph substituent to the departure of the endo leaving 
group.39

Examination of the l,2-diphenyl-2-norbornyl cation (48) 
by NMR has confirmed the conclusion that the system is best 
described as a pair of rapidly equilibrating classical cations10 
(eq 22).

48 4 8 '

The steric argument for the failure of both aryl groups in 
41 and its equivalent phenyl derivative to conjugate and 
thereby stabilize the nonclassical structure is rendered 
questionable by a study of the behavior of the phenanthrene 
derivative40 (49) (eq 23). This olefin 49 dissolves in fluo- 
rosulfonic acid to give a pair of classical equilibrating cations,
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50 50'

50 *=* 50', recognizable by the UV and 1H NMR spectra.40
The l,2-DImethyl-2-norbornyI System. Aryl groups can, 

on occasion, be treacherous as a probe for electron delocali
zations. If the system makes only a small demand on the aryl 
substituent for electrons, the - I  effect of the aryl group can 
predominate over the +R effect.41 As discussed earlier, steric 
inhibition to resonance can also be a factor.42 However, methyl 
substituents appear to be free of these ambiguities. They exert 
consistent electron-supplying effects, +1 and +R, and these 
effects do not appear to be susceptible to steric influences. 
Accordingly, the study of the l,2-dimethyl-2-norbornyl system 
was emphasized.

The introduction of a methyl group into the 1 position of 
the endo isomer (51) increases the rate of solvolysis of the 
p-nitrobenzoate (31) by a factor of 8.6 (eq 24). Presumably,

(24 )

the increase is the result of the combined steric and inductive 
effects of the 1-methyl substituent.

The question is the effect of a 1-methyl substituent (34) on 
the exo isomer (52). If the 1-methyl group were to induce the 
return or increase of nonclassical resonance to the cation and 
to the transition state modeling the cation,6 such stabilization 
should result in a major rate enhancement, as high as 103-106. 
However, this is not observed. The rate enhancement (eq 25)

is identical with that observed for the endo isomer (eq 24).
1,2-Dimethyl-exo-norbornyl chloride (32) exhibits a rate 

enhancement over 36 by a comparable factor (eq 26).

(26)

We took advantage of this constancy in the effect of the 
1-Me substituent to convert the rate constant for 1,2-di
me thyl-en do-norbornyl chloride into the rate constant for the 
presently unknown 2-methyl-endo-norbornyl chloride by 
dividing the rate constant for the former (39) by the factor 7 
(Table II). These results clearly establish the absence of sig
nificant charge delocalization from C-2 to C-l in the transition 
state for solvolysis of the 2-methyl-exo-norbornyl p-nitro
benzoate (52). Clearly the solvolyses of the 2-methyl (51 and 
52) and the 1,2-dimethyl (31 and 34) derivatives must proceed

without significant participation of the 1,6-bonding pair, 
leading to the formation of the corresponding classical cations, 
53 and 54 s?=* 54' (eq 27 and 28).

—
Me

51 , 52 53

This conclusion is supported by results of Goering and his 
co-workers. Thus the solvolysis of optically active ,1,2-di- 
methyl-exo-norbornyl p-nitrobenzoate (34*) in 90% aqueous 
acetone gives alcohol with 9% retention.12 Similarly, metha- 
nolysis of optically active 1,2-dimethyl-exo- norbornyl chloride 
(32*) gives the methyl ether with 14% retention.13’43 Clearly 
the cation produced cannot be the symmetrical <r-bridged 
species (55). The authors conclude that they are trapping the

rapidly equilibrating classical cation or ion pair before com
plete equilibration has been achieved (eq 28).

MINDO/3 calculations indicate that in the gas phase the 
classical form of 2-norbornyl ( I') is more stable than the 
nonclassical form (2) by approximately 2 kcal mol-1.448 A 
much larger energy difference, 12 kcal mol-1, favors the 
classical structure for the 2-methyI-2-norbornyl cation448 (53). 
MINDO/3 calculations reveal that solvation stabilizes the 
classical structure over the nonclassical.446 Consequently, 
there can be little reason to question at this time the inter
pretation that 2-methyl-exo- and 1,2-dimethyl-exo-norbornyl 
derivatives undergo solvolysis through classical (unbridged) 
transition states to classical cations (eq 27 and 28) or ion 
pairs.

Even under stable ion conditions, the l,2-dimethyl-2-nor- 
bornyl cation exists as a rapidly equilibrating pair of classical 
cations (54 «=* 54').11145 Consequently, we can extend our po
sition to accept the existence of both 2-methyl-2-norbornyl 
and l,2-dimethyl-2-norbornyl cations in classical form in 
solvolytic media, in superacids, and in the gas phase.

Exo/Endo Rate Ratios. In the case of l,2-diphenyl-2- 
norbornyl p-nitrobenzoates (45/43), the exo/endo rate ratio 
is 350, as compared with values of 127 for the parent 2-phenyl 
derivatives46 (44/42) and 280 for the acetolysis of 2-norbornyl 
tosylate.5 (Corrected for internal return both the first and last 
of these would increase modestly.) As discussed earlier, the 
small increase in the exo/endo rate ratio for 45/43 arises pri
marily because of a decrease in the rate of the endo isomer, 43. 
This could arise from a increase in steric effects hindering the 
departure of the endo leaving group.39

The exo/endo rate ratio in the solvolysis of 2-methyl-2- 
norbornyl p-nitrobenzoates (52/51) is 88547 (eq 29). Under 
the same conditions, the exo/endo rate ratio in the solvolysis 
of the corresponding 1,2-dimethyl derivatives (34/31) is 564 
(Table I). Corrected for internal return,12 this becomes 875
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OPNB (29 )

R R (25  C ) 1.00 885

(eq 30). Hence, a methyl substituent in the 1 position has es
sentially no effect on the exo/endo rate ratio, further evidence

for the absence of a bridging and charge delocalization in the 
transition state for the solvolysis of the exo isomer 34.

The ethanolysis of l,2-dimethyl-2-norbornyl chlorides 
(32/39) gives an exo/endo rate ratio of 178 at 25 °C (eq 31).

This is similar to the exo/endo ratio of 170 for the solvolysis 
of exo- and endo-norbornyl chloride (57/56) in 80% ethanol 
(Table II) (eq 32).

/ ^ c i  (32)
56 I 57

Cl

RR (25°C ) 1.00 170

All efforts to obtain independent evidence for a bridging 
in the transition state for the solvolysis of 2-methyl- and
l,2-dimethyl-2-norbornyl derivatives have failed. How then 
are we to account for exo/endo rate ratios as large as 885 and 
875 (eq 29 and 30)? Clearly, high exo/endo rate ratios can no 
longer be considered to require a bridging.

Free-Energy Diagrams. We are now in position to ex
amine the properties of such classical tertiary 2-norbornyl 
cations and to compare them with the corresponding prop
erties of the secondary derivatives. The Goering-Schewene 
diagram provides a quantitative representation of the rela
tionship between the ground-state energies of the exo and 
endo isomers, the exo/endo rate ratio, and the exo/endo 
product ratio.48

In the case of the secondary tosylate (Figure 1) the differ
ence in the free energies of the exo and endo transition states 
is 5.8 kcal mol-1. (Because of the greater precision we utilize 
the free energies rather than the derived enthalpies.48) The 
nonclassical ion interpretation accounts for the lower energy 
of the exo transition state in terms of its stabilization via a 
bridging as the system proceeds along the reaction coordinate 
to the (T-bridged cation 1 or the equivalent ion pair. The endo 
isomer is proposed to be stereoelectronically unfavorable for 
such u bridging so that ionization proceeds to the classical ion 
or ion pair.

Since the two transition states differ by 5.8 kcal mol-1, the 
fully developed nonclassical cation (or ion pair) and the 
classical cation (or ion pair) must differ by more than 5.8 kcal 
mol-1. On the basis of the Hammond postulate, fully sup
ported by the experimental data of the present study, the 
increment need not be large; an estimate of 7 kcal mol-1 may 
be considered reasonable for the difference in energy between 
the nonclassical and classical structures of the 2-norbornyl 
cation (solvated). (The difference in energy for the unsolvated

Figure 1. Free-energy diagram for the solvolysis of 2-norbornyl tos- 
ylates in acetic acid at 25 °C.

ions in the gas phase should be even larger.)44b The present 
study establishes that the solvolysis of 1,2-dimethyl-exo- 
norbornyl p-nitrobenzoate proceeds without detectable a 
bridging (with accompanying charge delocalization from the 
2 to the 1 position). It appears, therefore, appropriate to 
construct a free-energy diagram for the solvolysis of the
l,2-dimethyl-2-norbornyl p-nitrobenzoates for comparison.

The free energy of activation for the solvolysis of 1,2-di- 
methyl-exo-norbornyl p-nitrobenzoate, corrected for internal 
return, is 27.2 kcal mol-1; the corresponding value for the endo 
isomer is 31.1 kcal mol-1. Equilibration of the two epimeric 
alcohols yields a distribution of 72% exo-OH and 28% of 
endo-OH. This establishes that the ground-state energy of the 
endo isomer is higher than that of the exo isomer by a rela
tively small quantity, 0.6 kcal mol-1 . These data yield a di
agram (Figure 2) with a difference in the energies of the two 
transition states of 4.5 kcal mol-1. Such a difference predicts 
that the cationic intermediate will distribute itself between 
exo and endo product in the ratio of 99.8% exo/0.2% endo. 
Experimentally the observed distribution is >99.7% exo/ 
<0.3% endo.

The free-energy diagram for this tertiary system (Figure 
2) is remarkably similar to the diagram for the parent secon
dary system (Figure l).48’49

The high exo/endo rate ratio or the difference in energies 
between the two transition states for l,2-dimethyl-2-norbornyl 
(Figure 2) cannot be attributed to a bridging and charge de- 
localization in the exo isomer. The present study has estab
lished the absence of these effects in the 1,2-dimethyl system. 
Consequently, we must find some other explanation. Steric 
hindrance to ionization has been proposed.50

There is now some acceptance of this interpretation (steric 
hindrance to ionization) of slow rates for the tertiary endo- 
norbornyl system,51 but a reluctance to extend this interpre
tation to the parent secondary system.51’52 Yet is it reasonable 
to utilize two very different explanations for phenomena 
which appear so similar? Yet such has been the case. In a later 
section we shall consider in detail three different proposals 
of this kind which have been advanced. However, first we shall
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Figure 2. Free-energy diagram for the solvolysis of 1,2-dimethyl- 
2-norbornyl p-nitrobenzoates in 80% aqueous acetone at 25 °C.

subject to critical test the proposal that the transition state 
for exo-norbornyl solvolysis is resonance stabilized by some
5.8 kcal mol-1 (from the Goering-Schewene diagram) as 
compared to endo-norbornyl.

Comparative Energies of Exo and Endo Transition 
States for Secondary and Tertiary Systems. In recent years 
there has been a number of attempts to define the stabilities 
of carbocations in the gas phase53-55 and in superacids.33-34’56 
Thus it has been observed recently that the calorimetric heat 
of ionization of 2-propyl chloride (—15.3 ±  0.9 kcal mol-1) is 
less than that of tert-butyl chloride (—25.4 ±  0.8) by some 10.1 
kcal mol-1.34 On the other hand, the values for exo-norbornyl 
chloride (—23.6 ±  0.8) is less than that of 2-methyl-exo-nor- 
bornyl chloride (—31.0 ±  1.5) by some 7.4 kcal mol-1 .34 Sim
ilarly, the difference between 2-propyl chloride and 2-phe- 
nyl-2-propyl chloride (—30.3 ±  0.3) is 15.0 ±  1.2 kcal mol-1, 
whereas the difference between exo-norbornyl chloride and 
2-phenyl-exo-norbornyl chloride (—37.0 ±  1.2) is 13.4 ±  2.1 
kcal mol-1.34

This change in the secondary-tertiary energy difference for 
simple alkyl derivatives and the corresponding 2-norbornyl 
compounds,57 2.7 kcal mol-1 for the methyl and 1.6 kcal mol-1 
for the phenyl derivatives, can be interpreted to indicate a 
modestly higher stability of the secondary 2-norbornyl cation. 
However, the question must be raised: does such higher sta
bility require <r bridging in the 2-norbornyl cation?

Although such results have been so interpreted in the past, 
the fact is that this change in the secondary-tertiary energy 
difference does not require that the secondary 2-norbornyl 
cation be a bridged. The 2-norbornyl cations contain a rigid 
three-dimensional structure which can well delocalize charge 
from the 2 position by mechanisms other than the a bridging 
inherent in the nonclassical interpretation.

Solvolytic data would appear to be more capable of pro
viding an unambiguous answer. The nonclassical concept was 
introduced in large part to account for the high exo/endo rate 
ratio in the solvolysis of 2-norbornyl derivatives.4 Now nu
merous high exo/endo rate ratios have been observed in the 
solvolyses of many tertiary 2-norbornyl derivatives where <r 
bridging has been demonstrated to be absent.58 There can now

Figure 3. Free energies of activation for the epimeric 2-norbornyl 
chlorides and 2-methyl-2-norbornyl chlorides assuming the presence 
of 5.5 kcal mol-1 nonclassical stabilization in the exo secondary and 
its absence in the exo tertiary.

be no question but that high exo/endo rate ratios can be re
alized in stabilized tertiary 2-norbornyl systems not involving 
<t bridging. The point requiring settling is whether the high 
exo/endo ratios in 2-norbornyl itself can be accounted for in 
the same way, or whether we still require a bridging to account 
for the parent secondary derivative.

The advantage of the solvolytic approach is that it distin
guishes between exo and endo, in contrast to work with the 
actual ions in superacids. It is a fundamental requirement of 
the nonclassical phenomenon that a bridging plays a major 
role in the solvolysis of the exo isomer, but not of the endo 
isomer.

As a first approximation, let us ignore the minor differences 
in the ground-state energies of exo- and endo-norbornyl 
chloride (57 and 56) and 2-methyl-exo- and -endo-norbornyl 
chloride (36 and 58). The exo transition state for the solvolysis 
of representative secondary 2-norbornyl derivatives is more 
stable than the corresponding endo transition state by some
5.5 kcal mol-1.59 The introduction of a methyl group into 
endo-norbornyl chloride increases its rate of solvolysis by a 
factor of 53 000 (Table II). This indicates that the methyl 
group stabilizes the transition state for the solvolysis of 2- 
methyl-endo-norbornyl chloride by 6.5 kcal mol-1. The in
troduction of a methyl group into exo-norbornyl chloride 
provides a species which undergoes solvolysis to the classical 
2-methyl-2-norbornyl cation. Consequently, the stabilization 
resulting from the 2-methyl substituent, ~6.5 kcal mol-1 , is 
counterbalanced by the loss of the 5.5 kcal mol-1 nonclassical 
a bridging in the transition state. There is a net gain in sta
bilization of only 1.0 kcal mol-1, a factor of only 5!

This analysis predicts that the rate of solvolysis of 2- 
methyl-exo-norbornyl chloride will be faster than exo-nor
bornyl chloride by a factor of only 5. In actual fact, the ex
perimental relative rate is 55 000, almost identical with that 
of the endo isomers.

The analysis is represented graphically in Figure 3.
a-Methyl/Hydrogen Ratios in 2-Norbornyl. Schleyer
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and his co-workers have proposed utilization of a-methyl/ 
hydrogen rate ratios as a diagnostic tool to test for nonclassical 
resonance stabilization.60-61 They argued that the limiting 
value (in the absence of anchimeric and nucleophilic solvent 
assistance) should be in the neighborhood of 108.60 We had 
earlier reported that a-methyl/hydrogen ratios for the sol
volysis of exo-norbornyl chlorides in ethanol at 25 °C is 
104-8.lb-62 This diminished value was attributed by other 
workers to anchimeric assistance (a bridging) in secondary 
exo-norbornyl60-63 (solvent assistance is quite unlikely) which 
increases the rate of the exo isomer “ by several powers of 
10” .

The a-methyl/hydrogen ratio in the solvolysis of endo- 
norbornyl bromides has been reported as 105.61 The dimin
ished ratio for the endo isomers was then accounted for in 
terms of an enhanced rate for the secondary endo derivatives 
resulting from large nucleophilic solvent contributions
(■fes)-61

Both Harris, Mount, and Raber31 and we,32 by means of 
independent experimental approaches, have now concluded 
that the solvolyses of endo-norbornyl derivatives proceed 
without significant solvent participation (kc). exo-Norbornyl 
derivatives were also shown to solvolyze without significant 
solvent participation (kc or k A). In view of this development, 
we undertook to reexamine the a-methyl/hydrogen ratios in 
the solvolysis of exo- and endo-norbornyl chlorides. We re
stricted ourselves to the chlorides because of growing evidence 
that there can be large front strain effects in the solvolysis of 
tosylates and p-nitrobenzoates.29,30

The fact that we were successful in synthesizing for the first 
time 1,2-dimethyl-endo-norbornyl chloride and determining 
its rate of solvolysis made it possible to estimate the rate for 
2-methyl-mdo norbornyl chloride (Table II) with reasonable 
confidence, without the need for large corrections for different 
leaving groups.

The a-methyl/hydrogen ratio of 5.3 X 104 for endo-nov- 
bornyl raises a serious question as to the earlier proposal of 
108 for this ratio in the absence of either solvent or anchimeric 
assistance61 (eq 33). It is probable that this ratio varies with

structure, influenced by steric effects, similar to the large 
variations in the a-terf-butyl/a-methyl ratios which have been 
observed.64 Harris and his co-workers have come to the same 
conclusion.31

The question now is the magnitude of the a-methyl/hy- 
drogen ratio for exo-norbornyl chloride. Will it be a far smaller 
value, corresponding to the oft postulated a bridging? In fact 
the value is 5.5 X 104, almost identical with that for the endo 
isomer (eq 34).

R R (2 5 °C ) 1.00 5-5 x104

The close similarity in the a-methyl/hydrogen rate ratios 
in exo- and endo-norbornyl chlorides essentially rules out a 
k A process for the solvolysis of the exo isomer. The remarkable 
constancy of the exo/endo rate ratio over an exceptionally wide 
range of solvents and the similarity in the effects of solvent 
on the rates of solvolysis of exo- and endo-norbornyl with 
those of 2-adamantyl65 (a model kc process) argues strongly

for the conclusion that exo-norbornyl must also undergo 
solvolysis by a process that is essentially kc.32

These results call for a revision of the previous interpreta
tions that the a-methyl/hydrogen ratio in 2-norbornyl indi
cates large anchimeric assistance for the solvolysis of exo- 
norbornyl and large solvent assistance for the solvolysis of 
endo-norbornyl derivatives.63-66 The results are interpreted 
far more simply in terms of essentially kc processes in both 
cases. It should be pointed out that Farcasiu earlier pointed 
out that a-methyl/hydrogen ratios are not reliahle criteria for 
a bridging in complex systems.67

It is appropriate to call attention to the fact that over the 
years numerous criteria have been advanced in support of a 
bridging in the solvolysis of exo-norbornyl derivatives. One 
by one these proposals have crumbled under critical exami
nation. Now the a-methyl/hydrogen criterion joins this 
growing graveyard.68

Effect of Substituents at C-I and C-2. In the Introduc
tion we pointed out that the presence of <j bridging and ac
companying electron delocalization in the exo isomers should 
result in markedly different effects of substituents at C-l and 
C-2. Thus a substituent such as methyl at C-2 should exhibit 
a much higher activating effect in the endo isomer than in the 
exo (Figure 2), if charge were delocalized in the latter by a a 
bridge. Contrariwise, such a substituent at C-l would be much 
more activating in the exo isomer than in the endo isomer. On 
the other hand, in the absence of nonclassical resonance en
ergy, both in the secondary and tertiary derivatives, we should 
expect essentially identical effects of substituents, both at C-2 
and C-l, in each exo and endo isomer pair.

We have seen that Me/H at C-l is 8.6 for the endo isomer 
(eq 24) and 8.5 for the exo isomer (eq 25). We have also seen 
that Me/H at C-2 is 5.3 X 104 for the endo isomer (eq 33) and
5.5 X 104 for the exo isomer (eq 34). Clearly the observed ef
fects correspond to the absence of a a-bridged nonclassical 
species in the transition state for the solvolysis of the exo 
isomer.

Factor Responsible for the High Exo/Endo Rate Ratios 
in Secondary and Tertiary 2-Norbornyl Systems. Three 
different proposals have been advanced to account for the 
evident similarity in the Goering- -Schewene diagrams for 
secondary and tertiary 2-norbornyl derivatives (Figures 1 and 
2) without accepting a common physical origin. (In an earlier 
section we asked the question: “ Is it reasonable to propose two 
very different explanations for phenomena which appear so 
similar?” This was answered emphatically by Paul Schleyer: 
“ Yes, it certainly is!” )69

Proposal No. 1. It was originally proposed back in 1965- 
1966 that steric effects in the tertiary 2-methyl-2-norbornyl 
derivatives would be very large, with the steric requirements 
of the methyl substituent far exceeding the acyloxy group. On 
this basis large steric strains were estimated for the endo- 
methyl substituent (59). Such strain would be relieved during

ionization.70 The smaller strain assumed for the isomer in 
which the 2-methyl substituent is exo would be less effective 
in increasing the rate.

On this basis, the high exo/endo rate ratio in secondary 
2-norbornyl was attributed to an enhanced exo rate, resulting 
from carbon assistance, with a normal endo rate, whereas the 
high exo/endo rate ratio in tertiary 2-norbornyl was attributed 
to a greatly enhanced exo rate, resulting from relief of steric 
strain, with a comparatively normal endo rate.
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This proposal requires that 2-methyl-eredo- norbornanol 
be far more stable than 2-methyl-exo-norbornanol. However, 
equilibration experiments soon revealed that the two isomers 
possess comparable stabilities.10

Proposal No. 2. A later proposal was that the solvolysis of 
credo-nor bornyl tosylate is enhanced by large solvent partic
ipation comparable in magnitude to carbon participation in 
the exo isomer. Thus, one of two alternatives considered to 
account for the 2-Me/2-H reactivity ratios was: “ These ~105 
values can be rationalized by the postulation of anchimeric 
assistance in the exo and solvent assistance in the endo sec
ondary cases..  .” .61 This position was adopted and fully dis
cussed by J. M. Harris and S. P. McManus in their interesting 
attempt to extrapolate from tertiary to secondary 2-norbornyl 
rates.63

However, as was pointed out earlier in the present paper, 
both J. M. Harris and we, in independent studies, have now 
concluded that solvent participation is not a significant factor 
in the solvolysis of endo-norbornyl tosylate in solvents of 
moderate or low nucleophilicities.31'32

Proposal No. 3. In “ The Nonclassical Ion Problem” , Paul 
Schleyer also discusses another interpretation.50 He accepts 
steric hindrance to ionization in the tertiary 2-methyl-eredo- 
norbornyl system. However, he argues that such steric hin
drance to ionization should not be important in the secondary 
2-norbornyl system.71

In fact, a careful consideration of the molecular models 
reveals that even 2-H can serve to trap the anion in the endo 
cavity.52 In addition, the ion pair which is presumably the first 
intermediate in such solvolyses should be far tighter for the 
secondary system than the stabler tertiary system. This factor 
may serve to compensate for the smaller size of 2-H.

However, there appears to be little point to a discussion of 
this proposal on theoretical grounds, when experimental data 
are available to settle the question. As was pointed out earlier, 
the nonclassical interpretation of the Goering-Schewene di
agram (Figure 1) requires that the nonclassical 2-norbornyl 
cation be more stable than classical 2-norbornyl cations by 
some 7 kcal mol-1. However, comparison of the heats of ion
ization for 2-propyl, tert-butyl, and ierf-cumyl chlorides with 
2-norbornyl, 2-methyl-2-norbornyl, and 2-phenyl-2-norbornyl 
chlorides reveals a total stabilization that is in the neighbor
hood of 1-2 ±  2 kcal mol-1.

There appears at the present time to be no sound basis to 
attribute totally different physical causes to the essentially 
similar behavior of secondary and tertiary 2-norbornyl de
rivatives (Figures 1 and 2).

Conclusions
The essentially identical effect of a 1-phenyl and a 1-methyl 

substituent in the solvolysis of the exo and endo isomers of
1,2-diphenyl- and l,2-dimethyl-2-norbornyl p-nitrobenzoates 
rigorously precludes a bridging as a significant factor in the 
rates of solvolysis of the exo isomers. The high exo/endo rate 
ratios in the solvolysis of 1,2-diphenyl- and l,2-dimethyl-2- 
norbornyl derivatives cannot be the result of a bridging. The 
close similarity in the Goering-Schewene diagrams for the 
solvolysis of l,2-dimethyl-2-norbornyl, 2-methyl-2-norbornyl, 
and 2-norbornyl itself suggests the operation of similar 
physical factors. Steric hindrance to ionization of the tertiary 
2-norbornyl derivatives offers a reasonable explanation of the 
high exo/endo rate ratios in the demonstrated absence of a 
bridging. The problem is the extension of the analysis to the 
secondary 2-norbornyl. It is pointed out that the Goering- 
Schewene diagrams and the exo/endo rate ratios are re
markably similar for both secondary and tertiary 2-norbornyl 
derivatives. The a-methyl/hydrogen ratio is essentially 
identical for both exo- and endo- 2-norbornyl. It is no longer 
possible to account for this in terms of rate enhancements of

comparable magnitudes arising from solvent participation in 
the endo and carbon participation in the exo. The results are 
more simply accounted for in terms of solvolysis proceeding 
through essentially kc processes for both exo and endo sec
ondary and tertiary 2-norbornyl derivatives.

Experimental Section
All melting points are uncorrected. The 1H NMR spectra were re

corded on a Varian A60A or T-60 spectrophotometer.
I-Methylnorbornanone (29). 2-Methyl-credo-norbornanol (28) 

(51 g, 400 mmol) was oxidized with a solution of chromic acid prepared 
from sodium dichromate (107 g), sulfuric acid (274 g), and water (840 
mL) at 90 °C for 3 h in a 2-L, three-neck, round-bottom flask equipped 
with mechanical stirrer, condenser, and an additional funnel.

1 -Methylnorbornanone (32 g, 65% yield) was isolated by steam 
distillation. The crude product was redistilled to yield 25.4 g of ketone, 
ra20D 1.4676 [lit.21 re20D 1.4674].

1.2- Dimethyl-enf/o-norbornanol (30). 1-Methylnorcamphor (25 
g, 200 mmol) in ether (150 mL) was treated with 10% excess methyl- 
lithium solution in ether. The reaction mixture was decomposed with 
cold saturated ammonium chloride and extracted with ether. The 
solvent was removed and the alcohol was purified by distillation. The 
endo alcohol (30) was obtained in 85% yield, bp 50 °C (2 mm).

1.2- Dimethyl-exo-norbornyl Chloride (32). The endo alcohol
(30) (19 g, 135 mmol) was treated with hydrogen chloride in an au
tomatic hydrochlorinator.22 Chloride (20 g, 93% yield) was obtained: 
mp 120-122 °C [lit.16 mp 122-123 °Cj; 4H NMR (CC14) <51.23,1.57 
(2 methyls). This “ /3-chloride” on storing for 6 months at room tem
perature under hydrogen chloride atmosphere exhibited two addi
tional methyl signals at 5 1.12 and 1.50 due to the formation of an “ a 
isomer.” This a isomer was identified as 1,2-dimethyl-eredo-norbornyl 
chloride from the ethanolysis studies of the two isomers. The amount 
of endo chloride in the isomerized crude mixture was approximately 
30%.

1.2- Dimethyl-exo-norbornanol (33). The tertiary chloride (20 
g, 126 mmol) was dissolved in acetone (120 mL) and stirred with 10% 
sodium bicarbonate (120 mL) for 2 h at 0 °C. The acetone was re
moved using a rotary evaporator and the organic material was ex
tracted with ether. The ether extracts were dried over anhydrous 
magnesium sulfate and solvent was evaporated. The residual material 
was crystallized from hexane to give pure exo alcohol (14.2 g, 80% 
yield), mp 111-112 °C [lit.21 mp 112-113 °C].

1.2- Dimethyl-ejido-norbornyl p-Nitrobenzoate (31). This 
compound was obtained by treating the endo alcohol (30) with n- 
butyllithium and p-nitrobenzoyl chloride in THF in 81% yield: mp
144-145 °C [lit.21 mp 146-146.5 °C]; 'H  NMR (CC14) 5 1.22,1.51 (2 
methyls).

1.2- Dimethyl-exo-norbornyl p-Nitrobenzoate (34). This p- 
nitrobenzoate was obtained from the exo alcohol (33) in the usual 
manner in 72% yield: mp 133-134 °C [lit.21 mp 132.5-133 °C]; XH 
NMR (CC14) S 1.30,1.58 (2 methyls).

1-Phenylnorbornanone. 1-Phenyl-exo-norbornanol (18.9 g, 100 
mmol) in ether (50 mL) was oxidized with a solution of chromic acid 
(100% excess) at 0 °C.15 The crude material was purified by distillation 
to give the pure ketone (79% yield), bp 118-120 °C (0.5 mm). This 
material solidified on standing, mp 41-42 °C [lit.14 mp 41-42 °C[.

1.2- Diphenyl-en</o-norbornanol (21). Phenyllithium (0.5 M 
solution in 1:1 ether/benzene mixture, 220 mL) was added to a solution 
of 1-phenylnorbornanone (19 g, 100 mmol). The reaction mixture was 
refluxed overnight and then worked up in the usual manner. Crys
tallization of the crude product from hexane gave 21.1 g (80% yield) 
of the tertiary alcohol, mp 109-110 °C [lit.14 mp 109-110 °C].

1.2- Diphenyl-endo-norbornyl p-Nitrobenzoate (22). This 
p-nitrobenzoate was obtained in 82% yield in the usual manner: mp 
162-163 °C; 4H NMR (CC14) 5 8.23 (4 H, aromatic), 7.17,6.92 (10 H, 
2 phenyls), 3.05 (1 H, bridgehead), and 1.37-2.51 (8 H, remaining 
protons).

Anal. Calcd for C26H23N 04: C, 75.54; H, 5.57; N, 3.39. Found: C, 
75.49; H, 5.54; N, 3.41.

1.2- Diphenyl-exo-norbornyl Chloride. The endo alcohol (5.5 
g, 21 mmol) dissolved in methylene chloride (20 mL) was treated with 
hydrogen chloride in an automatic hydrochlorinator at ice-bath 
temperature.22 After the reaction was complete, removal of solvent 
yielded a light yellow residue. This crude material was crystallized 
from hexane to yield pure exo chloride (74% yield), mp 65-66 °C.

Anal. Calcd for C19Hi9Cl: C, 80.7; H, 6.75; Cl, 12.55. Found: C, 80.82; 
H, 6.57; Cl, 12.36.

Solvolysis of 1,2-Diphenyl-exo-norbornyl Chloride. The exo
chloride (5.25 g, 20 mmol) was solvolyzed in 80% aqueous acetone (100
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mL) containing 10% molar excess of sodium bicarbonate. The reac
tants were stirred overnight at 0 °C and acetone was removed using 
a rotary evaporator. The residue was extracted with ether, the ether 
extracts were dried over anhydrous magnesium sulfate, and the sol
vent was evaporated. The material was crystallized from hexane to 
give 4.42 g (80%) of l,2-diphenyl-2-norbornene: mp 97-98 °C [lit.14 
mp 95.4-98 °C]; 4H NMR (CCI4) 5 7.17, 6.90 (10 H, aromatic), 6.24 
(1 H, olefinic), 3.04 (1 H, 4-bridgehead), 1.32-2.22 (6 H, remaining 
protons).

Anal. Calcd for Ci9H18: C, 92.6; H, 7.36. Found: C, 92.53; H, 7.68.
Hydroboration-Oxidation20 of l,2-Diphenyl-2-norbornene.

In a 250-mL flask equipped with a reflux condenser, a magnetic 
stirring bar, and a septum inlet was placed the olefin (5.52 g, 20 mmol) 
dissolved in methylene chloride (20 mL). The hydroboration was 
achieved by the dropwise addition of BHBr2-SMe2 (20.6 mmol). After 
the addition, the reaction mixture was stirred for 10 min and 1 equiv 
of BBr3 was slowly dripped in over a period of 4-5 min to induce fast 
hydroboration. After stirring at room temperature for 1.5 h, the or- 
ganoborane was oxidized by the addition of aqueous sodium hy
droxide (3 N, 43 mL) and hydrogen peroxide (8.5 mL). The temper
ature was maintained below 40 °C. The reaction mixture was refluxed 
for 1 h and the aqueous layer was saturated with K2CO3 and the or
ganic layer separated. Removal of solvent furnished a solid, mp 84-94 
°C. Most of the secondary alcohol was crystallized out from the crude 
material (mp 108.5-109.5 °C). The p-nitrobenzoate of the crude 
product (after removing the secondary alcohol) was prepared in the 
usual manner. The secondary OPNB could be crystallized out from 
the crude OPNB mixture (mp 154.5 °C) and the rest of the material 
which contained approximately 40% of tert-p- nitrobenzoate was used 
for solvolytic studies. The tert-OPNB could not be obtained in a pure 
state.

Solvolytic Products of 1,2-Dimethyl-exo-norbornyl p-Ni- 
trobenzoate. The exo-p-nitrobenzoate (5 mmol) was solvolyzed in 
buffered 60% aqueous acetone at 75 °C. After 5 half-lives, acetone was 
removed and the solvolysis products were extracted with ether. The 
ether extract was analyzed by capillary GC. 1,2-Dimethyl-endo- 
norbornanol (0.35 ±  0.05%) was detected among other components,
i.e., exo alcohol and hydrocarbons. The same results were obtained 
in 80% aqueous acetone.

Equilibration of exo- and endo-l,2-Dimethyl-2-norborna- 
nols. The exo alcohol (10 mL, 0.2 M solution in cyclohexane) was 
stirred with 10 mL of sulfuric acid (6 M) at room temperature. At 
appropriate time intervals, 1 mL of organic solution was withdrawn 
and analyzed by gas chromatography (Perkin-Elmer 226 gas chro
matograph, fitted with a 150 ft X 0.01 in. Quadrol column, operated 
isothermally at 150 °C under a pressure of 20 psi was used for the 
analysis) until a constant ratio was found for isomeric alcohols. The 
equilibrium distribution for 1,2-dimethyl-exo- and -endo- norbor- 
nanols was found to be 72% tertiary exo and 28% tertiary endo.

Kinetic Measurements. The rates of solvolysis of the p -nitro- 
benzoates in 80% acetone and the tertiary chlorides in ethanol were 
determined by the titrimetric method.16 Sealed ampule technique 
was used for measuring the rates at higher temperatures. In the case 
of 1,2-dimethyl-exo- and -endo-norbornyl chlorides, separate rates 
were calculated by the differential method.26 The rate data for the 
solvolysis of the p-nitrobenzoates in 80% aqueous acetone are sum
marized in Table I and data for the solvolysis of the chlorides in eth
anol are tabulated in Table II.

Registry No.— 19,14182-93-5; 20, 7485-54-3; 21, 67162-96-3; 24,
67162- 97-4; 25, 67162-98-5; 26, 67162-99-6; 26 p-nitrobenzoate,
67163- 00-2; 29, 10218-04-9; 28, 3212-16-6; 30, 13429-45-3; 33, 
23351-29-3; p-nitrobenzoyl chloride, 122-04-3; phenyllithium, 591-
51-5; BHBr2-SMe2, 55671-55-1.
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The solvolysis of p,p'-dichlorobenzhydryl chloride (1) in the nearly isodielectric EtOH-TFE mixtures gives a 
Grunwald-Winstein m value of 1.30. The solvolysis is subject to common ion rate depression and the mass law con
stants a increase with the increase in the mole fraction of TFE. A ^tfe/^EîOh ratio of ~0.025 was calculated from 
the product distribution by assuming reaction of the solvent components with a free cationic intermediate. Ionizing 
power parameters Y for EtOH-TFE mixtures were calculated from the solvolysis of 1 and from the solvatochromie 
shifts of the charge-transfer band of l-(p-hydroxyphenyl)-2,4,6-triphenylpyridinium betaine. It is suggested that 
the reaction proceeds via a selective free p,p'-dichlorobenzhydryl cation.

Solvent effects on solvolytic displacement reactions in
volve several solvent properties such as nucleophilicity, 
electrophilicity, and dielectric constant. A linear free energy 
relationship for describing these reactions (eq 1) was suggested 
by Winstein, Grunwald, and Jones,1 where k and ka are the 
rate constants in a certain solvent and in 80% EtOH, and Y 
and N  are the solvent ionizing power and nucleophilicity, re
spectively, m and l being the sensitivities to these parame
ters.

log (k/ko) = mY + IN (1)

log {k/kQ) = mY (2)

However, in the absence of a scale of N  values a more re
stricted form (eq 2)2 is usually applied where the nucleophil
icity is either assumed to be unimportant (kc process3) or 
nearly constant in the solvents studied. Only recently have 
scales of N  values become available.4 Schleyer and co-workers 
who presented an extensive list of N  values4d showed the su
periority of eq 1 over eq 2 in analyzing solvent effects in sol
volysis.4'1

A useful way to gradually change the solvent properties is 
by studying binary solvent mixtures. Only one solvent prop
erty may be changed significantly as in aqueous EtOH mix
tures where the change in N  is small compared with the 
change in Y.4d On the other hand, in aqueous TFE mixtures 
both AT4'5 and Y4bi6 (which are based on solvolytic data) in
crease with the increase of the water content.

The ionization power parameter Y involves contributions 
from two solvent properties: from the dielectric constant 
which is related to electrostatic solvation and from electro
philic solvation, mainly via hydrogen bonding to the leaving 
group. In aqueous EtOH the two effects are in the same di
rection since water has a higher dielectric constant and a

0022-3263/78/1943-3678$01.00/0

higher electrophilicity than EtOH. In aqueous TFE the two 
properties operate in opposite directions since water has 
higher dielectric constant, but TFE is probably a better 
electrophilic solvator.7 The nonlinear log k vs. Y plots found 
for solvolysis of a-arylvinyl derivatives in aqueous TFE were 
ascribed to this reason.7

The different bulk of the solvent components in a binary 
mixture was invoked for explaining the selectivity in the 
product-forming process in terms of different stabilities of 
solvent separated ion pairs.8

It is therefore surprising that more attention was not paid 
to the binary solvent mixtures EtOH-TFE. Mukherjee and 
Grunwald showed that these are nearly isodielectric mixtures, 
where the dielectric constants of TFE (26.14) and EtOH 
(24.32) are the extremes.9 The bulk of the two solvents is also 
very similar. On the other hand, the nucleophilicity of TFE 
is much lower4d and its acidity10 and probably its electrophi
licity are higher than those of EtOH. Nevertheless, only three 
solvolytic studies in EtOH-TFE mixtures appeared so far.11-13 
da Roza, Andrews, and Keefer measured several Y and N  
values and studied the solvolyses of several benzyl halides.11 
They found that Y increases and N  decreases on increasing 
the molar fraction of TFE in EtOH-TFE and that eq 2 gives 
nonlinear correlations, as expected since the IN term was 
neglected. From the dependence of the shape of these plots, 
of the product distribution, and of the k^r/kci ratios on the 
substituent in the aryl ring, the extent of solvent involvement 
as a nucleophile and an electrophile in the transition state was 
probed.11 Ando and Tsukamoto used the product distribution 
in the solvolysis of 1- and 2-adamantyl systems in 50% 
EtOH-TFE as a tool for evaluating various proposals con
cerning the product-forming selectivities in binary mixtures.12 
Kaspi and Rappoport13 found a nearly linear N  vs. Y corre
lation in the region of 20-90% TFE with a slope of —0.83.

© 1978 American Chemical Society
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Table I. Kinetic Data for the Solvolysis of p,p'-Dichlorobenzhydryl Chloride in EtOH-TFE“
% TFE in

EtOH—TFE -^tfe^ at 0 °C
lÔ feobsd? S  ̂

at 25 °C at 50 °C AH*, kcal mol-1 c AS*, euc
0 0 0.81d

10 0.083 2.68 ±  0.004 36.7 ±  0.1 19.4 ±  0.03 -14 .2  ± 0 .1
20 0.168 4.70 ±  0.003 69 ±  0.1 19.9 ±  0.03 -11 .4  ±0 .1
30 0.257 11 ± 0.1“ 145 ±  0.2 19.2 ±  0.2 - 12.2 ±  0.6
40 0.349 29 ±  0.03 308 ± 6“ 17.5 ±  0.3 -16 .1  ±  1.0
50 0.447 68 ±  0.1 664 ±  23“ 16.8 ±  0.5 -16 .6  ±  1.9
60 0.548 11.6 ± 0.01 176 ±  0.3 17.0 ±  0.02 -14 .1  ±0 .1
70 0 .6 5 2 31 ±  0.06 478 ±  l e 17.1 ±  0.2 -11 .8  ± 0 .7
80 0 .7 6 3 113 ± 0 .1 1291 ±  42“ 15.2 ±  0.4 —16.2 ±  1.5
90 0.880 349 ±  22“ 3751 ±  71“ 14.8 ±  0.8 -15 .5  ±  2.8
95 0.940 567 ±  29“ 6561 ±  792 15.2 ±  1.6 -12 .8  ±  5.5

“ [Ar2CHCl] -  3.5-4.2 mM. b Mole fraction of trifluoroethanol. “ The errors were calculated by the method of R. C. Peterson. J.
H. Markgraf, and S. D. Ross, J. Am. Chem. Soc., 83, 3819 (1961). d S. Nishida, J. Org. Chem., 32, 2695 (1967). “ Average of two ex-
penments.

Since the solvolyses of most of the compounds studied so 
far involve either nucleophilic participation or product for
mation from ion pairs it was of interest to apply eq 1 and 2 and 
to determine the product distribution for a substrate more 
prone to react via a fec route, where products are derived from 
a free cation. We therefore studied the solvolysis of p.p'-di- 
chlorobenzhydryl chloride (1), a substrate likely to solvolyze 
via the fec route, in EtOH-TFE mixtures. Several new Y values 
for EtOH-TFE mixtures were also derived by two indepen
dent methods.

(p-ClC6H4)2CHCl
1

Results
Solvolysis of 1 in EtOH-TFE Mixtures. Solvolysis of 1 

in EtOH-TFE mixtures containing 5-90% EtOH was followed 
by the conventional conductometric technique. The solvolysis 
rate in pure TFE was higher than the dissolution rate of 1 and 
meaningful rate constants were not obtained. Several mea
surements were conducted in the fast solvents containing
5-30% EtOH and average values of the rate constants are 
given. In the other mixtures duplicate experiments were 
conducted whenever the correlation coefficient of the first- 
order plot was <0.999. Activation parameters were calculated 
from the data at 0 and 25 °C for the fast reactions and at 25 
and 50 °C for the slow reactions. The first-order constants 
obtained at ca. 4 mM concentrations of 1 and the derived ac
tivation parameters are given in Table I.

Clean first-order constants were obtained at 4 mM con
centrations of 1. However, since benzhydryl chlorides show 
common ion rate depression in other solvents,14 several ex
periments were conducted in which the concentration of the 
substrate was increased in some TFE-rich mixtures to 20 or 
50 mM in order to detect a possible decrease in the rate con
stant during the run caused by the formed chloride ion. A 
slight decrease was detected in some cases but it was suffi
ciently small so that attempts to treat it with the usual com
puter programs which were successful in treating common ion 
rate depression in vinylic systems7'15 gave meaningless results. 
However, by addition of a large excess of external chloride ion, 
as the tetraethylammonium salt, a rate decrease of 9-58%, 
which was larger in the TFE-rich mixtures, was observed. An 
appreciable error may be involved in these experiments since 
the conductivity could be measured only after 5 min which was 
the time required to attain equilibrium. By this time a sig
nificant part of the reaction (up to 30% for the fast reactions) 
took place.

In order to evaluate the part of the salt effect which is not 
due to common ion rate depression, parallel experiments were

Table II. Solvolysis of 1 in the Presence of Added Salts“

% TFE in
EtOH-TFE______added salt______ T, °C 105feobsd. s-1

100 0 319 ± 105
80 0 139 ± 1.2

0.020 M Et4NCl 0 72.3 ± 3.4
0.040 M Et4NCl 0 57.6 ± 2.8
0.041 M Et4NBr 0 154.7 ± 14

70 25 460 ± 206
0.020 M Et4NCl 25 375 ± 2.2
0.039 M Et4NCl 25 341 ±  1.6
0.021 M Et4NBr 25 436 ± 3.5
0.041 M Et4NBr 25 427 ± 3.1

50 25 70 ± 1.2“
0.022 M Et4NCl 25 60.7 ± 0.2
0.037 M Et4NCl 25 59.0 ± 0.2
0.020 M Et4NBr 25 66.2 ±0.1
0.040 M Et4NBr 25 64.1 ± 0.3

30 25 12.0 ±  1.4“
0.026 M Et4NCl 25 10.9 ± 0.02

[1] = 0.02 M. 6 [1] = 0.06 M. “ [1] = 0.02- s1o o ©

conducted in the presence of tetraethylammonium bromide. 
A small rate decrease was found in the fast solvents and this 
was ascribed to the difficulties mentioned above. A small rate 
increase was found in the slower solvent, 50% EtOH. The 
solvolysis data for high concentrations of 1 and for reactions 
in the presence of added salts are given in Table II.

The extent of common ion rate depression was evaluated 
from the simplified solvolysis scheme (Scheme I)16 which in
volves only one intermediate, the free carbonium ion 2. The 
rate equation is eq 3, and the mass law constant a = fe-i/fe2 
was calculated from eq 4 where fed is the depressed rate con
stant in the presence of added salt from Table II, and fe0bsd' 
is the undepressed rate constant corrected for the expected 
rate increase by the “ normal” salt effect according to eq 5.17 
The b value is taken to be identical for Et4NBr, a noncommon 
ion salt, and for Et4NCl, the common ion salt.

feobsd = fei/(l + (fe-i/fe2) [ X i )  (3)

Ot = (feobsd'Ad ~ D /[X -] (4)

feobsd1 — feobsd(l T 5[Et4NX]) (5)

The extent of product formation from the free ion 2 is given 
by eq 6 and the values should be regarded as lower limits since 
no attempt was made to investigate whether the reaction 
shows a limit to the rate depression by added salt. The values 
are given in Table III.
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T able III. a Values fo r  (p -C lC 6H 4)2CHCl in E tO H -TFE

% TFE in 
EtOH-TFE

(v/v)

OOe-7 oc, L mol 1

% of
product from 
the free R+

80 0 40.8 ± 5.3“ >58.5
70 25 10.0 ± 1.26 >26.0
50 25 5.9 ± 0.96 >15.7
30 25 4.0 >9.2

“ Average of four experiments. 6 Average of two experi
ments.

Scheme I

RC1 R+ +  c r4-,1 2
Figure 1. log fcobsd vs. Y  plot for the solvolysis of 1 in EtOH-TFE at 
25 °C.

SOH kt 

ROS

% of products formed from the free ion
=  ( (k o b s d ' -  M / k o b s d 'H O O  ( 6 )

It is obvious that the a values are highly sensitive to the 
feobsd' (or the feobsd) value and this is demonstrated by the a 
values of 40.8 and 20.6 which are based on the /? 0 bsd values at 
20 and 4 mM, respectively, in 20% EtOH-80% TFE.

The solvolysis products are 4,4'-dichlorobenzhydryl ethyl 
ether (3) and 4,4'-dichlorobenzhydryl trifluoroethyl ether (4). 
The product distribution was obtained by gas chromatogra
phy, using an appropriate calibration curve. Relative rate 
constants for capture of the intermediate 2 were calculated 
by assuming that the competition for 2 depends on the molar 
concentrations of the nucleophilic solvent components (re
action 7).
( p -C1C6H4),CHC1 

1
EtOH

^ ( p -c ic 6h 4)2c h +—

ÊtOH

2 TFE

T̂FE

(p-ClC6H4)2CHOEt

( P-C1C6H4)2CH0CH2CF:!

(7)

ably constant over an appreciable region of solvent composi
tion.

3 r V a lu es o f  E tO H -T F E  M ixtu res . An independent 
measure of the ionizing power of the medium was sought by 
measuring the position of the maximum of the internal charge 
transfer band of l-(p-hydroxyphenyl)-2,4,6-triphenylpyri- 
dinium betaine (5) (Dimroth’s Betaine l 18) as a function of

the solvent composition. Triethylamine (0.1 M) was added to 
this mixture since otherwise protonation of the betaine oxygen 
resulted in the disappearance of the charge transfer band. The 
spectral data and the derived values of the transition energies, 
Et , are given in Table V.

O ther B en zh ydryl D erivatives. Preliminary experiments 
showed that the solvolysis rate of benzhydryl chloride in sol
vent mixtures rich in TFE is too high to be measured accu
rately by conventional conductometric methods. For example, 
&obsd is ca. 0.027 s_1 in pure TFE at 0 °C. On the other hand, 
the much less reactive benzhydryl 3,5-dinitrobenzoate was not 
sufficiently soluble in TFE-rich mixtures in order to enable 
kinetic measurements.

The ratio of the rate constants was calculated from eq 8 where 
[TFE], [EtOH], [ROCH2CH3], and [ROCH2CF3] are the molar 
concentrations of the solvents and the products, respective
ly-

^TFE/^EtOH
= ([EtOH]/[TFE]M[ROCH2CF3]/[ROCH2CH3]) (8)

The feTFE/̂ EtOH ratios which are given in Table IV are low, 
being 0.017-0.032, and the trend is for a higher ratio in 
EtOH-rich medium. However, if the large experimental error 
in the ratio at 60% TFE is considered, the ratios are remark

D iscu ssion

The solvent effect, the common ion rate depression, and the 
products distribution are consistent with a kc solvolysis 
mechanism for 1 which initiates by a C-Cl bond heteroly
sis.

T h e Solvent E ffect. When fe0bsd values at 25 °C for 1 were 
plotted against the Y values for 20, 50, and 80% EtOH-TFE 
from the work of da Roza, Andrews, and Keefer11 and the 
value for pure EtOH,2 a linear plot (Figure 1) was obtained 
with a slope m -  1.30 ±  0.02 (r = 0.99964). This is the first 
example of a linear Grunwald-Winstein plot in EtOH-TFE

_____________ Table IV. Solvolysis Products o f  p .p '-D ich lorobenzhydryl Chloride in E tO H -TFE  at 25 °C___________

% TFE (v/v)
in EtOH-TFE________ [TFE]/[EtOH]°________ % ROCH2CF3 [ROCH2CF3]/[ROEt]“_________ 100feTFE/feEtOHfe

60 1.21 3.7 ± 1 0.0384 3.18 ± 0.90
70 1.89 4.8 ± 1 0.0504 2.67 ± 0.58
80 3.23 7.6 ± 1 0.0823 2.55 ± 0.36
90 7.27 15.0 ± 1 0.176 2.43 ± 0.20
95 15.36 21.0 ± 1 0.266 1.73 ± 0.10

“ Molar ratio. b From eq 8.
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Table V. UV Spectra and Et(1) Values fo r  l-(p -H ydroxyphenyl)-2 ,4 ,6-triphenylpyridinium  Betaine in E tO H -T F E °

% TFE (v/v)
in EtOH-TFE X tfe6 Yc Xmax, nm t Xrnllx, nm i

0 
10 
20 
30 
40 
50 d 
60 
70 
80 
90 

100

0
0.083
0.168
0.257
0.349
0.447
0.548
0.652
0.763
0.880
1.000

A’t , kcal mol
-2.033

-1.515

-0.588

0.406

1.147

305
305
305
305
306 
306 
306 
306 
306
305
306

28 200 
27 200 
27 000 
27 300 
27 400 
27 500 
27 300 
27 600 
27 200 
27 700 
27 900

468 
455 
445 
436 
426 
419 
408 
405 
399 
393 
389e

1960
1740
1690
1760
1830
1870
1780
2090
2120
2180
2270

61.2
62.8
64.3
65.6 
67.1
68.3 
70.0
70.6
71.7
72.8 
73.5

a Measurements in the presence of 0.1 M EtrjN; [5] = 5.6-6.0 X 10~4 M. 6 Mole fraction of TFE. 
Xmax 308 nm (e 22 000). No absorption was observed at 419 nm. e Reported7 390 nm (t 2900).

From ref 11. d Without EtgN:

Table V I. Ionizing P ow er Param eters ( Y )  in E tO H -T F E  
M ixtures

. TFE (v/v) Y from
in TFE-EtOH log feobsd £ t ( D

100
90
80
70
60
50
40
30
20
10
0

0.77

0.07
-0.27

1-0.87
- 1.22

-1.69

0.80

0.06
-0.28 (—0.12)c

-0.90
-1.24

- 1.68

t-BuCla
1.1476

0.406

-0.588

-1.515

-2.033d
Figure 2 .  Change of £ t ( 1 )  values with the percent volume of TFE 
in EtOH-TFE.

0 From ref 11. b From ref 6. c Value from Table V (see text). 
d From ref 2.

since the solvolyses of substituted benzyl halides in the same 
media gave curved relationships.11 The m value is one of the 
highest known and points to the absence of a significant sol
vent participation in the solvolysis in the entire solvent range. 
Values of m higher than unity were found for other solvolyses 
which proceed via the kc route, e.g., 1.20 for 1-adamantyl 
bromide19 in aqueous EtOH and 1.20 for a-phenylethyl 
chloride20 and 1.71 for benzhydryl chloridelb in AcOH- 
HCOOH mixtures.

The actual m value which measures the sensitivity to Y 
alone, when contribution from the solvent nucleophilicity is 
excluded (m of eq 1), may be even higher than 1.30. We re
cently showed that a linear relationship of N  and Y (eq 9) 
holds for several binary solvent mixtures.13 Combination of 
eq 1 and 9 gives eq 10.

N  = a Y + b  (9)

m(eq 1) = m (calcd by eq 2) — al (10)

The EtOH-TFE mixtures are unique among the mixtures 
investigated in that a of eq 9 is negative and appreciable, being 
a = —0.83, since increase in the TFE content increases Y but 
decreases N. Consequently, since l > 0 the m value of eq 1 is 
>1.30.

By applying eq 1 we obtained m = 1.41 ±  0.14, l = 0.16 ±
0.2, and r = 0.994. The low value and the high error in l show 
that the addition of the nucleophilicity parameter does not 
improve significantly the correlation, i.e., the higher rates in 
TFE-rich media are due to the higher ionizing power.

High m values of eq 2 (1.65-2.08) were found recently for 
the solvolysis of several substituted benzhydryl bromides in 
TFE-C6H6 mixtures.21 These values were interpreted as due 
to increased ion pair return with the increase in the molar

fraction of the less ionizing solvent. The gap between the ob
served rate constant kt and the ionization rate constant fe;on 
in benzene is therefore larger than in TFE. Consequently, the 
observed m from the log kt vs. Y plot is higher than the ex
pected value for a log fe;on vs. Y plot. A similar explanation 
does not apply to our high m value since if the ion pair return 
increases on decreasing the nucleophilicity it will be more 
pronounced in solvent mixtures richer in TFE. The m value 
of the log k-lon vs. Y plot would then be expected to be higher 
than the observed value of 1.30. While we have no independent 
evidence for ion pairs in our system, the linearity of the mY 
plot suggests that if ion pairing during the solvolysis of 1 is 
important, its extent is either proportional to that in the sol
volysis of tert-butyl chloride or it is linear with Y in the 
EtOH-TFE mixtures studied.

Y  V a lu es in E tO H -T F E  M ixtu res . Only a few Y values 
in EtOH-TFE mixtures are available from the solvolysis of 
i-BuCl. The linearity of Figure 1 suggests that the solvolysis 
of 4,4'-dichlorobenzhydryl chloride can serve as a secondary 
source for additional Y values for TFE-EtOH mixtures. By 
using the data of Table I and Figure 1, the new Y values of 
Table VI were obtained.

An enormous difference between the Y values which are 
based on solvolytic data and those based on the solvato- 
chromic changes of the betaine 5 were observed in TFE-H2O 
mixtures.7 It was therefore of interest to evaluate the polarity 
of EtOH-TFE mixtures by a nonkinetic approach which is 
based on the solvatochromic shift of the internal charge 
transfer band of the betaine 5. Table V shows that by this 
approach TFE is much more polar than EtOH. Plots of E r(l) 
values vs. the percent volume of TFE in the mixture (Figure 
2) or vs. Y (Figure 3) are nonlinear, but they can be used for 
evaluating unknown EtU) and Y values. Comparison of the 
Y values which were obtained from Figures 1 and 3 (Table VI) 
shows a very good agreement between the two sets of values.
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Figure 3. Change of &r(l) values with Y in EtOH-TFE.

The only discrepancy is in the Y value at 60% TFE-40% 
EtOH, but Figure 2 shows deviation of the measured Ey value 
at this composition. When the jEt value from the plot of Figure 
2 is used for calculating the Y value from Figure 3, the value 
agrees with that based on the solvolysis data.

The correspondence between the two sets of Y values which 
are based on completely different model processes strengthens 
the case for their use for correlation purposes. Moreover, since 
the spectroscopic model does not distinguish implicitly be
tween the several possible intermediates, we conclude that ion 
pair return is either unimportant in the solvolyses of 1 and 
tert -butyl chloride, or that its extent is proportional to Y.22

In view of the complex behavior showed in the solvolysis of
7-methyl-7-norbornyl-OTs23 and several a-arylvinyl deriva
tives7 in TFE-H2O mixtures, it is gratifying that the behavior 
of all the compounds studied so far is accounted for by eq 1. 
Substrates solvolyzing via the kc route, such as 1, l-(p - 
methoxyphenyl)-2-methylpropen-l-yl tosylate,24 and ada- 
mantyl bromide,24 give linear log k vs. Y plots with m =
0.89-1.50. For benzyl halides which give curved log k vs. Y 
plots and interpolated low and even negative m values, eq 1 
gives m (eq 1) values which are expected for benzyl substituted 
derivatives when the IN term is taken into account.13 The 
apparent less complicated behavior in EtOH-TFE media is 
probably due to a lower number of variable solvent parameters 
than in TFE-H2O, since the structures and the dielectric 
constants of the two pure components are very similar. These 
mixtures therefore seem suitable for studying solvent effects 
when N  and Y change gradually at almost isodielectric con
ditions.

Comparison of the £ t (1) values in EtOH-TFE and in 
TFE-H2O7 reveal an interesting behavior. The Et (1) value 
of pure TFE is the highest and addition of either EtOH or 
water decreases the £ t (1) value, although this effect is more 
pronounced on addition of EtOH. Apparently, the higher 
acidity of TFE10 which results in high hydrogen bonding 
donor ability is more important in solvatochromic changes of 
the betaine 5 than changes in the dielectric constant. It is 
impossible at present to evaluate the generality of this be
havior since Et values in acidic media are not available.

S e le ct iv ity  o f  the 4 ,4 '-D ich lo ro b e n zh y d ry l C ation  2. 
The appearance of common ion rate depression is a compelling 
evidence for the intermediacy of a free (“ dissociated” ) car- 
bonium ion intermediate.16b-c The mass law constant a mea
sures the selectivity of the cation toward Cl-  and the solvent. 
Within structurally related substrates a increases with the 
lifetime and the stability of the cationoid intermedi
ate.14’163

Common ion rate depression was amply demonstrated in 
the solvolysis of substituted benzhydryl chlorides in aqueous 
acetone. For example, a = 10 and 33 for benzhydryl chloride 
and p-methylbenzhydryl chloride in 80% acetone148 and 2.1 
and 0.7 for benzhydryl chloride and p-nitrobenzhydryl chlo
ride, respectively, in 70% acetone.14b Substituent and solvent

effects showed that a increases with the electron donating 
ability of the substituents and decreases with the increase in 
the water content of the medium.14

Tables II and III show that the common ion depression in 
the solvolysis of 1 is appreciable. For example, addition of 40 
mmol of C l- in 20% EtOH-80% TFE (Y = 0.41) at 0 °C re
duces fe0bsd by 58% while fe0bsd for benzhydryl chloride de
creases by only 13% on addition of 0.1 M of LiCl in 80% ace
tone (Y = 0.67) and extrapolation gives a 5.5% decrease in 
feobsd by addition of 40 mmol of Cl- .

In order to enable a closer comparison with previous data 
we applied the linear free energy relationship in substituent 
effects suggested by Mindl and Vecera25 for disubstituted 
benzhydryl bromides and estimated that the relative solvolysis 
rate ratio &obsd (l)/feobsd(Ph2CHCl) is 0.085 at 0 °C. From the 
semiquantitative relationship between fe„bsd and a values in 
70% acetone,14b 1 should have an a value of 1.5-2 in 70% ace
tone. Since the Y value of 70% acetone (0.13)2 is close to that 
of 70% TFE-30% EtOH (0.06) while the a value for 1 in this 
solvent is 10 we conclude that the selectivity of 1 is higher in 
TFE-EtOH than in aqueous acetone of the same ionizing 
power. This is not surprising since the nucleophilicity of 70% 
TFE-30% EtOH24 is much lower than that of 70% acetone4“1 
and the lifetime of 2 before irreversible collapse with the sol
vent should be longer.

Table III shows that a decreases with the increase of the 
ethanol content of the media, and this is reminiscent of the 
decrease of a for l-(p-methoxyphenyl)-2-methylpropen-l-yl 
bromide with the increase of the water content in aqueous 
TFE.7 The effect of a binary nucleophilic solvent on the a 
values was discussed in this later case. It was suggested that 
a will increase on enhancing the cation solvation and decrease 
by enhanced anion solvation, by increasing the concentration 
of the more nucleophilic component and by increasing the 
dielectric constant. Since the dielectric constant does not 
change significantly in our media, and TFE is a better anion 
solvator than EtOH, the higher a values in the TFE-rich 
media are due to the reduced nucleophilicity of the medium 
which more than compensates for the reduced nucleophilicity 
of the better solvated Cl-  26 and for the reduced cation sol
vation.26

Table III also gives the extent of product formation from 
the free ion 2, as calculated by eq 6. The difficulty associated 
with measurement of a small conductivity change in the 
presence of a large amount of added salt prevented the use of 
higher salt concentrations so that the values of Table III are 
minimum values for the extent of product formation from the 
free ion. While we believe that the actual values are much 
higher, at present it can be concluded that a large fraction, e.g., 
59% of the products in 80% TFE-20% EtOH, is derived from 
the free p,p'-dichlorobenzhydryl cation. Ion pairs can still be 
involved in an internal return process.27

Another measure of selectivity of the ion 2 are the product 
distributions given in Table IV. The lower nucleophilicity of 
TFE is expected to result in a &TFE/&EtOH ratio lower than 
unity, but the observed ratios of ca. 0.025 are much lower than 
the values of 0.8- 2.6 obtained for the 1-adamantyl system12’24 
or the values of 0.8- 1.4 for the 2-adamantyl system,12 and 
lower than the values for the substituted benzyl halides.11 This 
can be understood if products are formed in these systems 
from collapse of solvent separated ion pairs.8’28 In this case 
the stability of the TFE and EtOH separated ion pairs will be 
at least as important as the nucleophilicities of the solvent 
components.

Our ^tfe/^ EtOH value can be tentatively taken as a ratio 
for capture of a free cation by the two solvents. Since 
N(EtOH) -  W(TFE) = 2.874d and log (̂ Et.OH/̂ TFE) = 1-6, the 
selectivity of 2 toward EtOH and TFE is lower than the co
responding selectivity of methyl tosylate, but it is still ap
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preciable. Consequently, by the product distribution criterion, 
as well as by the kinetics, the ion 2 is relatively long lived.

The selectivity of substituted benzhydryl chlorides in 
aqueous EtOH was determined from the product distribution. 
The ^EtOH/^H2o ratios were found to increase on increasing 
the water content of the medium.29 Three possible explana
tions for this effect were proposed: (a) a greater stabilization 
of the intermediates in the more polar solvent with a conse
quent increased selectivity; (b) an increased dissociation to 
more selective free ions; (c) enhanced nucleophilicity of eth
anol in the more polar media. The &TFE/&EtOH ratios for 2 are 
nearly constant at X tfe = 0.65-0.88. However, there is a trend 
for lower ratios in the TFE-rich media, i.e., for a relatively 
higher rate for the faster nucleophile (higher selectivity) in 
a medium of higher ionizing power. Explanation (b) can be 
excluded for our system where 2 is already a free ion, but either
(a) or (c) can account for the trend in the &TFE/&EtOH ratios. 
Further decision between these two alternatives is difficult. 
A more general question is to what extent the &TFE/&EtOH 
ratios which were derived by assuming that eq 7 and 8 hold 
reflect the selectivities of the ion at different compositions of 
TFE-EtOH. TFE-EtOH mixtures show severe deviations 
from ideal solution behavior9 and the presence of a mixed 
hydrogen bond species, probably CF3CH2OH—OHCH2CH3, 
was shown by the infrared spectra. The stability of this species 
in CC14 is higher than either that of the TFE dimer or the 
EtOH dimer.9 Consequently, the concentrations of the three 
hydrogen-bonded species and probably of the monomers and 
of higher aggregates and their respective nucleophilicities 
should be considered when discussing the product-forming 
step. Hence, caution should be exercised when small differ
ences in the feTFE/̂ EtOH ratios calculated only from the stoi
chiometric concentrations and nucleophilicities of EtOH and 
TFE are used as mechanistic probes.

E x p er im en ta l S ection

Melting points were determined with a Fisher instrument and are 
uncorrected. NMR spectra were recorded with Varian HA-100 or T-60 
instruments, IR spectra were recorded with a Perkin-Elmer 337 in
strument, and mass spectra were recorded with a MAT-311 instru
ment.

Materials. 4,4'-Dichlorobenzhydryl chloride, mp 61-63 °C (lit.30a 
mp 62.5-63.5 °C), was prepared from 4,4'-dichlorobenzhydrol and 
hydrogen chloride according to Nishida.30b Benzhydryl 3,5-dinitro- 
benzoate was prepared by refluxing benzhydrol (25 g, 0.135 M) and
3,5-dinitrobenzoyl chloride (27 g, 0.11 M) in a mixture of benzene (200 
mL) and pyridine (21.5 g) for 2 h, extracting first with dilute aqueous 
hydrochloric acid and then with dilute aqueous sodium bicarbonate 
solution, drying (MgS04), and evaporating the solvent. The recrys
tallized material had mp 144-146 °C (lit. 31 mp 142 °C).

Solvents. /3,d>id-Trifluoroethanol (Halocarbon) was refluxed for 
2 h over a mixture of 8 : 1  of anhydrous CaSC>4 and anhydrous K2 CO3 . 
The fraction boiling at 70-74 °C was used for the kinetic experiments. 
Absolute ethanol (Frutarom) was purified according to Lund and 
Bjerrum, 3 2  2,6-lutidine and triethylamine were distilled from solid 
potassium hydroxide, and 2 ,6 -lutidinium hydrochloride was prepared 
by dissolving the base in HC1 and evaporation of the water.

4,4'-Diehlorobenzhydryl Ethyl Ether (3). To a solution of 4,4'- 
dichlorobenzhydryl chloride (1.01 g, 3.72 mM) in absolute ethanol (40 
mL), sodium (0.39 g, 17 mM) in absolute ethanol (5 mL) was added, 
and the mixture was refluxed for 4 days. The sodium chloride was 
filtered, the solvent was evaporated to dryness, and the remainder 
was separated by chromatography over alumina using petroleum ether 
(60-80 °C). The fraction which contained the ether was distilled and 
the material boiling at 165-172 °C ( 8  mm) was collected and repurified 
by gas chromatography. The purified ether has 5 (CCI4 ) 1.25 (3 H, t, 
Me), 3.45 (2 H, q, CH2), 5.18 (1 H, s, CH), 7.18 ( 8  H, s, Ar); cmax (KBr) 
2990,1600,1090,820,795,530 cm"1; m/e 284,282,280 (M, 1,6 ,9), 254, 
252, 250 (Ar2 CO+, 3,15, 22), 239, 237, 235 (Ar2 CH+, 5, 25, 37), 171, 
169 (ArCHOEt, 7,17), 165 (Ph2CH+, 30), 141,139 (ArCO+, 38,100), 
113, 1 1 1  (GgHsCl, 19, 42).

Anal. Calcd for Ci5 H1 4Cl2 0 : C, 64.07; H, 5.01; Cl, 25.2; OEt, 16.02. 
Found: C, 63.98; H, 5.04; Cl, 24.5; OEt, 15.1.

Another fraction from the distillate gave a solid, mp 146-148 °C, 
which was identified as 4,4'-dichlorobenzophenone by melting point,

mixture melting point, IR (j/max 1655 cm-1, C=0), and NMR (CCI4 ) 
5 7.55 (AA'BB' q)). 4,4'-Dichlorobenzophenone was also obtained from 
reaction mixtures which remained for a few days before workup, from 
recrystallized sample of 4,4'-dichlorobenzhydryl chloride, from the 
ether 3 after long standing, from several attempts to prepare 3 by 
reaction of 4,4'-dichlorobenzhydryl chloride in absolute ethanol 
containing sodium ethoxide or a catalytic amount of concentrated 
sulfuric acid, as well as from attempts to prepare the ether 4 from 1 
in trifluoroethanol/sodium trifluoroethoxide.

4,4'-Dichlorobenzhydryl dA/S-Trifluoroethyl Ether (4). 4,4'- 
Dichlorobenzhydryl chloride (0.47 g, 1.73 mM) was added to a sus
pension of potassium carbonate (0.26 g, 2.6 mM) in trifluoroethanol 
(20 mL) at room temperature. The mixture was warmed for a few 
minutes until a complete dissolution of the benzhydryl chloride took 
place, the inorganic salts were filtered, and the solvent was evaporated. 
The remaining oil was chromatographed over alumina using petro
leum ether (40-60 °C) as the eluent. One fraction was identified as 
4,4'-dichlorobenzhydryl /3,/3,|3-trifluoroethyl ether (4) from its analysis 
and spectra: (CDCI3 ) S 3.78 ( 2  H, q, CH2), 5.45 ( 1  H, s, CH), 7.21 ( 8  H, 
s, Ar); cmax 2940,1600,1495,1415,1280,1170,1120,1090,1015 cnr1; 
m/e 338,336,334 (M, 4.5,27,40), 301,299 (M -  Cl, 15,41), 254,252, 
250 ((p-ClC6 H4 )2 CO, 0.6, 3, 5), 239, 237, 235 ((p-ClC6 H4 )2 CH+, 1 1 , 
6 6 ,100), 225,223 (M -  C1C6H4, 16,44), 201,199 (M -  Cl -  OCH2CF3, 
11,27), 165 (fluorenyp, 6 8 ), 141,139 (p-ClC6 H4 CO+, 33,91), 113, 111 
(C6 H4 C1+, 14, 39).

Anal. Calcd for Ci5 H„Cl2 F3 0 : C, 53.76; H, 3.31; F, 17.00; Cl, 21.15. 
Found: C, 53.75; H, 3.18; F, 16.71; Cl, 21.12.

Product Analysis. The product distribution was determined on 
a 5% SE-30 column on 60/80 Chromosorb W (5 ft X V8  in.) at 170 °C 
at 1.3 atm of He. The retention times under these conditions were 7 
min for the trifluoroethyl ether and 10.5 min for the ethyl ether. The 
solutions were prepared from reaction mixtures which were kept for 
10 half-lives at 25 °C. Calibration curves of the purified products were 
used to obtain the correct product analysis.

E>r Values. These values were calculated from the spectra of the 
betaine 5, determined with a Gilford 2400-S spectrophotometer.

Kinetic Work. The substrate was dissolved in absolute ethanol 
which was kept for 15 min at the reaction temperature. The appro
priate amount of TFE was added at the reaction temperature and the 
solution was introduced after mixing to a conductance cell at the re
action temperature. The resistance of the solution was measured with 
a Pye Conductance Bridge. When solutions of the tetraethylammo- 
nium salts were added, the salts were dried at low pressure for 1 day 
and dissolved in TFE before the beginning of the measurements. It 
was found that the conductance was linear with the concentration of 
either 2 ,6 -lutidinium hydrochloride or of hydrochloric acid in 80% 
EtOH. The first-order rate constants were calculated from the loga
rithms of the conductivity difference at the beginning and at the end 
of the reaction, by using the K IN D A T  program. 3 3

A ck n ow ledgm en t. We are indebted to Dr. Addy Pross for 
a preprint of ref 29.

Registry No.— 1, 782-08-1; 3, 57070-99-2; 4, 66922-40-5; 5, 
17658-06-9; benzhydryl 3,5-dinitrobenzoate, 21573-83-1; benzhydrol, 
91-01-0; 3,5-dinitrobenzoyl chloride, 99-33-2; d.Ad-trifluoroethanol, 
75-89-8; ethanol, 64-17-5; 4,4'-dichlorobenzophenone, 90-98-2.
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Kinetics of the Acid-Catalyzed a-Bromination of Aliphatic Acids

Yoshiro Ogata* and Toshiyuki Sugimoto1

D e p a r t m e n t  o f  A p p l i e d  C h e m i s t r y ,  F a c u l t y  o f  E n g i n e e r i n g ,  N a g o y a  U n i v e r s i t y ,  C h i h u s a - k u ,  N a g o y a ,  J a p a n

R e c e i v e d  M a r c h  2 2 ,  1 9 7 8

Aliphatic acids were found to be easily a-brominated in good yields (78-95%) by molecular bromine in the pres
ence of chlorosulfonic acid as a catalyst in 1,2-dichloroethane as a solvent at 84 °C. Kinetic study shows that the 
rate is expressed as: v  =  ftobsdlRCCLH] [Br2], where fe0bsd is proportional to the initial concentration of chlorosulfon
ic acid at an early stage. The substituent effect fits Taft’s equation with little steric effect, giving p *  =  —0.97 at 60 
°C, which suggests that the reaction is accelerated by electron-releasing groups, thus the reactivity increases as fol
lows: CH3C 02H < CH3CH2CO2H < CH3CH2CH2CO2H < (CH3)2CHCH2C 02H < (CH3)2CHC02H < (CH3CH2)2- 
CHC02H. The mechanism involving ketene intermediates is discussed.

Ketones and aldehydes are a-halogenated by molecular 
halogen in the presence of acid or base catalysts;2 the reaction 
mechanism is said to involve the corresponding enol which is 
in equilibrium with the keto form. The rate-determining step 
in most cases is the enolization, hence the rate is independent 
of the concentration and nature of halogen, i.e., chlorination, 
bromination, and iodination under the same conditions pro
ceed at the same rate irrespective of their concentration.21*’3

In the Hell-Volhard-Zelinsky reaction the aliphatic acids 
are a-halogenated by halogen in the presence of phosphorus 
halides.4 Little et al. have proposed that this reaction proceeds 
via enol or ketene intermediate with little evidence,5 but most 
workers prefer the intermediacy of enol.4 Only one kinetic 
study for the Hell-Volhard-Zelinsky reaction was reported, 
in which the rate was said to depend on the concentration of 
bromine,40 in contrast to the behavior of ketones.

We have reported previously that aliphatic acids can be 
«-chlorinated by a CI2-O 2 mixture in the presence of a strong 
acid such as chlorosulfonic or fuming sulfuric acid,6 and we 
suggested that the reaction intermediate may be ketene on the

Rs

R ''

OH H+ OH R .
:CHCr ,CHCrf+ ~¡——

%  R''

R.

*C H C = 0

- H
; c= c = o

R ''

OH

R s

R ''

R'

,C — C— 0

Cl Cl
IT ,0

+ HCl (1)
R "OH

Cl

basis of NMR and laser-Raman spectral data, deuterium 
tracer study, and trapping by aniline forming acetanilide.7 
However, no kinetic study could yet be done because of the 
low solubility of chlorine.

The present paper reports the application of this chlorin
ation method to bromination of aliphatic acids and also the 
kinetics of bromination which presents further support and 
detailed information for the mechanism of reaction.

R esu lts and D iscu ssion

a-B rom ination . It was found that aliphatic acids could also 
be easily a-brominated by molecular bromine in 1 ,2 -dichlo
roethane using a strong acid catalyst, chlorosulfonic acid, as 
in the case of chlorination, but the presence of a radical 
trapper such as molecular oxygen was unnecessary. The yields 
and physical properties for identification of esters of a-bromo 
acids are listed in Tables I and II, respectively. The yields are 
satisfactory (78-95%) under these conditions except for 
bromination of acetic acid.

RR'CHC02H

1
+  Br2

CISO3H _ CHjOH 

C1CH2C H 2CI
RR'CC02CH3

Br
2

(2)

K in etics  o f  a -B rom in a tion . The rate of a-bromination 
of isobutyric acid in 1,2-dichloroethane at 60 °C using 0.05 M 
chlorosulfonic acid as a catalyst fits eq 3.

v =  feobsd[RR'CHC02H] [Br2] (3)

The first-order dependence of rate on bromine concentra
tion was confirmed at various concentrations of bromine 
(Table III). Equation 3, which depends on [Br2], suggests that

0022-3263/78/1943-3684$01.00/0 © 1978 American Chemical Society
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Table I. Yields o f  Esters o f  a -B rom o Acids by the 
R eaction  o f  A liphatic A cids w ith B r 2  in 

__________ 1,2-D ichloroethane at 85 °C °

registry no. substrate acid yield,%
la 64-19-7 CH3CO2H 10.9
lb 79-09-4 c h 3c h 2c o 2h 78.1
lc 107-92-6 c h 3c h 2c h 2c o 2h 85.9
Id 503-74-2 (CH3)2CHCH2C02H 83.5
le 79-31-2 (CH3)2CHC02H 95.3 

15.16
i f 88-09-5 (CH3CH2)2CHC02H 92.4

ig 98-89-5 <^H^>— CO.H 90.4

“ Substrate acid (10 mmol) was treated with bromine (10 mmc
in the presence of chlorosulfonic acid (10 mmol) in 1,2-dichloro- 
ethane (50 mL) at 85 °C for 2 h and refluxed with methanol (30 
mL) for 10 h. b Concentrated sulfuric acid (18 mmol) was used 
in place of chlorosulfonic acid.

bromine adds to ketene intermediate 3 at the rate-determining 
step.

E ffe c t  o f  C on cen tra tion  o f  C h lo ro su lfo n ic  A c id . The
initial rate constant feobsd for bromination of isobutyric acid 
was found to be proportional to the initial concentration of 
chlorosulfonic acid (Figure 1).

Hence, the rate in eq 3 can be rewritten as follows, where 
[ ]o means initial concentration.

v = k [ClSO3H]0[RR/CHCO2H] [Br2] (4)

M echanism . As stated above, there are evidences for the 
formation of ketenes from aliphatic acids in C1S03H or fuming 
H2S04.7 These results may be explained by the following 
scheme.

fast
RR'CHC02H + CISO3H <=> RR'C—C—0

+ HC1 + H2S 04 (5) 

R R 'C = C = 0  + Br2 RR'CBrCOBr (6)

RR'CBrCOBr + CH3OH — RR'CBrC02CH3 + HBr (7)

Step 5 for formation of ketene is irreversible or at least shifts 
greatly to the right side and this reaction competes with other 
reactions of aliphatic acids such as the formation of RR'- 
CH(OH)2+, RR'CHCO+, RR'C(S03H )C02H, RR'CHCOO-

Figure 1. Correlation between concentration of chlorosulfonic acid 
and rate constant (fe0bsd) f ° r bromination of isobutyric acid at 60 
°C.

S03H, and ketene dimer as discussed below. At an early stage 
of the reaction, the concentration of ketene may be propor
tional to the initial concentration of CISO3H. If the rate is 
determined by eq 6, then the above mechanism leads to the 
observed rate equation as shown below.

v = fe6[RR 'C =C =0][B r2]
= fc[ClSO3H]0[RR'CHCO2H][Br2] (8)

There may be the following steps before formation of ke
tene.

RR'CHC02H + CISO3H #  RR'CHC(OH)2+
+ CISO3-  (9a)

RR'CHC(OH)2+ + CISO3H f* RR'CHCO+
+ HC1 + H2S04 (9b)

RR'CHCO+ =1 R R 'C = C = 0  + H+ (9c)

Aliphatic acid is readily converted to the corresponding 
oxonium ion RR'CHC(OH)2+ in concentrated sulfuric acid 
but hardly to the corresponding acylium ion RR'CHCOT13 
On the other hand, aliphatic acid in fuming sulfuric acid is 
rather easily converted to the acylium ion.13 Since the acidity 
of chlorosulfonic acid is analogous to fuming sulfuric acid,14 
chlorosulfonic acid can also convert aliphatic acid to acylium 
ion and thence to ketene by deprotonation. This lower acidity 
of sulfuric acid14 may be the reason why sulfuric acid as a 
catalyst in a-halogenation gave yields far less than chloro
sulfonic or fuming sulfuric acid (Table I and ref 6).

An equimolar amount of sulfuric acid, which should be a 
large enough amount for converting aliphatic acid to the ox
onium ion RR'CHC(OH)2+, gave only poor yield, while an

Table II. Physical P roperties fo r  Identification  o f M ethyl Esters o f  a -B rom o Acids

IRh vc=o,
ester registry no. bp, °C (mm) NMR chemical shift,“ 5 (J in Hz) cm-1

Cl! BrCOCII 96-32-2 72-73 (40)e 3.73 (s, 3 H, C02CH3), 3.79 (s, 2 H, CH2) 1740
CH.CHBrCO.CH, 5445-17-0 62-63 (36)d 1.80 (d, J = 6.8, 3 H, j8-H), 3.74 (s, 3 H, C02CH3), 4.29 

(quart, J = 6.8,1 H, la-H)
1745

OICH CHBrCO CH. 3196-15-4 76-77 (42)e 1.02 (t, J = 7.2, 3 H, 7-H), 2.04 (quart, J = 6.8, 2 H, /3-H), 
3.74 (s, 3 H, C02CH3), 4.08 (t, J = 7.0, 1 H, a-H)

1735

O lflC C H  iCKBrCO.CH 26330-51-8 82-83 (42)/ 1.03 (d, J = 7.2, 3 H, y-H),h 1.10 (d, J = 7.2, 3 H,y'-tl),h 
2.14 (oct, J = 6.5,1 H, d-H), 3.72 (s, 3 H, C02CH3), 3.92 
(d, J = 7.2,1 H, a-H)

1740

CH:lC{CH.i)BrCO,CH:t 23426-63-3 81-82 (70)* 1.89 (s, 6 H, ß-H), 3.73 (s, 3 H, C02CH3) 1745
CHCÜC.( II Cfl I'.rCm 1! 2399-18-0 104-105 (42) 0.97 (t, J = 6.9, 6 H, 7-H), 2.09 (quart, J = 6.8, 4 H, /3-H), 

3.75 (s, 3 H, C02CH3)
1735

,— . CO.CH,

( ¡ X '
Br

3196-23-4 123-124 (34) 1.03 (br, 6 H, 7, 5-H), 2.13 (t, J = 6.5, 4 H, /3-H), 3.76 (s, 3 
H, C02CH3)

1740

<■ CCU. b Neat. cLit.8 bp 63.4-64.4 °C (33 mm). d Lit.9 bp 56.5 °C (21 mm). e Lit.10 bp 165-172 °C. f Lit.11 bp 64-65 °C (11 mm). 
s Lit.11 bp 52.2 °C (21 mm), hy and 7' protons are not equivalent magnetically.12
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T able III. E ffect o f  C oncentration o f Brom ine on Second- 
O rder Rate Constant (eq 3) fo r  a-B rom ination  of 
Isobutyric A cid in 1,2-D ichloroethane at 60 °C°

_______ [Br2]o, M_________________ feobsd, M“ 1 s" 1__________
0.025 3.89 X 1 0 -3
0.050 3.98 X 10~3
0.100 3.93 X 10“ 3

a Initial concentration of CISO3H, 0.05 M.

T able IV. Initial Rate Constants for  a-B rom ination  o f  
A liphatic Acids in 1,2-D ichloroethane at 60 °C

substrate acid__________ relative rate constant
RR,CHC02H fe,M- 2 log
R R' S_1 r̂el -̂rel

la H H 0.037 0.046 -1.330
ib c h 3 H 0.256 0.321 -0.492
lc CH3CH2 H 0.362 0.454 -0.342
id (CH3)2CH H 0.458 0.575 -0.240
le c h 3 c h 3 0.796 1.000 0.000
if c h 3c h 2 c h 3c h 2 1.242 1.560 0.193
ig hexahydrobenzoic 1.224 1.537 0.186

acid

equimolar chlorosulfonic acid gave a pretty high yield. This 
fact suggests that the actual intermediate for bromination 
would not be the corresponding enol RR/C=C(OH)2, because 
these geminal alcohols should easily be dehydrated in strong 
acids such as CISO3 H to form ketene in analogy with the other 
gem alcohols. Other cationic species, which may exist in 
equilibrium with ketene, e.g., RR'CHCO+ and RR'CH(OH)2+, 
would not be attacked by electrophilic bromine, whereas ke
tene bearing a double bond is known to add easily to molecular 
halogen in the gas phase to form o-haloacyl halide,15 which 
is confirmed also by us in a solution.16

The rate constant decreases with the proceeding of the re
action, which suggests the disappearance of chlorosulfonic 
acid by the reaction with water17 produced during formation 
of ketene (eq 10a) and a-sulfonation of aliphatic acid (eq 
10b).18

H,0 + CISO3H — > HC1 +  H2S04 (10a)

CISC) H
RR'CHCO.H — i— RR'CCCXH (10b)

SO;jH

Substituent E ffe c t. The rates of bromination of a number 
of aliphatic acids were measured in a homogeneous solution 
of 1,2-dichloroethane at 60 °C (Table IV).

A plot of relative rates (log ferei) vs. summation of Taft’s a* 
values (So-*)19 gave a straight line with a slope (p*) of —0.97 
(Figure 2).

The negative p* value suggests that acid-catalyzed a- 
bromination is accelerated by an electron-releasing group; the 
negative p value is expected for rate-determining electrophilic 
addition of bromine to the carbon-carbon double bond of 
ketene. A similar behavior was reported in the addition of 
bromine to alkene (p = -4.1 in 2,2,4,4-tetrachloroethane at 
25 °C).20 The reactivity of ketene may depend mostly on the 
inductive effect, but little on the steric hindrance effect.

The observed small steric effect on our reaction, which is 
rather different from the behavior in the addition of bromine 
to alkenes,20-21 may be explained as follows: Addition of bro
mine to ketene may also proceed via a bromonium ion inter
mediate 4 as in the bromine addition to alkenes.22 As postu
lated for the epoxidation of alkyl-substituted alkenes, an 
electrophilic oxygen atom should attack on the less hindered

Figure 2. Plot of log ferei vs. summation of Taft’s a* value.

site of the double bond in view of both less steric hindrance 
and more stabilization of developing positive charge.23 Simi
larly, Br+ should attack primarily on the carbonyl carbon to 
produce bromonium ion (4a) which is stabilized by steric and 
polar effects. Since 4b and 4c are less stable than 4a, the path 
via 4a is favored, thus exerting little steric hindrance. A bro
mide ion attack on 4 gives a-bromoacyl bromide (5).

R\
C = c = 0  Br* 

R'
ó+

3

R \  +
ï=7t — C = '

R ' ^  \ l
Br

4a

IL K
T — C = 0  

4b

R.

R'
c — c = o

I I
Br Br 

5

It

4c
Lower aliphatic acids show less reactivity than that ex

pected from Taft’s equation;19 this tendency is remarkable 
with acetic acid. This may be due to the higher association or 
lower solubility of ketene RR'CHC(OH)2+ and RR'CHCO-1" 
formed from acetic acid in 1,2-dichloroethane compared with 
those of the other acids which have larger alkyl groups.

In conclusion, the rates of reaction increase in the following 
order.

CH3C 02H «  CH3CH2C 02H < CH3CH2CH2C 02H 
< (CH3)2CHCH2C 02H < (CH3)2CHC02H

< (CH3CH2)2CHC02H 

E xperim en ta l S ection

Materials. Commercial first-grade acetic [bp 118 °C], propionic 
[bp 73-75 °C (53 mm)], n-butyric [bp 163 °C], isovaleric [bp 175-177 
°C], isobutyric [bp 86-88 °C (48 mm)], diethylacetic [bp 124 °C (38 
mm)], hexahydrobenzoic [bp 86-87 °C (1.3 mm)], and chlorosulfonic 
[bp 86-88 °C (33 mm)] acids were distilled before use.

Kinetics. 1,2-Dichloroethane (100 mL) containing a mixture of 
aliphatic acid (5 mmol), bromine (5 mmol), and chlorosulfonic acid 
(5 mmol) was thermostated at 60 °C. The concentration of bromine 
was estimated by iodometry, i.e., each 5 mL of the mixture was pi
petted out at appropriate intervals of time and poured into an excess 
amount of aqueous KI. Liberated iodine was titrated with 0.02 N 
Na2S203. The second-order rate constants were calculated by ordinary 
means.
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Analysis o f Products. A mixture of aliphatic acid (10 mmol), 
bromine (10 mmol), chlorosulfonic acid (0.5 mL), and 1,2-dichloro- 
ethane (50 mL) was heated at 85 °C for 2 h.

After unreacted bromine and 20 mL of 1,2-dichloroethane were 
distilled off, methanol (30 mL) was added to the mixture and the so
lution was refluxed for 10 h. The resulting ester of the a-bromo acid 
was identified and estimated by means of GLC using a Yanagimoto 
GCG 550 gas chromatograph equipped with a copper column packed 
with PEG 20 M 10% on Chromosorb WAW 60-80 mesh by employing 
methyl caprate as an internal standard.

After removal of methanol by distillation from the ester solution 
the residual mixture was washed with water, dried (Na2 S04), and 
distilled in vacuo. The isolated ester of a-bromo acid was identified 
by NMR and IR spectroscopies. NMR and IR spectra were measured 
with a 60 MHz Hitachi R-24B NMR spectrometer at 35 °C and a 
Perkin-Elmer Model 337 spectrophotometer, respectively.
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Carbanions generated by treatment of saturated or unsaturated esters with lithium diisopropylamide in THF at 
—78 °C react rapidly with carbon tetrahalides to produce a-halo esters in high yields (75-95%). Competitive bromi- 
nation and chlorination of these carbanions with bromotrichloromethane are also described. These halogenations 
can be rationalized in terms of a radical anion-radical pair mechanism recently proposed for similar halogenations 
of carbanions derived from ketones or sulfones.

The regiospecific thermal rearrangement of enolate carb
anions derived from allylic esters (eq 1), which we first de-
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/
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r4CH=CH

scribed many years ago,1 has proven to be of general synthetic 
usefulness. In certain cases, it is advantageous to convert the 
enolate anion into its O-trialkylsilyloxy derivative prior to 
rearrangement.2

During the course of a recent study relating to this sym
metry-allowed [3.3] sigmatropic rearrangement, we required 
a quantitative method for determining the amount of carb
anion formed when allylic esters of isobutyric acid were

treated with 1 equiv of lithium diisopropylamide (LDA) in 
THF at -7 8  °C.

The quantitative iodination of ester carbanions with ele
mental iodine, which may be used with saturated or unsatu-

H
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rated esters as described by Rathke et al.,3 proved to be sat
isfactory in every way. In our examples, the profound change 
in the NMR spectra, which involves the disappearance of the 
methyl doublets in 1 and 2 and their replacement by a singlet 
in 5 and 6, made this method very precise.

Using carbanions from saturated esters, Rathke et al.3 also 
employed bromine (but not chlorine) with comparable results, 
but our findings are at variance with those reported with this 
halogen. In spite of the fact that our experience with iodina- 
tion left no doubt that the transformation 1 —» 3 was quanti
tative, treatment of 3 or 4 with exactly 1 equiv of bromine in 
THF produced the expected «-bromo esters contaminated by 
considerable amounts of the starting esters 1 or 2.

We surmised that this strange result could be due to the 
reconversion of 3 into 1 (or 4 into 2) by HBr generated from 
the photochemical bromination of the solvent (THF) prior 
to addition. In response to this proposal, a solution of bromine 
in carbon tetrachloride was added to 3 in THF (—78 °C). The 
crude product, worked up as before, contained no starting 
ester (1) but was shown (GLC and NMR) to consist of a mix
ture of the «-chloro and a-bromo esters 7 and 9, respectively, 
with the former predominating in large excess. This result, 
which indicated that carbon tetrachloride is an effective 
chlorinating agent of ester carbanions under these conditions, 
has now been repeatedly demonstrated with several examples. 
Indeed, when the carbanions 3 or 4 are treated with carbon 
tetrachloride (1 equiv) at —78 °C and the mixture is allowed 
to warm to room temperature, the corresponding «-chloro 
esters (7 or 8) were formed in high yields (82 or 91%, respec
tively). Under comparable conditions, carbon tetrabromide 
produced the corresponding a-bromo esters (9 or 10, respec
tively). When the carbanion 3 was treated with bromotri- 
chloromethane (1 equiv), the «-chloro and a-bromo esters (7 
and 9) were formed in relative yields of 14 and 86%, respec
tively (as determined by NMR and GLC). These transfor
mations are summarized below.

Br
C B r„

(CH;)),CCOJR --------  (CH;,)2CCO,R
9, R = CH3 3, R = CH,

10, R = CH2CH =C H 2 4, R = CH2CH =C H 2

Cl

( C H ,)2C C O ,R

7, R = CH,
8, R = CH2C H =C H 2

C B r C l ,
3  *> 7 + 9

(14%) (8 6 %)
Erickson and Kornblum,4 in a very recent study, have 

demonstrated that carbanions derived from primary nitro- 
paraffins can be monohalogenated in excellent yields (82-94%) 
using elemental halogens. In practice, however, the metering 
of exactly 1 equiv of chlorine is not a simple technique.

Where applicable, we believe that the use of carbon tetra
chloride has much to recommend it, especially when the 
carbanions undergoing chlorination contain carbon-carbon 
double bonds. We have now demonstrated that carbanions 
derived from primary esters can be selectively monohalo
genated using carbon tetrahalides. Thus, when allyl acetate
(11) was converted into its carbanion (12) and the latter

C H :iC

11

.0 , 0 “ 0 
LD A , C H  — C 'y'  C H C ^ch2- c x  — *  ch2c

or OR I UR
12 X

13, X = C1
R = CH2C H =C H 2 14, X = Br

treated with carbon tetrachloride (1 equiv) at —78 °C, allyl 
a-chloroacetate (13) was formed to the extent of 74%, and no 
a,a-dichloroacetate could be detected. The absence of di- 
halogenated product indicates that the rate of halogenation 
of the carbanion (12) is much greater than the rate of proton 
transfer between 12 and the monochioro ester (13).

Similarly, 12 undergoes monobromination (ca. 75%; GLC 
and NMR) when treated with carbon tetrabromide. Unfor
tunately, in this case the pure allyl a-bromoacetate (14) was 
not easily separated by distillation, and it decomposed during 
attempts to separate it by column chromatography.

During the last decade, several reports have appeared de
scribing the halogenation of carbanions with polyhaloalkanes. 
These include carbanions derived from diarylmethanes,5 alkyl 
phosphonates,6 ketones,7 sulfones,7’8 N-substituted amides 
and imides,9 esters9 (one example), and lactones10 (one ex
ample). In other cases, carbanions derived from esters,11 ni
triles,11 or 2-nitroalkanes12 undergo oxidative coupling (pre
sumably via the intermediate halogenated derivatives) to form 
dimeric products.

Extensive studies have been reported by Meyers et al.7 
using the system KOH (powderecD-f-BuOH-CCU, principally 
with ketones and sulfones. The reaction proceeds rapidly at 
room temperature, and the exact nature of the product(s) 
isolated depends on the reactivity of the first-formed halo
genated ketone (or sulfone) under the conditions employed. 
These investigators have also studied competitive bromina
tion vs. chlorination using bromotrichloromethane.

Our results are easily rationalized in terms of the radical 
anion-radical pair mechanism proposed by Meyers,7 with the 
exception that the CX.-j  ̂moiety, formed by the collapse of the 
radical anion-radical pair, does not decompose appreciably 
under the conditions which we employ to form a dihalocarbene 
and halide ion. For example, with all brominations of ester 
carbanions which we have effected with CBr.f, bromoform was 
always formed as a substantial product as illustrated below.

C H 2— C
C B r4 r  • n ^ °

\ D
c h 2= - c ^ ( C B r „ )

O R L  U R

— ►  B r C H 2C ) ^  + (CBr,]"
O R

f

C B r 2 +

C H B r 3

Br
The apparent absence of dihalocarbenes in our system also 

explains why we were unable to detect any dihalocyclopropane 
derivatives in products derived from unsaturated esters.

Experimental Section
Tetrahydrofuran, carbon tetrachloride, and diisopropylamine were 

purified by standard methods and stored over appropriate drying 
agents. Carbon tetrabromide (Matheson, Coleman and Bell), bro
motrichloromethane (Eastman Kodak), and n -BuLi (1.6 M solution 
in hexane) (Aldrich) were used without further purification. Allyl 
acetate (Matheson, Coleman and Bell) was distilled and stored over 
molecular sieves. Elemental analyses were performed by Galbraith 
Laboratories, Inc., Knoxville, Tenn.

NMR spectra were recorded on a Varian A-56/60 spectrometer, and 
all chemical shifts are given in ppm downfield from tetramethylsilane 
(5 scale). Analytical GLC analyses were recorded on a Varian 204-1B 
instrument fitted with flame ionization detectors using helium as a 
carrier gas with a flow of 40 mL/min and hydrogen with a flow rate 
of 40 mL/min. The column used was a 0.25 in X 10 ft stainless steel 
tube containing 5% QF-1 on Chromosorb W (60-80 mesh). Peaks were 
integrated on a Varian 477 integrator. 13

Lithium Diisopropylamide. A 1.6 M solution of rc-BuLi in hexane 
(6.875 mL, 11 mmol) was added to a solution of diisopropylamine 
(1.113 g, 11 mmol) in THF (2 mL) at 0 °C under argon. The mixture 
was stirred for 15 min at 0  °C and cooled to -78 °C before using it for 
the preparation of ester carbanions.
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Allyl Isobutyrate (2). A solution of isobutyryl chloride (34.84 g, 
327 mmol) in dry ether (30 mL) was added dropwise over a period of 
1 h to a stirred solution of allyl alcohol (18.99 g, 327 mmol), pyridine 
(25.87 g, 327 mmol), and dry ether (50 mL) at 0 °C. The mixture was 
stirred for an additional 30 min and left in a refrigerator overnight. 
It was poured onto ice, the layers separated, and the aqueous layer 
was extracted with ether (2 X 30 mL). The combined organic layers 
were washed with cold HC1 (40 mL, 2 M), saturated sodium bicar
bonate solution (40 mL), and water (2 X 40 mL) and dried (MgS04). 
Evaporation of the solvent and distillation gave 31.43 g (75%) of 2: bp
133-134 °C (lit. 14 bp 133 °C); NMR (CC14) 5 1.15 (d, 6  H), 2.52 (septet, 
1 H), 4.52 (d, 2 H), 5.18 (m, 1 H), 5.38 (m, 1 H), 5.95 (m, 1 H).

Allyl a-Iodoisobutyrate. Allyl isobutyrate (1.28 g, 10 mmol) was 
added dropwise and with stirring to a solution of lithium diisopro- 
pylamide (11 mmol) in THF at —78 °C under argon. The reaction 
mixture was stirred for 30 min, and a solution of iodine (2.54 g, 10 
mmol) in THF (20 mL) was added dropwise over a period of 10 min 
at —78 °C. The brown color of iodine disappeared immediately on 
addition, and a light yellow precipitate formed. The mixture was al
lowed to warm to room temperature and then was stirred for 1 h, 
during which time the color changed to dark brown. Cold HC1 (20 mL, 
1 M) was added, the layers separated, and the organic layer was 
washed with saturated sodium bicarbonate (20 mL) and water (50 
mL) and dried (MgS04). The solvent was removed on a rotary evap
orator to give a dark brown liquid (2.52 g, 99%) whose NMR spectrum 
was indistinguishable from the pure product. Distillation, with a 
considerable mechanical loss, gave 1.21 g (47.6%) of pure allyl a-io- 
doisobutyrate as a colorless liquid which becomes colored on standing: 
bp 28 °C (0.01 mm); NMR (CDC13) 5 2.09 (s, 6  H), 4.61 (d, 2  H), 5.24 
(m, 1 H), 5.48 (m, 1 H), 5.98 (m, 1 H).

Anal. Calcd for C7 HnI02: C, 33.09; H, 4.36; 1,49.95. Found: C, 32.79; 
H, 4.49; I, 48.30.

Methyl a-Iodoisobutyrate. Using a similar technique, methyl 
isobutyrate (2.04 g, 20 mmol) was converted into its anion with LDA 
and halogenated with iodine (5.08 g, 20 mmol) to give 4.32 g (95%) of 
a dark brown product whose NMR spectrum was indistinguishable 
from the distilled product. Distillation gave 4.02 g (88.1%) of the ex
pected ester as a light brown liquid: bp 55-57 °C (13.4 mm) [lit. 1 5 bp 
64 °C (12 mm)]; NMR (CC14) 6  2.07 (s, 6  H), 3.76 (s, 3 H).

a-Halogenation of Methyl Isobutyrate with Bromine in 
Carbon Tetrachloride. A. Methyl isobutyrate (2.04 g, 20 mmol) was 
added dropwise to a stirred solution of lithium diisopropylamide ( 2 2  

mmol) in THF at -78 °C under argon. The mixture was stirred for 
20 min, and a solution of bromine (3.52 g, 22 mmol) in carbon tetra
chloride (10 mL, 15.94 g, 103.5 mmol) was added dropwise with stir
ring over a period of 10 min at -78 °C. The bromine color disappeared 
instantaneously. The mixture was allowed to warm to room temper
ature, a light yellow precipitate appeared, and stirring was continued 
for 1 h. Cold HC1 (20 mL, 1 M) was added, the layers separated, and 
the carbon tetrachloride layer was washed successively with saturated 
sodium bicarbonate (20 mL) and water (40 mL). It was dried (MgS04) 
and the excess Carbon tetrachloride removed on a rotary evaporator 
at low temperature. The brown liquid residue (2.62 g) was analyzed 
by GLC and consisted of a mixture of a-halo esters (95.2%) plus 
nonester impurities (4.8%). The ratio of methyl a-chloroisobutyrate
(7) to methyl a-bromoisobutyrate (9) was 87.2:12.8.

B. The above experiment was repeated using bromine (3.2 g, 20 
mmol) and carbon tetrachloride (3.08 g, 20 mmol). The brown product 
(3.05 g) was analyzed by GLC, which showed that it consisted of 7 and 
9 in a ratio of 58.35:41.65. Only 1.5% of the crude product represented 
nonester impurities.

Methyl a-Chloroisobutyrate (7). Methyl isobutyrate (2.04 g, 20 
mmol) was added to a stirred solution of lithium diisopropylamide 
(22 mmol) in THF at -78 °C under argon. The mixture was stirred 
for 20 min, and carbon tetrachloride (3.38 g, 22 mmol) in THF (2 mL) 
was added dropwise over a period of 5 min at —78 °C. The mixture 
was allowed to warm to room temperature and was stirred for an ad
ditional 1 h, during which time a light yellow precipitate formed. Cold 
HC1 (20 mL, 1 M) was added, and the aqueous layer was extracted 
with ether (10 mL). The combined organic layers were washed with 
saturated bicarbonate (20 mL) and water (30 mL) and dried (MgS04). 
Removal of the solvent on a rotary evaporator at low temperature gave
2.24 g (83%) of the a-chloro ester (98% of 7 by GLC). Distillation, with 
a large mechanical loss, gave 1.01 g (37%) of pure 7: bp 35-36 °C (16 
mm) (lit. 1 6 bp 133-135 °C); NMR (CC14) 5 1.75 (s, 6  H), 3.76 (s, 3 
H).

Allyl a-Chloroisobutyrate (8 ). In a manner similar to that de
scribed for 7, allyl isobutyrate (2.56 g, 20 mmol) was converted to its 
anion with LDA and treated with carbon tetrachloride (3.38 g, 22

mmol). The crude product (3.1 g; 95% pure by GLC) was distilled with 
a considerable mechanical loss to give 1.52 g (46.9%) of pure 8 : bp
49-51 °C (13.5 mm); NMR (CC14) 5 1.75 (s, 6  H), 4.62 (d, 2 H), 5.22 
(m, 1 H), 5.47 (m, 1 H), 5.97 (m, 1 H).

Anal. Calcd for C7 H„C102: C, 51.70; H, 6.82; Cl, 21.80. Found: C, 
51.60; H, 6.76; Cl, 22.07.

Methyl a-Bromoisobutyrate (9). Methyl isobutyrate (1.02 g, 10 
mmol) was converted to its anion as described above and treated with 
carbon tetrabromide (3.32 g, 10 mmol) dissolved in THF (16 mL). The 
crude product (1.89 g), aside from an absorption for CHBr3, had an 
NMR spectrum identical with pure 9. Distillation gave 1.43 g (79.4%) 
of pure 9: bp 40-41 °C (16 mm) [lit. 1 7 bp 52.2 °C (21 mm)]; NMR 
(CC14) 5 1.90 (s, 6  H), 3.76 (s, 3 H).

Allyl a-Bromoisobutyrate (10). In a manner similar to that de
scribed above, allyl isobutyrate (1.28 g, 1 0  mmol) was converted to 
its anion and treated with carbon tetrabromide (3.32 g, 10 mmol) 
dissolved in THF (16 mL). The crude product (2.1 g; 95% pure by 
NMR) was distilled to give 1.60 g (77.3%) of pure 10: bp 50-51 °C (12 
mm); NMR (CC14) 5 1.92 (s, 6  H), 4.66 (d, 2 H), 5.29 (m, 1 H), 5.52 (m,
1 H), 6.01 (m, 1 H) . 18

Although this compound has been prepared19 from a-bromoiso- 
butyryl bromide and allyl alcohol, its physical properties have not 
been reported.

a-Halogenation of Methyl Isobutyrate with Bromotrichlo- 
romethane. In the usual manner, methyl isobutyrate (1.02 g, 10 
mmol) was converted to its anion at —78 °C under argon and treated 
with bromotrichloromethane (2.18 g, 11 mmol). The crude product 
(1.68 g), isolated as described above, was analyzed by GLC and con
sisted of methyl a-chloroisobutyrate (7) and methyl a-bromoiso
butyrate (9) in a ratio of 14.26:85.74, respectively. A 9% amount of the 
crude product represented other impurities. Within experimental 
error, the NMR data were in accord with those obtained by GLC.

Allyl a-Chloroacetate (13). As described above, allyl acetate (2.0 
g, 20 mmol) was converted into its anion with LDA (22 mmol) at —78 
°C under argon and treated with carbon tetrachloride (3.38 g, 22 
mmol). The crude product (2.01 g) was analyzed by GLC and shown 
to contain 98% of 13. Distillation, with a considerable mechanical loss, 
gave 1.32 g (49%) of allyl chloroacetate (13): bp 42-43 °C (13 mm) 
[lit. 2 0  bp 162-163.5 °C (766 mm)]; NMR (CC14) 5 4.03 (s, 2 H), 4.58 (d,
2 H), 5.19 (m, 1 H), 5.37 (m, 1 H), 5.91 (m, 1 H).

Registry No.— 1, 547-63-7; 2, 15727-77-2; 3, 67194-51-8; 4, 
67194-52-9; 5,67194-53-0; 6,67194-54-1; 7,22421-97-2; 8,67194-55-2; 
9, 23426-63-3; 10, 40630-82-8; 11, 591-87-7; 12, 67194-56-3; 13, 
2916-14-5; isobutyryl chloride, 79-30-1; allyl alcohol, 107-18-6; carbon 
tetrachloride, 56-23-5; carbon tetrabromide, 558-13-4; bromotri
chloromethane, 75-62-7.
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Monochlorination of molten phthalic anhydride in the presence of ferric chloride proceeds with only a small pref
erence (55:45) for 4-chlorophthalic anhydride over 3-chlorophthalic anhydride. Under the same conditions both 
monochlorophthalic anhydrides are chlorinated at rates comparable to that of phthalic anhydride itself. When 1 
mol of chlorine is taken up by 1 mol of phthalic anhydride, a mixture of starting material and mono- and dichloro- 
phthalic anhydrides is obtained together with traces of the more highly chlorinated phthalic anhydrides. Distilla- 
tive separation of 3-chlorophthalic anhydride from the lower boiling 4-chlorophthalic anhydride can be readily 
achieved on a moderately efficient column. Convenient preparation of pure 3-chlorophthalic anhydride through 
distillation of chlorinated phthalic anhydride mixtures is impeded by the nearly identical boiling points of 3-chloro- 
phthalic anhydride and 4,5-dichlorophthalic anhydride. The latter is formed to the extent of one-sixth of the di- 
chlorophthalic anhydride fraction of the chlorinated mixtures.

Although Lewis acid catalyzed chlorination of phthalic 
anhydride (PAA) was reported in 19091 and has been exten
sively studied in the years since then,2 isolation or identifi
cation of 3-chlorophthalic anhydride (3-C1PAA) as a product 
of the reaction has never been made. Instead, 3-C1PAA has 
most commonly been prepared from the corresponding ni- 
trophthalic anhydride (3-NO2PAA) by a high temperature 
(230-250 °C) ipso displacement reaction.3 The 3-NO2PAA, 
in turn, is usually prepared in modest (25-29%) overall yield 
by nitration of PAA, fractional crystallization of the mixed 
mononitrophthalic acids (formed in ~ 1:1 ratio), and dehy
dration of the separated 3-nitrophthalic acid.4

We were interested in obtaining quantities of 3-C1PAA for 
use as an intermediate in a heterocyclic synthesis and became 
curious as to why such a round-about method is employed for 
its preparation. While the literature indicates that chlorina
tion of phthalate with sodium hypochlorite gives as much as 
90% of 4-C1PAA,5 under typical electrophilic substitution 
conditions the ratio of monochlorination products of PAA 
should be similar to that of its nitration products. Indeed, the 
reported6 isolation of a fair (25%) yield of 3,6-diClPAA after 
more extensive chlorination of PAA in the presence of Lewis 
acid catalysts infers that substantial amounts of 3-C1PAA are 
formed since rearrangement does not occur under these con
ditions (vide supra).

The isomer ratio of monochlorinated products of PAA is 
also of theoretical interest. Electrophilic chlorinations are 
known to involve complexation of the aromatic substrate as 
the donor with the electrophile as the acceptor.7 There are few 
studies of such reactions where the aromatic substrate is 
multiply substituted with electron-withdrawing groups 
making it a poorer donor. Huckel molecular orbital calcula
tions indicate that the anhydride function will have little effect 
on the degenerate highest filled donor molecular orbitals of 
the benzene ring in PAA. Thus, little positional selectivity to 
electrophilic attack is anticipated. Neither the “ frontier 
electron” method nor the “ Wheland intermediate” methods 
of analysis of the molecular orbitals8 of PAA suggest that its 
electrophilic 4 substitution should predominate over its 3 
substitution. Although such conjecture is suggestive, the 
necessary detailed experimental product analysis for this re
action has, until now, not been available.

R esu lts and D iscu ssion

P rod u ct D istribution . An initial exploratory investigation 
indicated that molten PAA at 220-230 °C is not chlorinated 
either neat or in the presence of catalytic quantities of nickel 
acetylacetonate, cupric chloride or acetate, or aluminum 
chloride. In the presence of mercuric chloride, only traces of
3-C1PAA and 4-C1PAA could be detected (in about equivalent

0022-3263/78/1943-3690$01.00/0

amounts by GLC) after 8 h of chlorination. With several strong 
Lewis acids such as MoCl5, SbCl5, and FeCl3, PAA chlorina
tion occurred at a substantial rate. Thus, with 1 mol of PAA 
and 0.1 mol of FeCl3 present at 220 °C after 5 and 10 h of 
chlorination, 56 and 92%, respectively, of the PAA had been 
consumed (by GLC analysis). Based on GLC analysis cali
brated with authentic samples, the reaction product after 5 
h of chlorination appeared to be about 25% of 4-C1PAA, 23% 
of 3-C1PAA, and ~4% each of two materials with longer ret
ention times, presumably diCIPAA’s.

At temperatures below about 220-230 °C, the rate of PAA 
chlorination slowed markedly, almost completely stopping 
by 200 °C. Temperatures much higher than about 240 °C, 
desirable for more rapid chlorination, could not be effectively 
employed in systems open to the atmosphere because of ex
tensive PAA sublimation. Chlorination proceeded effectively 
with a ferric chloride molar concentration at 1% that of the 
PAA, but became very slow at 0.1%. Similar patterns of con
version of PAA to chlorinated products were found in all cases. 
The results consistently indicated that the catalyzed mono
chlorination proceeds with only a small preference (ca. 55:45) 
for 4-C1PAA over 3-C1PAA formation.

Monitoring the composition of the mixture through GLC 
analysis of samples withdrawn as the chlorination proceeded 
showed that both monochloro PAA’s steadily increased in 
concentration until about one-half the PAA had been con
sumed. Further chlorination had the effect of increasing the 
proportion of compounds with longer GLC retention times, 
presumably polychloro PAA’s, at the expense of PAA with 
little change occurring in the monochloro PAA concentration. 
As chlorination continued and the PAA became almost com
pletely consumed, the compounds with longer GLC retention 
times continued to increase in relative concentration at the 
expense of the monochloro PAA’s. These results are consistent 
with chlorination of both monochloro PAA’s proceeding at 
rates comparable to chlorination of PAA under the same 
conditions. Thus, while a chlorine substituent is known to 
have a moderately deactivating effect on most electrophilic 
aromatic substitutions,7 its added effect on the rate of chlo
rination of the highly deactivated PAA system under the 
relatively severe conditions required is negligible. Examina
tion of the initial data obtained suggested that 3-C1PAA might 
be chlorinated less rapidly than 4-C1PAA since it appeared 
to be consumed more slowly during the latter stages of the 
reaction. Full identification of the products showed this not 
to be the case. Authentic samples of 3,6-, and 4,5-diClPAA’s 
were obtained, and 3,4-diClPAA was identified in the mixture 
by its characteristic proton NMR AB quartet (cf. Experi
mental Section). Through GLC analysis it was established 
that the first of the two longer retention time materials is
3,4-diClPAA and the second 3,6-diClPAA. With the nonpolar

© 1978 American Chemical Society
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Scheme I. Products o f  Chlorination o f  Phthalic Anhydride
0

GLC column used (cf. Experimental section), 4,5-diClPAA 
proved to have precisely the same retention time as 3-C1PAA. 
This is consistent with the literature reports of the normal 
boiling points of these two compounds being identical (313 
°C). With a polar GLC column (cf. Experimental Section), 
quantitative separation of 3-C1PAA and 4,5-diClPAA was 
readily achieved. No evidence for the presence of the fourth 
dichloro PAA isomer, 3,5-diClPAA, could be found in any of 
the chlorinated mixtures examined on either the polar or 
nonpolar GLC columns. This result is consistent with the 
ortho,para-directing influence of chlorine in both monochloro 
PAA’s controlling the dichloro PAA isomer distribution. This 
also occurs despite the aforementioned lack of influence of the

chlorine substituents on the rate of reaction. As illustrated by 
Scheme I, both monochloro PAA’s can only yield 3,5-diClPAA 
through substitution meta to the chlorine already on the 
ring.

The data obtained from analysis of a typical PAA chlorin
ation as it proceeded is reported in Table I, and a plot of 
weight percentages of the reaction mixture components as a 
function of the time period of chlorination is shown in Table
I. The ratio of 4,5/3,4/3,6-diClPAA’s remained consistently 
in the region of 16:42:42 before appreciable amounts of tri- 
chloro PAA’s formed. An accurate quantitation of the relative 
rates of reactions of the dichloro PAA’s was prevented by 
overlap of the GLC peak of 3,6-diClPAA with that of a product 
with a longer retention time, assigned to 3,4,5-triClPAA. The 
overall picture for the latter stages of the chlorination is also 
consistent. The presence of only two more GLC peaks with 
even longer retention times, the first assigned to 3,4,6-tri- 
C1PAA and the last, confirmed by comparison with an au
thentic sample, assigned to tetrachloro PAA,9 indicates that 
no significant amount of side reactions occurred.

To evaluate the possibility of isomerization among the 
chlorophthalic anhydrides as a possible side reaction during 
chlorination, experiments were conducted in which samples 
of 3-C1PPA, and 4-C1PAA, and chlorinated PAA mixtures 
were heated to 200-220 °C for periods up to 6 h in the presence 
of anhydrous FeCl3 in the absence of chlorine. GLC analysis 
indicated no isomerization of any of the chloro PAA’s present. 
Chlorinated PAA mixtures were also heated in the presence 
of 50 wt % of 5% palladium on carbon at 235 °C for 5 h with no 
change in the weight percent distribution of the original 
mixtures.

In an effort to alter the ratio of products, several attempts 
were also made to achieve free-radical chlorination of PAA 
through UV irradiation, but the reaction could not be induced 
under these conditions, even at 235 °C.

Isomer Separation. Although 4,5-diClPAA is produced 
to the extent of only 16% of the dichloro PAA’s isomers and 
is thus only a minor (3-4%) component of the average mono- 
chlorinated PAA as in sample B of Table I, it represents, under 
such circumstance, almost 10% of the weight of 3-C1PAA. 
While the latter can be separated from the other components 
of the chlorinated mixture by fractional distillation, the 
presence of a 10% level of impurity makes it of unacceptable 
quality for most purposes. Exploratory efforts to achieve a 
facile nondistillative separation of 3-C1PAA from the other 
components of the crude monochlorinated mixture or from
4,5-diClPAA proved unsuccessful. Fractional recrystallization 
from tert-amyl alcohol, fractional melting, extraction, and 
sublimation were all tried without success. An alternative 
procedure is to chlorinate PAA to a less than average mono
chlorination level and thereby minimize dichlorination-. This 
possibility was examined more closely in another chlorination

Table I. Chlorination of Phthalic Anhydride0
weight %

sample
reaction time, h

A
4

B
7

C
10

D
10.75

E
12.50

F
16.25

G
17.75

phthalic anhydride (PAA) 83.2 25.0 4.7 1.6 0.6
4-chloro PAA 9.8 32.2 31.7 27.0 19.5 4.5 2.3
3-chloro PAA 7.0 24.9 19.0 17.6 14.0 12.3 12.8
4,5-dichloro PAA 2.5 6.0 7.0 8.2 8.5 8.5
3,4-dichloro PAA 7.7 18.4 21.9 25.1 25.9 25.6
3,6-dichloro PAA 7.7 18.4 21.9 25.2 30.4 29.9
3,4,5-trichloro PAA -
3,4,6-trichloro PAA 3.0 7.3 14.8 16.3
tetrachloro PAA 3.6 4.6

° Reaction conditions: reactant, 148 g of phthalic anhydride (1.00 mol); catalyst, 2.0 g of anhydrous FeCL (0.012 mol), solvent, 5 
mL of tetrachlorethane; and temperature, 235-240 °C.
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Table II. Chlorination of Phthalic Anhydride0
weight %

sample
reaction time, h

A
4

B
5.75

C
10.25

D
15.25

E
18.25

F
20.25

G
22.25

H
25.5

I
28.5

phthalic anhydride (PAA) 81.6 80.1 63.7 44.0 40.6 34.9 30.8 27.2 24.2
4-chloro PAA 10.4 11.1 18.6 25.1 28.3 30.8 31.3 32.0 32.5
3-chloro PAA 8.0 8.8 15.9 21.2 21.9 21.6 23.2 22.7 23.0
4,5-dichloro PAA 0.2 1.1 1.3 1.8 2.0 2.5 2.9
3,4-dichloro PAA 0.8 3.3 4.0 5.5 6.4 7.8 8.7
3,6-dichloro PAA 0.8 3.3 4.0 5.5 6.4 7.8 8.7

° Reaction conditions: reactant, 1036 g of phthalic anhydride (7.00 mol); catalyst, 14 g of anhydrous FeCl3 (0.086 mol); solvent, tet- 
rachloroethane (5-10 mL); and temperature, 225-230 °C.

study, the data for which is shown in Table II. As can be seen 
from samples C and D of Table II, lower conversion of PAA 
can reduce the fraction of 4,5-diClPAA expressed as a per
centage of 3-C1PAA to 5% or less. Fractional distillation can 
then be used to separate reasonable quality 3-C1PAA. Such 
a procedure requires recirculation of PAA and separation of
4-C1PAA, but it may still be more convenient than the nitra
tion route for making 3-C1PAA in quantity.

Experimental Section
Chlorination of Phthalic Anhydride (Typical Procedure). A

2-L three-neck flask connected to a gas inlet, stirrer, and con
denser-gas outlet was charged with 1036 g (7.0 mol) of commercial 
grade phthalic anhydride. The flask was heated in an oil bath to 200 
°C, at which time 14 g (0.08 mol) of anhydrous ferric chloride and 10 
mL of 1,1,2,2-tetrachloroethane were added. Refluxing tetrachloro- 
ethane returned sublimed PAA to the reaction vessel during the 
course of the chlorination. Chlorine from a cylinder was bubbled 
through the reaction mixture which was heated to and maintained 
at 225-230 °C. Small aliquots were removed at periodic intervals, 
dissolved in acetone, and analyzed by GLC.

3- Chlorophthalic Anhydride. A commercial sample of 3-chlo- 
rophthalic anhydride (mp 121-123 °C) was recrystallized from tert- 
amyl alcohol, mp 125-126 °C (reported mp 122 °C). Characteristic 
infrared peaks (Nujol mull) were seen at 1145, 1155, and 1360 
cm-1.

4- Chlorophthalic Anhydride. A 100-mL three-neck microflask 
fitted with a stirrer, gas inlet, and condenser was charged with 15 g 
of commercial (Aldrich) 4-nitrophthalic acid (0.071 mol). The solid 
was melted and heated for 2 h at 180 °C to allow conversion to the
4-nitrophthalic anhydride, and then it was heated to 240 °C while 
chlorine gas was bubbled through the melt. Aliquots were removed 
at periodic intervals for analysis by GLC, and the reaction was ter
minated after 6 h when samples showed identical spectra. The reac
tion mixture (consisting of about 80% of 4-chloro and 20% of 3-chloro 
PAA) was recrystallized twice from terf-amyl alcohol to yield 3.0 g 
of 4-chlorophthalic anhydride (mp 94-96 °C; reported mp 98 °C), 
which analyzed as >99% pure by GLC. Characteristic infrared peaks 
(Nujol mull) were seen at 1250 and 1335 cm-1.

3,6-Dichlorophthalic Anhydride. A late distillation fraction of 
a chlorinated PAA reaction mixture consisting predominantly of di- 
chlorophthalic anhydrides was recrystallized from tert-amyl alcohol 
(10 g/200 mL) to collect 2.3 g of 3,6-dichlorophthalic anhydride (mp 
184-187 °C; reported mp 190-191 °C), which analyzed as 97.9% pure 
by GLC. Characteristic infrared peaks (Nujol mull) were seen at 615, 
845,1150, and 1220 cm-1. The NMR spectrum showed a single peak 
at d 8.00 in deuteriochloroform.

4,5-Dichlorophthalic Anhydride. A sample was prepared fol
lowing a literature procedure. A chlorinated reaction mixture (10 g) 
containing 35.6% of 4,5-diClPAA (obtained by chlorinating 4-chloro 
PAA for 5.5 h) was heated in 50 mL of 97.3% concentrated H2S04 for
1.5 h at 100-110 °C. The resulting mixture upon cooling was poured 
into 100 g of ice with stirring to precipitate a white solid which was 
washed with water and dried. The solid was triturated overnight with 
toluene. The toluene-insoluble fraction was recrystallized from water 
to yield 1.7 g of 96% pure (GLC) 4,5-dichlorophthalic acid (mp 
190-193 °C).

The acid was heated to 210 °C for 3-4 h and cooled, and the product 
recrystallized from carbon tetrachloride to yield 4,5-dichlorophthalic 
anhydride, mp 182-185 °C (reported mp 185-187 °C).10 Characteristic

infrared peaks (Nujol mull) were seen at 612, 718, 1315, and 1385 
cm-1.

3,4-Dichlorophthalic Anhydride. This known compound10 was 
identified in late distillation fractions through its characteristic NMR 
spectrum. In hexadeuterioacetone, 3,4-diClPAA exhibited a charac
teristic AB quartet with proper intensities: 5 8.20 (Hg), 8.03 (H5) (J 
= 8 Hz). The intensity of the quartet in the NMR spectrum relative 
to the intensity of the protons of 3,6-diClPAA at 5 8.00 in the same 
distillation fractions was proportional to the GLC areas at 7.1 and 7.5 
min, respectively, under the conditions described below.

GLC Conditions. Most analyses were performed on a 10 ft X  V s in 
stainless steel 20% QF-1 on 90-100 mesh Anchrom ABS column. The 
column temperature was programmed for 4 min at 195 °C, increasing 
to 250 °C at 20 °C/mln. With a carrier (He) gas flow rate of approxi
mately 20 mL/min, the approximate retention times of reaction 
mixture components are as follows: PAA, 4.0 min; 4-C1PAA, 5.0 min;
3-C1PAA, 6.2 min; 4,5-diClPAA, 6.2 min; 3,4-diClPAA, 7.1 min;
3,6-diClPAA, 7.5 min; 3,4,5-triClPAA, 7.6 min; 3,4,6-triClPAA, 7.9 
min; and tetrachloro PAA, 8.9 min.

A 4  ft X  0 . 2 5  in stainless steel column packed with 80-100 mesh 
Chromosorb 101 operated at 275 °C was used for the separation of
3- C1PAA and 4,5-diClPAA by GLC. With a carrier gas (He) flow rate 
of >30 mL/min, the approximate retention times were found to be 
as follows: PAA, 13.0 min; 4-C1PAA, 19.0 min; 3-C1PAA, 26.0 min;
4,5-diClPAA, 32.0 min; 3,4-diClPAA, 43.2 min; and 3,6-diClPAA, 49.0 
min.

This column appeared to deteriorate with time of operation at 275 
°C, so that after ~24 h baseline drift made it unusable. Response 
factors were determined on both columns using weighed quantities 
of pure materials.
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Homogeranic acid (1) and methyl geranylacetoacetate (18) were cyclized with bromine in the presence of silver 
fluoroborate to the brominated bicyclic compounds 2 and 19, respectively. Proton initiated cyclization competed 
with the brominative cyclization and gave trans lactone 3 and enol ether 20, respectively. Acid-catalyzed cyclization 
of 1 to 3 and isomerization of 3 to the cis lactone 5 were investigated. Beth 3 and 5 were converted to the natural 
product dihydroactinidiolide (14).

The reaction of polyenes with a source of positive bromine 
has been demonstrated to provide a useful method for the 
incorporation of a bromine atom into various mono- and bi
cyclic carbon skeletons.1 Although this transformation is of 
interest in view of the increasing number of newly discovered 
halogenated natural products of marine origin, the synthetic 
applicability is hampered by the low yields (< 20%) of purified 
bromo compounds commonly obtained in this fashion. We 
would like to present observations which have arisen from 
some of our studies in this area.

'  2, R =B r 4  R=Br

J, R=H £ >  r= h

When homogeranic acid (1) was allowed to react with a ni- 
tromethane solution of 1 equiv each of bromine and silver 
tetrafluoroborate, the desired trans-fused bromo lactone 2 
(11%), a trace of the cis-fused bromo lactone 4 (<1%), and the 
trans- and cis-fused norbromo lactones 3 (7%) and 5 (17%) 
were isolated after careful short column chromatography. The 
stereochemical assignments for 2 and 4 rest on comparison of 
appropriate spectral data with each other and with the known2 
trans- and cis-fused lactones 3 and 5. This is the first unam
biguous establishment of a trans-fused bicyclic product in a 
bromine-induced cyclization, and compound 2 represents both 
the first brominated bicyclo[4.3.0] system and lactone to be 
generated via this route. That the presumably less stable 
isomer 2 is formed to the near exclusion of 4 is consistent with 
a concerted cyclization mechanism.

It is of interest to contrast this result with those of Kato and 
Kitahara,3 who studied the acid-catalyzed (SnCR/benzene 
(1:10), room temperature, 4 h) cyclization of homogeranic acid 
and esters and reported the exclusive formation of the cis 
lactone 5. They claimed this result “ suggests that the cycli-

(i) Proton initiated cyclization of homogeranic acid leads 
to the trans-fused lactone 3 as the kinetically favored product. 
The trans lactone 3 then isomerizes to the thermodynamically 
favored cis-fused lactone 5 in the presence of both Lewis and 
Bronsted acids (entries 1-4, 5-9, 10-12, 15-16, and 18-20). 
Thus, the results of Kato and Kitahara (vide supra) do not 
constitute evidence for a nonconcerted reaction pathway. 
Their react .on conditions certainly would have promoted the 
3 to 5 isomerization (cf. entries 5-9).

(ii) Both cyclization of 1 to 3 and isomerization of 3 to 5 are 
much more facile in nitromethane solution than in a variety 
of less polar solvents. Furthermore, the rate of isomerization 
is such that the process could have occurred to a significant 
extent during the course of our initial brominative cyclization 
of 1. It was surprising, however, that trans- 2 to cis- 4 isomer
ization of the bromo lactones had occurred to such a minute 
extent. Indeed, when pure 2 was treated with stannic chloride 
or stannic bromide in deuterionitromethane, only a slow 
conversion to several unidentified products, none of which was 
the cis bromo lactone 4, ensued. A possible rationale for the 
dichotomous behavior of 2 and 3 under the influence of acid 
catalysis is available if one assumes that opening of either 
trans lactor.e 2 or 3 leads to the planar carbonium ion 6eq (see 
Chart I), wnich can only relactonize to the cis lactone 4 or 5 
via perpendicular attack on the empty p orbital by the car
boxyl group of an axially disposed acetic acid side chain.4 This 
necessitates a conformational conversion of 6eq to 6ax, and 
it is this step which interferes with the overall isomerization 
in the brominated series (R = Br) due to the severe 1,3-diaxial 
interaction in 6ax (R = Br) as well as the eclipsing interaction 
of the bromine and methyl group which intervenes as 6eq 
converts into 6ax.

(iii) Aqueous fluoroboric acid (48%) did not cyclize 1 to 3 
or isomerize 3 to 5 in nitromethane solution at a rate that was 
competitive with the proton incorporation and isomerization 
in the brominative cyclization. It therefore seemed probable 
that the rate of proton initiated cyclization was very suscep
tible to the degree of solvation of the proton itself. That is, 
water “ buffered” the protons in the aqueous fluoroboric 
acid/nitromethane mixture, thus lowering their electrophili-

6

zation proceeds via a nonconcerted mechanism and cation [6] 
could be an intermediate.”3 This was surprising in view of the 
predominance of the trans-fused compounds 2 and 3 in the 
present cyclization. The reaction of 1 with a variety of acids 
was therefore examined in order to shed light on this apparent 
ambiguity and to determine if the unwanted norbromo 
products 3 and 5 were arising via a competing cyclization 
catalyzed by fluoroboric acid that was presumably being 
generated as the brominative cyclization proceeded. The re
sults of these acid-catalyzed cyclizations of homogeranic acid 
(1) are shown in Table I and clearly indicate the following 
points.

0022-3263/78/1943-3693$01.00/0

Chart I

4  or 5
-H®
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Table I. Acid-Catalyzed Cyclizations of Homogeranic Acid ( l ) a

Product ratio b
Entry Acid equiv Solvent Time 1(S.M.) : 3(trans) : 5(cis) : other0

1 SnBr4 or SnCR 0.1 c d 3n o 2 5 min 0 2 1 0
2 SnBr4 or SnCR 0.1 c d 3n o 2 11 min 0 1 2 0
3 SnBr4 or SnCR 0.1 c d 3n o 2 lh 0 1 6 0
4 SnBr4 or SnCR 0.1 c d 3n o 2 2 h 0 0 1 0
5 SnCR 0.5 c6d 6 2 min 6 1 Trace 0
6 SnCR 0.5 c6d 6 6 min 5 5 1 0
7 SnCR 0.5 c6d 6 22 min 7 4 1 0
8 SnCR 0.5 c6d 6 2 h 0 1 1 0
9 SnCR 0.5 c 6d 6 16 h 0 1 4 0

10 SnBr4 0.1 c d 3cn 11 min 7 2 1 0
11 SnBr4 0.1 c d 3cn 40 min Trace 4 3 0
12 SnBr4 0.1 c d 3cn 3 h 0 2 3 0
13 SnBr4 1.0 cd ci3 2 days 1 4 1 0
14 SnBr4 0.5 CeDg 40 h 4 3 2 1
15 HBF4 (48%) 1.0 c h 3n o 2 1 min 4 i Trace 1
16 HBF4 (48%) 1.0 c h 3n o 2 10 min Trace 6 1 1
17 HN03 (70%) 1.0 c d 3n o 2 2.5 h 4 1 0 1
18 BF3*Et20 0.2 cd ci3 1.5 h 4 1 Trace 0
19 BF3*Et20 0.2 cd ci3 6 h 4 4 1 0
20
21

BF3*Et20
TFA

0.2 cd ci3
CDC13 or CD3N02

24 h 1 3 1
No reaction

0

0 All cyclizations were carried out at ambient temperatures and at concentrations of 0.1-0.2 M in 1. With the exception of entries 
15 and 16, the experiments were performed directly in an NMR tube. 6 Product ratios were determined by direct comparison of the 
relative intensities of the three distinct methyl resonances for 1, 3, and 5 in the NMR spectra of the crude product mixtures. 0 Other 
unidentified products were occasionally formed as evidenced by the appearance of extraneous methyl absorptions in the crude NMR 
spectra.

city and ability to induce cyclization relative to the protons 
in the nonaqueous systems, including the bromine/silver 
fluoroborate/nitromethane cyclization medium.

This result led us to study the brominative cyclization under 
a variety of conditions (including the addition of a number of 
external “ buffering” agents) with the hope of minimizing or 
eliminating the amounts of unwanted 3 and 5, thereby in
creasing the yield of bromo lactone 2. Table II summarizes the 
conditions which were varied in an attempt to accomplish this 
objective.

Shortening the reaction time in nitromethane at —10 °C 
(entry 2) resulted in less 3 to 5 isomerization but the same 
relative ratio of brominated (2) to nonbrominated (3 + 5) 
lactones. Lowering the temperature as well as shortening the 
reaction time (entries 3-5) finally allowed the reaction to be 
interrupted before completion. The dramatic rise in the ratio 
of 2 to 3 + 5 confirmed that the competing proton incorpora
tion was resulting from acid that was being generated as the 
reaction proceeded. We thus reasoned that the undesired 
pathway might be swamped out by having excess brominating 
agent present throughout the course of the reaction. Indeed, 
when 2-10 equiv of bromine was used (entries 6- 8), only small 
quantities of 3 and 5 were observed. Changing the solvent 
and/or brominating agent to systems that have been used 
previously by others1 gave little or no cyclized bromo lactone 
(entries 9 and 10). Finally, the addition of external agents 
designed to buffer the electrophilicity of the protons present 
(entries 11-14) diminished the amounts of 3 and 5 that were 
formed; but in all cases, unidentified side products accom
panied these attempts to increase the yield of bromo lactone
2.

It appeared that the most straightforward solution to ob
taining the desired bromo lactone 2 on a preparative scale was 
to use excess brominating agent. Unfortunately, when larger 
quantities of homogeranic acid (1) were cyclized in this fash
ion, bromo lactone 2 could be isolated in only 15% yield. No 
trace of 3, 4, or 5 was produced, but several new products ap
peared. Among these were the diastereomeric dibromo fluo
rides 7, which underwent elimination of hydrogen bromide

7 8

upon chromatographic purification on silica gel to give 8, again 
as a mixture of roughly equal amounts of two diastereomers. 
Numerous examples of bromofluorination of olefins with 
bromine/silver fluoride are known.50 In one instance, silver 
fluoroborate has converted a vicinal dichloride to a mono- 
chloro monofluoride.5b The use of excess brominating agent 
thus served to provide only a modest improvement in the 
overall yield of the desired bromo lactone 2.6

Before leaving this discussion of the cyclizations of homo
geranic acid, we would like to report the conversion of both 
the cis and trans lactones 3 and 5 to the naturally occurring 
dihydroactinidiolide (14),2c'd which has been synthesized 
several times.7 One of those syntheses involved cyclization of 
2-phenylsulfonylhomogeranic acid followed by thermal ex
trusion of benzenesulfinic acid.8

a-Phenylselenylation of the anion of trans lactone 3 with 
diphenyl diselenide gave a mixture of the selenides 10 and 11 
in a 3:1 ratio (see Chart II). Thus, the major isomer (10) had 
arisen from attack of the diselenide on the less hindered a face 
of anion 9. Oxidation of this mixture with hydrogen peroxide 
was followed by thermal extrusion of benzeneselenenic acid 
to give dihydroactinidiolide (14) along with several other 
components. Presumably, the cis elimination had occurred 
only from the selenoxide of isomer 10. In a similar fashion, 
a-phenylselenylation of anion 12, generated from cis lactone 
5, gave now only a single selenide, 13. Oxidation and elimi
nation provided dihydroactinidiolide (14) as virtually the sole 
product due to the isomeric homogeneity of 13. It is worth 
noting that the conversions 3 to 10 + 11 and 5 to 13 were never 
efficient. It is not certain whether this was due to difficulties 
in generation of the hindered anion intermediates or in the 
subsequent reaction of these anions with diphenyl diselenide. 
By way of contrast, the monomethyl trans lactone 15 could 
be a-phenylselenylated in high yield, under the same condi-
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4 r=CH3; X=/9-CH3 

5j R=CH3; X= o-CH3 

/•̂ R=H; X=̂ -CH3

■9)R = CH3) X"/8-CH3 

/¿ ’) r= c h 3-) X=o -CH3

R R

1 0 . \ R=CH3-, X=jS-CH3', Y=a-SePh ¡4

//, R=CH3;X=̂ -CH3-,Y=)3-SePh

/J, R = CH3;X=a-CH3; Y=o-SePh

!6, R=H; X=y9-CH3-,Y=a-SePh

/ / ’, R = H; X=/3-CH3-,Y=/9-SePh

tions used for 3 and 5, to give isomers 16 and 17 in an isomeric 
ratio nearly identical with that for the selenides 10 and l l .9

The bromocyclization of /3-keto ester 18 was also investi
gated. With 1 equiv of bromine/silver fluoroborate the reac
tion produced the brominated vinyl ether 19 (8%) and the 
proton cyclized enol ether 20 (22%). The latter product could 
be generated efficiently (83% yield) upon treatment of 18 with 
aqueous fluoroboric acid in nitromethane for 1 h. Use of 3 
equiv of bromine/silver fluoroborate with substrate 18 elim
inated the presence of 20 in the product mixture. However, 
the yield of 19 was not improved due to its further reaction 
with the excess molecular bromine to form the allylie bromide 
21. In fact, 21 or 22 could be generated from pure 19 (96%) or

18 19, R = Br 21, R = Br
20, R = H 22, R = H

20 (98%) by a rapid reaction with 1 equiv of bromine in chlo
roform at room temperature. These allylie brominations 
presumably occur via proton loss from the onium ion of partial 
structure 23 followed by allylie rearrangement of the allyl 
bromide 24.

2 ! or 22

The conclusion to be reached from the preparative scale 
cyclization of both substrates 1 and 18 with excess bromi- 
nating agent is that although this procedure eliminated for 
the most part the appearance of proton cyclized products, the 
excess brominating reagent provided new reaction pathways 
which competed with the production of the desired com
pounds 2 and 19. The use of organomercurial compounds as 
precursors to the brominated materials is currently under 
investigation. Mercuric trifluoroacetate efficiently induces 
cationic cyclization,10 and subsequent replacement of the 
carbon-mercury with a carbon-bromine bond11 should lead 
to an effective solution to this problem.
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Experimental Section

General Information. Melting points were determined on a Kofler 
hotstage and are uncorrected. Elemental analyses were performed 
by M-H-W Laboratories, Phoenix, Ariz. Column chromatography was 
carried out under pressure on silica gel H for TLC (EM 7736, type 60) 
using a modification of the short column chromatography technique.12 
Infrared spectra were recorded on Perkin-Elmer Model 237 and 267 
instruments. Nuclear magnetic resonance spectra were obtained on 
Varian HFT-80 (proton) and XL-100 (fluorine) instruments in the 
Fourier transform mode. Mass spectra were determined on AE1 
MS-30 (electron impact, El) and Finnigan 4000 (chemical ionization, 
Cl) instruments.

Homogeranic Acid (1). trans-Geranyl bromide13 (53.5 g, 0.25 mol) 
was dissolved in dry CH3CN (200 mL). 1,4,7,10,13,16-Hexaoxacy- 
clooctadecane (18-crown-6, 2.5 g, 9.5 mmol) was added followed by 
KCN (40 g, 0.615 mol). This mixture was stirred in the dark at room 
temperature for 6 days and filtered. Solvent removal left a residue 
which was triturated with 3:1 hexane/EtOAc and filtered to separate 
the 18-crown-6. Solvent removal left homogeranonitrile (geranyl 
cyanide) as a colorless oil (39 g, 0.24 mol, 96%) of sufficient purity for 
subsequent hydrolysis. The nitrile could be purified, if necessary, by 
vacuum distillation [bp 96 °C (0.5 mm) [lit.14 bp 90-91 °C (0.2 mm)]]: 
NMR (CDCI3) <5 1.60 (br s, 3 H), 1.68 (br s, 6 H), 2.05 (br s, 4 H), 3.03 
(br d, J = 7 Hz, 2 H), 5.1 (m, 2 H); IR (neat) 2140 cm"1; MS m/e 
(relative intensity) 163 (1), 148 (3), 69 (100).

The crude nitrile (3.5 g, 21.5 mmol) was dissolved in MeOH (27 
mL), and an aqueous KOH solution [4.0 g (71 mmol) in 8 mL of H2O] 
was added. The reaction mixture was refluxed for 43 h, cooled, diluted 
with saturated NaHC03, extracted with ether, acidified with 2 N HC1, 
and extracted with ether again. The final extracts were dried (MgS04), 
filtered, and concentrated to give crude homogeranic acid (l)14 as a 
light brown oil (3.2 g, 17.6 mmol, 82%). The oil could be purified by 
elution through a short Florisil column with methylene chloride 
090% recovery): NMR (CDCI3) b 1.60 (br s, 3 H), 1.67 (br s, 6 H), 2.05 
(br s, 4 H), 3.06 (br d, J = 7 Hz, 2 H), 5.04 (m, 1 H), 5.27 (br t, J = 7 
Hz. 1 H); IR (neat) 2400-3600 and 1725 cm-1; MS m/e (relative in
tensity) 182 (2), 167 (2), 69 (100).

Brominative Cyclization of 1. (A) With 1 Equivalent of Br2/  
AgBF4. The brominating reagent was prepared by adding Br2 (210 
juL, 3.8 mmol) to a solution of dry AgBF4 (780 mg, 4.0 mmol) in dry 
CH3NO2 (15 mL) under a nitrogen atmosphere. This mixture was 
cooled to —10 °C, and homogeranic acid (1) (690 mg, 3.8 mmol) was 
added. The solution immediately turned yellow, and a white precip
itate appeared. The reaction mixture was stirred for 20 min at -10 
°C and quenched by the rapid addition of saturated NaHC03 (30 mL). 
This mixture was extracted with ether, and the extracts were washed 
(saturated NaCl), dried (MgS04), filtered, and concentrated to leave 
a crude brown oil (914 mg). Short column chromatography of this oil 
(100 g of Si02, 10% EtOAc/hexane elution) gave the following in order 
of elution: trans lactone 32a (51 mg, 0.28 mmol, 7%) [NMR (CDCI3) 
5 0.93, 0.96, and 1.34 (s, 3CH3’s), 2.00-2.56 (5 line mult, C3CH and 
CHjCO); NMR (CD3NO9) b 0.96 (s, 2CH3’s), 1.35 (s, CH3); NMR 
(CD3CN) 6 0.94 (s, 2CH3’s), 1.33 (s, CH3); NMR (C6D6) b 0.43,0.52, 
and 0.90 (s, 3CH3’s); IR (neat) 1780 cm” 1], cis lactone 52d (117 mg, 0.64 
mmol, 17%) [NMR (CDCI3) & 0.91,1.03, and 1.52 (s, 3CH3’s), 2.00-2.55 
(6 line mult, C3CH and CH2CO); NMR (CD3NO2) b 0.92,1.07, and
1.51 (s, 3CH3’s); NMR (CD3CN) 5 0.89, 1.03, and 1.50 (s, 3CH3’s); 
NMR (CsDg) b 0.50, 0.56, and 1.14 (s, 3CH3’s); IR (neat) 1765 cm"1], 
trans bromo lactone 2 (105 mg, 0.40 mmol, 11%), which was recrys
tallized from hexane/EtOAc to give an analytical sample [mp 112-113 
°C; NMR (CDCI3) b 1.02,1.08, and 1.38 (s, 3CH3’s), 2.05-2.56 (5 line 
mult, C3CH and CH2CO), 3.90 (dd, J = 5 and 11 Hz, CHBr); NMR 
(CD3NO2) b 1.04,1.08, and 1.38 (s, 3CH3’s), 4.07 (dd, J = 6 and 10 Hz, 
CHBr); IR (neat) 1770 cm"1; MS m/e (relative intensity) 262 (1), 260
(1), 247 (13), 245 (14) (-CH3), 219 (13), 217 (12), 181 (12) (-Br), 137
(72), 69 (100). Anal. Calcd for CnH17Br02: C, 50.59; H, 6.56. Found: 
C, 50.62; H, 6.52.], and cis bromo lactone 4 (2 mg, <1%) [NMR (CDClj) 
b 1.07, 1.20, and 1.55 (s, 3CH3’s), 2.04-2.15 (7 line mult, C3CH and 
CH2CO), 4.1 (br mult, CHBr); IR (neat) 1760 cm"1; MS m/e (relative 
intensity) 262 (<1), 260 (<1), 247 (28), 245 (29) (-CH3), 219 (11), 217 
(12), 181 (44) (-Br)].

(B) With Excess Br2/AgBF4. This experiment was carried out 
in the same manner as the above one with the following exceptions. 
Silver fluoroborate (500 mg, 2.5 mmol), Br2 (132 nL, 2.5 mmol), 
CH3N02 (7 mL), and homogeranic acid (1) (145 mg, 0.80 mmol) were 
used. The reaction was quenched after 1 min to give the crude product 
(273 mg). Short column chromatography (25 g of Si02, 10% EtOAc/ 
hexane elution) gave the following in order of elution: the diastereo- 
meric dibromo fluorides 7/23 mg, 0.067 mmol, 8%) [NMR (CDC13) b
1.50 (d, J = 22 Hz, CH3CF), 1.55 (s, CH3CO), 1.54 (d, J = 22 Hz,

CH3CF), 3.02 (two overlapping ABX systems, J ab = 18 Hz, J bx = 
J ax = 8 Hz, CH2C02), 3.82 (br mult, W1/2 = 16 Hz, CH2CHBrCF),
4.28 (two overlapping dd, J xa = J xb = 8 Hz, C3CHBr); IR (CHC13) 
1785,750 cm"1; MS m/e (relative intensity) 261 (3), 259 (3), 237 (3), 
235 (3), 207 (22), 205 (21), 179 (78), 177 (63%) (-C6H„BrF); MS m/e 
(Cl, NH3 reagent gas) 380 (45), 378 (100), 376 (50) (P + NH4+)], 
bromo lactone 2 (30 mg, 0.11 mmol, 15%), and the diastereomeric 
bromofluorobutenolides 8 (50 mg, 0.19 mmol, 24%) [NMR (CDC13) 
6 1.47 (two d, J = 21 Hz, CH3CF), 1.49,1.50 (two s, CH3CO), 1.52 (two 
d, J = 21 Hz, CH3CF), 3.8 (br mult, CH2CHBrCF), 6.0 (two d, J = 5 
Hz, CHC02), 7.3 (two d, J = 5 Hz, CH=CHC02); IR (neat) 1760 
cm"1; MS m/e (relative intensity) 237 (6), 235 (6), 179 (22), 123 (20), 
97 (100) (-C6HnBrF); MS m/e (Cl, NH3 reagent gas) 298 (100), 296 
(95) (P + NH4+); fluorine NMR (CDC13) b (from CFCI3) 137.975 (8 
line m, J = 21 Hz) and 138.062 (8 line m, J = 21 Hz). A fluorine de
coupling experiment confirmed the magnitude of J h f ’ s  in the proton 
NMR spectrum. Compound 8 was not present in the crude reaction 
product before Si02 chromatography (NMR analysis).

Dihydroactinidiolide (14) from Trans Lactone 3. Trans lactone 
3 (51 mg, 0.28 mmol) was converted into the anion 9 by reaction with 
lithium diisopropylamide (LDA) (0.34 mmol, 1.2 equiv) at —78 °C for 
30 min in dry THF (1.5 mL) under nitrogen. A THF solution (1 mL) 
of diphenyl diselenide (105 mg, 0.34 mmol) and HMPA (60 nL, 0.34 
mmol) was added. The reaction proceeded at —78 °C for 0.5 h and 
then at —35 °C for 0.5 h before being quenched with 0.1 N HC1. The 
solution was extracted with ether, and the extracts were washed with 
saturated NaCl, dried (MgS04), filtered, and concentrated to give a 
crude oil. Purification by preparative TLC (2 X 200 X 200 mm Si02 
plate, 20% EtOAc/hexane) gave a colorless oil (55 mg, 0.16 mmol, 59%) 
which proved to be a 3:1 mixture of selenides 10 and 11: NMR (CDC13) 
(for 10) 5 0.98,1.25, and 1.36 (s, 3CH3’s), 1.95 (d, J = 14 Hz, C3CH),
3.85 (d, J = 14 Hz, CHSe), 7.3, 7.7 (mult. ArH); NMR (CDC13) (for 
11) b 1.08,1.29, and 1.60 (s, 3CH3’s), 2.29 (d, J = 8 Hz, C3CH), 3.76 (d, 
J = 8 Hz, CHSe), 7.3, 7.7 (mult, ArH); IR (neat) 1770 cm"1; MS m/e 
(relative intensity) 338 (15), 137 (66) (-C02-SePh); calcd for 
Ci7H22O280Se, 338.0783; found, 338.0800.

This mixture (50 mg, 0.14 mmol) was dissolved in THF (5 mL), 
cooled to 0 °C under nitrogen, and oxidized with 30% H20 2 (150 mL,
1.3 mmol) in the presence of AcOH (500 gL). After 1.5 h at 0 °C, the 
reaction mixture was poured into saturated NaHC03 and extracted 
with Et20. The extracts were washed with brine, dried (MgS04), fil
tered, and concentrated to leave a crude oil (27 mg, 0.15 mmol, 94%) 
whose major component was dihydroactinidiolide (NMR analysis). 
This material was purified by preparative TLC (Si02, 20% EtOAc/ 
hexane) to give a colorless oil (10 mg, 37% recovery) whose spectral 
data were identical with those reported2c'd for the naturally occurring 
material.

Dihydroactinidiolide (14) from Cis Lactone 5. This procedure 
was the same as that reported above for the trans lactone 3 with the 
following exceptions. Cis lactone 5 (156 mg, 0.86 mmol), LDA (1.0 
mmol), THF (4 mL), diphenyl diselenide (321 mg, 1.0 mmol), and 
HMPA (180 ixL, 1.0 mmol) were the quantities used. Anion formation 
proceeded for 1.3 h at -78 °C. The crude product was purified by 
short column chromatography (5% EtOAc/hexane elution) and pro
vided selenide 13 (92 mg, 0.27 mmol, 32%) as a white solid which was 
recrystallized from hexane to provide an analytical sample: mp 88-89 
°C; NMR (CDC13) b 1.02,1.22, and 1.37 (s, 3CH3’s), 1.98 (d, J = 10 Hz, 
C3CH), 3.63 (d, J = 10 Hz, CHSe), 7.3, 7.7 (mult, ArH); IR (CHC13) 
1760 cm-1; MS m/e (relative intensity) 338 (73), 137 (100) (-C02-  
SePh); calcd for Ci7H22O280Se, 338.0628; found, 338.0676. Anal. Calcd: 
C, 60.53; H, 6.57. Found: C, 60.52; H, 6.65.

Oxidation of 13 (88 mg, 0.26 mmol) with 30% H20 2 (260 mL, 2.3 
mmol) in THF (5 mL) containing AcOH (880 iiL) at 0 °C for 1.5 h and 
at room temperature for 3 h gave, after workup as above, dihydroac
tinidiolide (14) (46 mg, 0.25 mmol, 98%).

Methyl Geranylacetoacetate (18). Methyl acetoacetate (2.6 g, 
22 mmol) was added to LiH (190 mg, 24 mmol) in dry DMF (50 mL), 
and the mixture was stirred at room temperature under nitrogen for
0.5 h. Geranyl bromide (5.0 g, 24 mmol) was added, and the mixture 
was stirred for 3.5 h. The mixture was then diluted with pentane, 
washed with H20 (3X) and brine, dried (MgS04), filtered, and con
centrated to give 18 as a pale yellow oil (4.8 g, 19 mmol, 86%) which 
was vacuum distilled, bp 115-120 °C (0.5 mmHg). An analytical 
sample was obtained by preparative gas chromatography (10% Car- 
bowax): NMR (CDC13) b 1.6 (br s, 2CH3C=C’s), 1.67 (br s, CH3C=C), 
2.0 (br s, 2CH2C=C’s), 2.21 (s, CH3CO), 2.53 (br t, J = 7 Hz, 
C=CHCH2CHC2), 3.42 (t, J = 7 Hz, CH(CO)2), 3.70 (s, C02CH3), 5.0 
(mult, 2HC=C’s); IR (neat) 1750,1720 cm"1; MS m/e (relative in
tensity) 252 (1), 209 (3) (-COCH3), 136 (16) (-CsHsOs). Anal. Calcd 
for Ci5H240 3: C, 71.39; H, 9.59. Found: C, 71.53; H, 9.81.

Bromocyclization of Methyl Geranylacetoacetate (18). Keto
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ester 18 (900 mg, 3.6 mmol) was added to a dry CH3NO2 (10 mL) so
lution of AgBF4 (700 mg, 3.6 mmol) and Br2 (570 mg, 3.6 mmol) at —10 
°C under nitrogen. The initially orange solution quickly turned yellow, 
and a white precipitate appeared. After being stirred for 10 min, the 
reaction mixture was worked up as for the other bromocyclizations 
to leave a brown oil (1.15 g). Short column chromatography (125 g of 
Si02, 10% EtOAc/hexane) gave the unbrominated enol ether 20 (200 
mg, 0.79 mmol, 22%), which was purified by preparative gas chro
matography (10% Carbowax) to give an analytical sample [NMR 
(CDCI3) <5 0.85, 0.97, and 1.16 (s, 3CH3’s), 2.17 (t, J = 1.5 Hz, 
CH3C=C), 3.67 (s, CO2CH3); IR (neat) 1705, 1615 cm-1; MS m/e 
(relative intensity) 252 (22). Anal. Calcd for Ci5H2403: C, 71.39; H,
9.59. Found: C, 71.47; H, 9.49.], and the bromo enol ether 19 (100 mg, 
0.30 mmol, 8%), which was recrystallized from CH3OH to provide an 
analytical sample [mp 108-111 °C; NMR (CDC13) b 0.98,1.14, and 1.17 
(s, 3CH3’s), 2.17 (t, J = 1.5 Hz, CH3C=C), 3.67 (s, C02CH3), 3.93 (dd, 
J — 10 and 5 Hz, CHBr); IR (KBr) 1700,1625 cm-1; MS m/e (relative 
intensity) 332 (4), 330 (4), 251 (13) (-Br). Anal. Calcd for C15H2303Br: 
C, 54.39; H, 7.00; Br, 24.12. Found: C, 54.39; H, 7.18; Br, 24.28.].

Acid-Catalyzed Cyclization o f Methyl Geranylacetoacetate 
(18). Keto ester 18 (1.0 g, 4.0 mmol) was dissolved in dry CH3NO2 (7 
mL) and treated at room temperature with 50% aqueous HBF4 (700 
ML, 4.0 mmol). After 1 h, saturated NaHC03 was added and the 
mixture was extracted with ether. The extracts were washed with 
brine, dried (MgS04), filtered, and concentrated to give the bicyclic 
ester 20 (0.83 g, 3.3 mmol, 83%) as a pale yellow oil which was greater 
than 95% pure by NMR analysis.

Allylic Brominations o f 20 and 19. Ester 20 (24 mg, 0.096 mmol) 
was dissolved in CDC13 (0.5 mL), and 1 equiv of Br2 as a 1% solution 
in CC14 was added. The solution rapidly decolorized and was then 
diluted with CH2C12, washed with saturated NaHC03 and brine, dried 
(MgS04), filtered, and concentrated to yield the allylic bromide 22 
(31 mg, 0.094 mmol, 98%) as a colorless oil: NMR (CDC13) <5 0.86,0.98, 
and 1.18 (s, 3CH3’s), 3.73 (s, C02CH3), 4.00 (br d, J = 9 Hz, CHHBr),
4.75 (d, J = 9 Hz, CHHBr); IR (neat) 1705,1615 cm-1; MS m/e (rel
ative intensity) 332 (2), 330 (3), 251 (28) (-Br); calcd for Ci5H230381Br, 
332.0810; found, 332.0813.

In an entirely analogous fashion the bromo ester 19 was brominated 
to give the dibromide 21 in 97% yield: NMR (CDC13) 5 0.99,1.15, and
1.21 (s, 3CH3’s), 3.73 (s, C02CH3), 3.9 (mult, C2CHBr), 4.00 (br d, J 
= 10 Hz, CHHBr), 4.75 (d, J = 10 Hz, CHHBr); IR (CHC13) 1700,1620 
cm"1; MS m/e (relative intensity) 412 (4), 410 (9), 408 (5), 331 (56), 
329 (57) (-Br), 249 (15) (-HBr2); calcd for Ci5H220 381Br2, 411.9896; 
found, 411.9874.
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Direct Synthesis of Dibenzocyclooctadienes via Double Ortho 
Friedel-Crafts Alkylation by the Use of 

Aldehyde-Trimethylsilyl Iodide Adducts
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R e c e iv e d  F e b r u a r y  15, 1978

The development of a new, direct method for the preparation of dibenzo[a,e]cycloocta-l,5-dienes from phenyla- 
cetaldehyde by a double ortho Friedel-Crafts alkylation is described. When benzaldehyde (2b) is treated with tri- 
methylsilyl iodide (3), «,n-diiodotoluene (6 ) is formed in high yield via the intermediacy of a-iodobenzyl trimeth- 
ylsilyl ether (4b). Treatment of phenylacetaldehyde (2a) with trimethylsilyl iodide (3) under the same conditions 
gives rise to a different reaction pathway, affording initially the aldehyde iodohydrin trimethylsilyl ether (4a), 
which is transformed on standing into a mixture of three products. The major product of this mixture, isolated in 
slightly over 50% yield, is the interesting bicyclic ether 3,7-epoxydibenzocycloocta-l,5-diene (8 ); the minor products 
are 2 -phenylnaphthalene (9) and 2-iodo-3-phenyltetralin (1 0 ). The bicyclic ether 8  can be easily transformed by 
dissolving metal reduction followed by oxidation into the ketone dibenzocycloocta-l,5-dien-3-one (1), which has 
been converted into a large variety of biologically active compounds. A possible mechanism for the reaction is dis
cussed. The reaction of the acetaldehyde-trimethylsilyl iodide adduct (4c) with 2-phenylethyl trimethylsilyl ether
(21) affords 1 -methylisochroman (25), the expected product of the proposed mechanistic pathway. The potential 
utility of these a-iodoalkyl trimethylsilyl ethers (4) is also discussed.

Many dibenzocycloocta-1,5-diene derivatives have been 
shown to possess very potent biological activity ranging from 
antiinflammatory action to psychotropic properties.1 Nearly 
all of these compounds are prepared from the aryl ketone di- 
benzo[a,e]cycloocta-l,5-dien-3-one (1), which is normally

produced from benzalphthalide by a multistep process util
izing a Friedel-Crafts cyclization to afford the final product.2 
We now report an efficient three-step synthesis of this im
portant intermediate 1 from phenylacetaldehyde (2) which 
involves as the key step a serendipitous double ortho 
Friedel-Crafts cyclization effected by trimethylsilyl iodide
(3).3 These results also indicate the usefulness of aldehyde 
iodohydrin trimethylsilyl ethers (4) in the Friedel-Crafts al
kylation of aromatic compounds.

Results
In the course of an investigation of the reactivity of tri

methylsilyl iodide (3) with various functional groups, it was 
found that aldehyde iodohydrin trimethylsilyl ethers (4) are 
readily formed from aldehydes 2 by reaction with 3 at room 
temperature under an inert atmosphere.4 Although attempted 
isolation of the iodo silyl ethers (4) by distillation or silica gel

2 5  ° c

RCHO + Me3SiI < —  RCHOSiMe3

2  3  A  or S i 0 2 |

4
chromatography causes reversion back to the aldehydes, these 
intermediates are stable indefinitely in solution at room 
temperature (see Experimental Section). During this study, 
it was observed that benzaldehyde [2b (R = Ph)[ afforded 
«.«-diiodotoluene (6) and hexamethyldisiloxane (7) via the 
intermediacy of the iodo ether 4b in over 50% isolated yield.5 
In this case, the oxygen atom of the iodo silyl ether (4b) must 
silylate a second time to yield a bis(silyl)oxonium iodide (5) 
which is transformed into the diiodide 6 and the disiloxane 
7 by an SnI mechanism, an Sn2 mechanism, or both. The 
conversion of 4b into 6 is faster than the formation of 4b since

PhCHO + Me3SiI 

2b 3

C H C lj

25 °C  
30 m in

PhCHOSiMe3

I
I

M e3S iI

3
PhCHO+(SiMe3). 

I !"

4b
S\1 or 

1 S „2  '
PhCHI, + (Me3Si),0 

6 7

5
if one employs equimolar amounts of the aldehyde 2b and the 
silyl iodide 3 a 1:1 mixture of the starting aldehyde 2b and the 
diiodide 6 is produced. In all cases, the crude yield of 6 is al
ways much higher than the isolated yield due to decomposi
tion of this sensitive diiodide upon purification.5

In an attempt to extend this reaction to a general synthesis 
of a,«-diiodoalkanes (or the corresponding vinyl iodides) from 
aldehydes,5 a solution of 1 equiv of phenylacetaldehyde (2a) 
and 2.5 equiv of trimethylsilyl iodide (3) in chloroform was 
allowed to stand at room temperature under an inert atmo
sphere for 15 h. Aqueous workup followed by column chro
matography on silica gel afforded an approximately 1:1:1 
mixture of three compounds in 90% yield. The most inter-

c h c i 3
PhCH2CHO + Me3SiI ---------

2 25 °C
PhCH2 CHOSiMe3

esting of these three was identified as the tetracyclic ether 8, 
a white crystalline solid (mp 141.5-142.5 °C), by virtue of its 
spectroscopic data (see Experimental Section). The other 
byproducts were shown (see below) to be 2-phenylnaphth- 
alene (9), a known product of acid treatment of phenylacet
aldehyde,6 and 2-iodo-3-phenyltetralin (10). The initial

00??-32(ì3/78/1943-3698ÎR01,00/0 © 1978 American Chemical Society
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product of the reaction was the expected iodohydrin tri- 
methylsilyl ether (4a) as shown by NMR measurements after 
a short time: ]H NMR (CDC13) 5 7.29 (5 H, brd s), 6.30 (1 H, 
t> J -  6 Hz), 3.57 (2 H, d, J  = 6 Hz), 0.1 (9 H, s). By conducting 
the reaction at a lower temperature for a longer period of time, 
one can isolate 8 in much higher yield. For example, reaction 
of 2a and 3 in chloroform at 5 °C in a nitrogen atmosphere for 
one week afforded a 50% yield of 8.

Since the completion of the work described in this manu
script, Kagan and Watson have reported the synthesis of this 
heretofore unknown ether 8 from phenylacetaldehyde (2a) 
using fluorosulfonic acid in carbon tetrachloride in just over 
50% crude yield.7 The structure of 8 was conclusively assigned 
by X-ray structural analysis. The remaining 50% of the reac
tion mixture, however, was not accounted for.

The conversion of the tetracyclic ether 8 into the desired 
ketone 1 was accomplished in two steps in high yield. Re
duction of the benzylic ether was effected by addition of 
compound 8 and acetic acid in a solution of diethyl ether to 
a solution of sodium in liquid ammonia at —78 °C, thus af-

Nal 1[ 0o n h 3 nrv
8

A c O H
E tjO
81% HO

11

fording the alcohol 11 in 81% yield. The use of acetic acid is 
crucial to the success of the reaction since in the absence of 
a proton donor no reduction is observed, and the use of other 
simple proton donors such as ethanol or water gives only 
complex mixtures in which the aromatic rings have suffered 
partial reduction. Furthermore, catalytic hydrogenation of 
the ether 8 in ethanol/acetic acid over a 10% Pd/C catalyst 
failed to effect any hydrogenolysis of the benzylic ether 
function. Oxidation of the alcohol 11 by the method of Nen- 
itzescu8 furnished the desired ketone 1 in 85% yield. Thus, the 
important ketone 1 is available from phenylacetaldehyde (2a) 
in three steps in an unoptimized, isolated yield of 34%. Its 
conversion into tricyclic aromatic derivatives which possess 
significant biological activity has already been described.1

The structure of 9 was easily assigned by comparison of its 
spectral data (IR, NMR, and mass spectra) with those pub
lished for 2-phenylnaphthalene.9 The assignment of structure

10
10 to the second byproduct of this reaction was made on the 
basis of spectroscopic and chemical evidence. The major 
spectroscopic evidence (in addition to consistent IR, 13C 
NMR, and mass spectra) was the highly expanded 251 MHz 
!H NMR spectrum. JH NMR (CDC13): 6 7.33 (9 H, m, aro
matic H), 4.58 [1 H, d (J = 6.0 Hz) of t (J = 4.5 Hz), Ha], 3.61
(2 H, d, J = 4.5 Hz, Hb), 3.34 [1 H, d (J = 3.4 Hz) o ft  (J = 6.0 
Hz), Hc], 3.21 [1 H, d (J  = 10.5 Hz) of d (J = 3.4 Hz), Hd], 3.02
[1 H, d (J = 10.5 Hz) of d (J = 6.0 Hz), HJ. The 2 protons 
giving rise to the signals for Hb are in fact a strongly coupled 
AB pattern, which, due to “ deceptive simplicity” ,10 affords

identical splitting with Ha. The relative stereochemistry 
cannot be assigned at present. The chemical evidence is de
rived from both reductive and oxidative conversions. Re
duction of 10 with sodium in ammonia afforded an 82% yield 
of 2-phenyltetralin (12), identified by comparison OH NMR, 
IR, MS, and gas chromatography) with an authentic sample 
prepared by reduction of 2-phenylnaphthalene (9).11 Reaction

O
15

of the iodide 10 with silver acetate in boiling acetic acid fol
lowed by basic hydrolysis furnished a mixture of products 
which could be separated on thick-layer chromatography into 
an olefin and an alcohol. The olefin was assigned structure 13 
on the basis of its NMR spectrum. The alcohol was assumed 
to have the structure 14 since on Collins oxidation it was 
converted into 3-phenyl-l-tetralone (15), identified by 'H 
NMR, IR, and the melting point of its semicarbazone.12

Mechanistic Discussion
A probable mechanism for this unusual cyclization is shown 

in Scheme I. Displacement of iodine from one molecule of 4a 
by the oxygen atom of a second molecule would lead to the 
silylated oxonium iodide 16, which upon loss of trimethylsilyl 
iodide would afford the iodo acetal 17. This compound would 
then be converted into the iodo ether 20 by either of two 
pathways: (a) initial Friedel-Crafts cyclization with loss of 
hydrogen iodide to give the acetal 18 which would then be 
converted into the iodo ether 20 by hydrogen iodide or tri
methylsilyl iodide; or (b) initial conversion of the acetal 
function to the symmetrical diiodo ether 19 followed by Fri
edel-Crafts cyclization. The iodo ether 20 would then be 
transformed into 8 by a simple internal ortho Friedel-Crafts 
cyclization.13 There are two major reasons for favoring this 
mechanism.

Most importantly, the lack of any products resulting from 
attack of the electrophilic aldehyde component at the nor
mally favored para position of the second aromatic ring argues 
strongly for an intramolecular reaction in the initial Fri
edel-Crafts cyclization. For this reason, the mechanism pre
sented by Kagan and Watson7 for the cyclization process they 
observed, namely, an initial Friedel-Crafts reaction before any 
complexation of the aldehyde components, cannot be correct 
in our case since if it were one would expect a large proportion 
of para substitution. Therefore, there must be some com
plexation or association of the two aldehyde components be
fore the initial Friedel-Crafts alkylation. We propose that this 
complexation involves the formation of either the iodo acetal 
17 or the diiodo ether 19. Both of these compounds would now 
be expected to give only ortho substitution because of the 
internal delivery of the electrophile to only the ortho position. 
Secondly, if the mechanism shown in Scheme I were correct,
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Scheme I

one would expect that other similar systems should undergo 
analogous reactions. This is the case. Reaction of 2-phenyl- 
ethyl trimethylsilyl ether (21) with the trimethylsilyl iodide 
adduct (4c) of acetaldehyde at 50 °C in chloroform for 2 h 
affords a 50% yield of 1-methylisochroman (25)14 (Scheme II). 
We assume that the reaction proceeds via the intermediates 
22-24, which are analogous to those proposed in Scheme I for 
the formation of 8. Again no products arising from para sub
stitution of the aromatic ring are observed. The clean forma
tion of 25 from 21 and 4c offers evidence for the mechanism 
proposed in Scheme I. However, in both of these cases since 
hydrogen iodide is produced in the Friedel-Crafts alkylation 
or cyclization steps, this strong protic acid may complicate the 
detailed mechanistic picture.16’16

Conclusion
The n-iodo ethers 4, which are now readily available from 

aldehydes, have good synthetic potential. Since they can be 
formed in quantitative yield even from aldehydes with very 
reactive a hydrogens (e.g., acetaldehyde, propanal, etc.), one 
might be able to use them as electrophilic aldehyde equiva
lents in various reactions, such as nucleophilic additions and 
Friedel-Crafts alkylations. Such possibilities are currently 
being investigated in our laboratories, as well as extensions 
of this double ortho Friedel-Crafts alkylation process to the 
preparation of other tricyclic aromatic compounds of bio
logical interest.

Experimental Section
General. Melting points were taken on a Biichi melting point ap

paratus and are uncorrected. Infrared spectra were obtained on a

OSiMe,
21

+  CH;)CHOSiMe3

I
4c

Scheme II

C H C 1,

50 C  
2 h

24
Perkin-Elmer 137B spectrophotometer. Proton NMR spectra were 
measured on a Varian T-60 spectrometer and are reported in parts 
per million downfield from internal tetramethylsilane, except for the 
spectrum of 10 which was measured at 251 MHz. Carbon NMR 
spectra were measured on a Varian CFT-20 spectrometer. Mass 
spectra were recorded on an MS-9 instrument. Analyses were per
formed by Spang Microanalytical Laboratory, Ann Arbor, Mich.

Formation o f Aldehyde Iodohydrin Trimethylsilyl Ethers (4). 
In general, to a solution of the aldehyde 2 in a chlorinated hydrocarbon 
solvent (CClt, CHC13, CH2CI2, or CDCI3) under a nitrogen atmosphere 
was added via syringe 1 equiv of trimethylsilyl iodide (3) at room 
temperature or slightly below. The solution was allowed stand for
15-30 min at room temperature. (Usually the exothermic reaction was 
complete after only a few minutes.) Proton NMR analysis indicated 
the complete disappearance of the peaks due to the aldehyde 2 and 
the appearance of the peaks due to the iodo ether 4. Attempted dis
tillation or chromatography on silica gel afforded the starting alde
hyde. *H NMR for 4 [RCH(OSiMe3)I]: 4a (R = CH2Ph) (CDC13) «5 7.29 
(5 H, brd s), 6.30 (1 H, t, J = 6 Hz), 3.57 (2 H, d, J = 6 Hz), 0.02 (9 H,
s) ; 4b (R = Ph) (CH2C12) 6 8.00-7.60 (6 H, m); 4c (R = CH3) (CDC13) 
5 6.08 (1 H, q, J = 7 Hz), 2.18 (3 H, d, J = 6 Hz), 0.02 (9 H, s); 4d (R 
= CH3CH2) (CDC13) 6 6.13 (1 H, t, J = 5 Hz), 2.12 [2 H, d (J = 5 Hz) 
of q (J = 7 Hz)], 0.97 (3 H, t, J = 7 Hz), 0.02 (9 H, s); 4e (R = 
CH3CH2CH2) (CDCla) 6 6.23 (1 H, t, J = 6 Hz), 2.48-2.02 (2 H, m), 
1.92-1.35 (2 H, m), 0.98 (3 H, t, J = 6 Hz), 0.07 (9 H, s); 4f (R = 
(CH3)2CH) (CDCla) 5 6.20 (1 H, d, J = 4 Hz), 2.2-1.5 (1 H, m), 1.05 
(6 H, d, J = 6 Hz), 0.07 (9 H, s); 4g (R = CH3(CH2)4) (CDC13) 5 6.25 
(1 H, t, J = 5 Hz), 2.53-2.03 (2 H, m), 1.S5-1.03 (6 H, m), 0.93 (3 H,
t) , 0.07 (9 H, s); 4h (R = CH3(CH2)5) (CH2C12) 6 6.19 (1H, t, J = 5 Hz),
2.27 (2 H, m), 1.38 (8 H, m), 0.95 (3 H, t, J = 7 Hz), 0.1 (9 H, s).

a,a-Diiodotoluene (6). Freshly distilled benzaldehyde (2b) (2.1 
g, 19.8 mmol) was dissolved in 10 mL of methylene chloride (dried over 
molecular sieves) in a 25 mL round-bottom flask. The flask was 
flushed with nitrogen, sealed with a rubber septum, and cooled to 0 
°C in an ice bath. Trimethylsilyl iodide (3) (5.8 mL, 8.7 g, 43.5 mmol) 
was added over 3 min via syringe. The mixture was warmed to 25 °C 
and allowed to stand for 0.5 h. The solution was then washed with 
sodium thiosulfate (1 M, 10 mL) and 5 mL of saturated sodium bi
carbonate and dried (sodium sulfate). The solvent was evaporated 
in vacuo and the residue sublimed at 55 °C and 0.02 mm of pressure, 
using dry ice to cool the collector, to yield 3.5 g (51.4%) of 6 as a white 
solid: !H NMR (CDC13) 5 7.1-7.7 (5 H, m), 6.2 (1 H, s); MS m/e 334 
(M+), 217, 204, 90. This white solid turns light brown rapidly on ex
posure to light and/or heat.

2,3:6,7-Dibenzo-9-oxabicyclo[3.3.1]nona-2,6-diene (8). A 50 mL 
Erlenmeyer flask was charged with phenylacetaldehyde (2a) (1.2 g, 
10 mmol) and 5 mL of freshly distilled chloroform. The flask was 
stoppered under a nitrogen atmosphere with a serum cap and cooled 
in an ice bath. To this solution was added freshly distilled trimeth
ylsilyl iodide (3) (1.6 mL, 2.4 g, 12 mmol), and the reaction was allowed 
to stand at 5 °C for 7 days. Sodium thiosulfate (1 M, 10 mL) and 
methylene chloride (10 mL) were added, and the mixture was stirred 
until the iodine color was discharged. The organic phase was sepa
rated, dried (sodium sulfate), and concentrated in vacuo. NMR 
analysis of this crude reaction mixture indicated the presence of 54% 
of the ether 8,25% of 2-phenylnaphthalene (9), and 20% of the iodide
10. Chromatography on 35 g of silica gel eluting with either carbon 
tetrachloride or chloroform yielded 562 mg of the crystalline ether
8 (50%). Elution with carbon tetrachloride permits the separation of
9 and 10.
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Compound 8: mp 141.5-142.5 °C; ^  NMR (CDCla) b 7.1 (8 H, m),
5.25 (2 H, d, J = 6 Hz), 3.55 (2 H, dd, J = 6 and 16 Hz), 2.70 (2 H, d, 
J = 16 Hz); 13C NMR (CDC13) b 137.78 (s), 131.58 (s), 129.08 (d), 
126.83 (d), 125.96 (d), 125.14 (d), 69.56 (d), 36.12 (t); IR (liquid film)
3.25, 3.37, 6.68, 6.87. 9.22,12.75,12.90,14.35,14.65 pm; MS m/e 222 
(M+), 204, 203,179,178. Anal. Calcd for C16H140: C, 86.45; H, 6.35. 
Found: C, 86.58; H, 6.24.

Compound 1 0 : NMR (CDCI3) b 7.33 (9 H, m, aromatic H), 4.58 
[1H, d (J = 6.0 Hz) of t (J = 4.5 Hz), HJ, 3.61 (2 H, d, J = 4.5 Hz, Hb),
3.34 [1 H, d (J = 3.4 Hz) of t (J = 6.0 Hz), HJ, 3.21 [1 H, d (J = 10.5 
Hz) of d (J = 3.4 Hz), Hd], 3.02 (1 H, d (J = 10.5 Hz) of d (J = 6.0 Hz), 
HJ; IR (liquid film) 3.33, 3.48, 6.25, 6.38, 6.71, 6.90, 7.00, 8.83, 9.72,
14.32 pm; MS m/e 334 (M+), 207.

l,2:5,6-Dibenzocycloocta-l,5-dien-3-ol (11). Ammonia (15 mL) 
was distilled from sodium into a 100 mL three-neck round-bottom 
flask equipped with a Dewar condenser under a nitrogen atmosphere. 
This flask was maintained at -78 °C while the ether 8 (111 mg, 0.5 
mmol) and acetic acid (44 /xL) in 5 mL of anhydrous diethyl ether was 
added. Sodium metal (61.5 mg, 2.8 mmol) was added, and the mixture 
was allowed to reflux for 40 min. At this time, ammonium chloride 
(0.5 g) was added and the ammonia was removed in a stream of ni
trogen. Hydrochloric acid (1 N, 35 mL) was added, and the mixture 
was extracted with 2 X 20 mL of carbon tetrachloride. The organic 
layer was dried (sodium sulfate) and concentrated to an oil. Chro
matography on silica gel, eluting with methylene chloride, yielded 91.3 
mg (81.5%) of the crystalline alcohol 11 (Rf 0.3). Crystals from chlo
roform had mp 109-110 °C (lit.8 mp 113-114 °C); rH NMR (CDC13) 
b 7.33-7.0 (8 H, m), 5.26 (1 H, t, J = 8 Hz), 3.77-3.0 (7 H, m); MS m/e 
224 (M+), 2.06.

The conversion of 11 into 1 was carried out by a method of Nen- 
itzescu.8 Crystals of the ketone 1 showed mp 94.5-95.5 °C (lit.8 mp 
95 °C); 2,4-DNP, mp 195-197 °C (lit.8 mp 198-200 °C).

2-Phenyltetralin (12). A solution of the iodide 10 (334 mg, 1 mmol) 
in 5 mL of diethyl ether was added to a cooled (—78 °C) flask con
taining 20 mL of distilled ammonia under a nitrogen atmosphere. 
Sodium metal (49 mg, 2 mmol) was added and the reaction stirred at 
—33 °C for 30 min. Ammonium chloride (0.5 g) was added, and the 
solvents were evaporated. Water (50 mL) was added and the aqueous 
mixture extracted with 2 X 30 mL of methylene chloride. The com
bined organic layers were dried (sodium sulfate) and concentrated 
in vacuo. Bulb to bulb distillation of the residue yielded 184 mg (82%) 
of 2-phenyltetralin (12): :H NMR (CDCI3) S 7.25 (5 H, s), 7.10 (4 H, 
s), 2.90 (4 H, m), 2.1 (2 H, m); IR (liquid film) 3.34,3.46,6.25,6.33,6.70,
6.87, 6.98, 13.16,13.42,14.33 pm; MS m/e 208 (M+). This reduction 
product was shown to be identical with 2-phenyltetralin (12) by 
comparison (NMR, IR, MS, and gas chromatography) with an au
thentic sample.11

2-Phenyl-l,2-dihydronaphthalene (13) and 3-Phenyl-l-te- 
tralone (15). A solution of 10 (334 mg, 1 mmol) and silver acetate (184 
mg, 1.1 mmol) in 10 mL of acetic acid was refluxed for 40 min. Diethyl 
ether (100 mL) was added, and the solution was washed several times 
with saturated aqueous sodium bicarbonate, dried (sodium sulfate), 
and evaporated in vacuo to afford 235 mg of residue. This mixture was 
taken up in 15 mL of acetone to which was added 15 mL in 1N sodium 
hydroxide, and the solution was allowed stand at 25 °C for 2 h. The 
acetone was extracted with 2 X 30 mL of ether, and the ethereal so
lution was dried (sodium sulfate) and concentrated in vacuo. Pre
parative layer chromatography of the residue on silica gel eluting with 
carbon tetrachloride afforded two separate bands (Rf 0.8 and 0.05). 
The upper band (50 mg) was assigned as 2-phenyl-l,2-dihydro- 
naphthalene (13) on the basis of its NMR spectrum: !H NMR (CCI4) 
8 7.27 (5 H, s), 7.13 (4 H, s), 6.60 (1 H, dd, J = 10 and 1.5 Hz), 6.06 (1 
H, dd, J = 10 and 2 Hz), 3.70 (1 H, m), 3.00 (2 H, m).

The lower band (170 mg), probably the alcohol 14, was oxidized with 
pyridinium chlorochromate to afford 3-phenyl-l-tetralone (15) (151 
mg). The structure of 15 was assigned on the basis of the compound’s 
NMR and IR spectra and the melting point of its semicarbazone: 
semicarbazone, mp 209-210 °C (lit.12 mp 208 °C); :H NMR (CC14) 
b 7.95 (1 H, m), 7.37-7.21 (9 H, m), 3.08 (3 H, m), 2.77 (2 H, m); IR 
(liquid film) 5.95 pm.

1-Methylisochroman (25). A 5 mL round-bottom flask charged 
with freshly distilled acetaldehyde (311 mg, 7.06 mmol) and 1 mL of 
chloroform (dried over molecular sieves) was flushed with nitrogen 
and sealed with a rubber septum. To this was added via syringe tri- 
methylsilyl iodide (3) (0.94 mL, 1.412 g, 7.06 mmol), the flask being 
cooled to keep the reaction mixture at 25 °C. (The reaction of the al
dehyde and the silyl iodide is exothermic.) To this solution of 4c in 
chloroform was added via syringe 2-phenylethyl trimethylsilyl ether
(21) (2.11 mL, 9.9 mmol) (prepared by silylation of the corresponding

alcohol by the usual method). The reaction mixture was warmed to 
50 °C for 2 h and cooled to 25 °C, and 20 mL of diethyl ether was 
added. The organic solution was washed with 3 X 10 mL of 10% 
aqueous sodium thiosulfate and 2 X 10 mL of water, dried (sodium 
sulfate), and evaporated in vacuo. The residue was chromatographed 
on 80 g of silica gel. Elution with benzene afforded 0.553 g (50%) of 
the desired isochroman 25: XH NMR (CDCI3) S 6.8-7.2 (4 H, m), 4.75 
(1 H, q, J = 7 Hz), 3.5-4.3 [2 H, m (14 line pattern)], 2.4-3.2 (2 H, m),
I. 57 (3 H, d, J = 7 Hz); IR (liquid film) 3.3-3.6,8.93,13.16,13.60 pm; 
MS m/e 148 (M+).
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The chloroindolenine derivative (6) of tetrahydrocarbazole (5) reacted with thallium diethyl malonate by addi
tion to the ¡mine function and rearrangement to give the 3-spiro-2-alkylideneindoline (9). An analogous reaction 
was found with thallium ethoxide, leading to the imino ether 12. However, with thallium ethyl acetoacetate the 2- 
spiro-3-alkylideneindoline (15) and the unrearranged O- and C-alkylation products 14 and 16 were formed. Substi
tuting sodium diethyl malonate or sodium ethyl acetoacetate or the corresponding iodoindolenine in these reac
tions gave only tetrahydrocarbazole. The reactions are intermolecular parallels for key alkylation reactions pro
posed in the biosynthetic conversion of secoychimbine to strychnos and picraline alkaloids.

The chlorination of 2,3-disubstituted indoles readily pro
vides 3-chloroindolenines. While reactions of the latter with 
hydroxide and alkoxide have been studied in the tetrahy
drocarbazole1 and in some indole alkloid2 series and were 
found to lead to corresponding oxindoles, there have been no 
reports of the use of haloindolenines for C-alkylation reac
tions. Such alkylations would provide a new entry into syn
theses of a variety of dihydroindole alkaloid structures and 
mimic key steps in the natural biosynthesis of these com
pounds.

Thus oxidation and intramolecular imine alkylation of 
secoyohimbine alkaloids (i.e., geissoschizine, 1), followed by 
rearrangement, can be proposed as the natural pathway to a 
strychnos alkaloid skeleton (i.e., preakuammicinal, 2) and 
ultimately to the aspidosperma alkaloids (i.e., vincadiffor- 
mine, 3), in accord with the result of biosynthetic plant feeding 
experiments with labeled precursors.3 The proposed cycliza- 
tion of an oxindole intermediate to the strychnos skeleton36 
2 (see Scheme I) would seem less favorable from a chemical 
point of view. Alternatively, direct intramolecular displace
ment of the (derivatized) hydroxyl group of the hydroxyin- 
dolenine leads to the picraline type alkaloids 4. Details of the 
overall biosynthetic conversions of 1 to 2, 3, and 4 remain to 
be established and synthetic emulation of the biosynthetic 
steps leading to the strychnos skeleton has been posed as the 
“ missing link” challenge in the formation of this major alka
loid class.36 The present studies provide a synthetic parallel 
to these hypothetical conversions. They could be extended to 
a total synthesis of the alkaloid vincadifformine (3), described 
in the following report.

Scheme I. Biosynthetic Pathways for Generation o f
Strychnos, Picraline, and Aspidosperma-Type Alkaloids

The chloroindolenine 6, prepared by chlorination of te
trahydrocarbazole 5 with tert-butyl hypochlorite, led on re
action with sodium methoxide in methanol at —20 °C pre
dominantly to the methoxyindolenine 7 and to some of the 
rearrangement product 8, while in methanolic sodium hy
droxide the latter became the major product.1’4

Attempts to effect analogous halogen displacement or ¡mine 
addition reactions with sodium diethyl malonate in ether, 
dimethylformamide, dimethyl sulfoxide, or methanol, under 
a variety of conditions, gave mainly recovered chloride 6 or 
tetrahydrocarbazole 5. However, on refluxing thallium diethyl 
malonate and the chloroindolenine 6 in benzene, the unsat
urated malonate 9 was formed in 47% yield, together with 10% 
of tetrahydrocarbazole 5. Structure assignment as 9 for the 
product and exclusion of the alternative structure 10 were 
based on the compound’s insolubility in acid, expected of a

1

9, R = H
11, R = CH;J

vinylogous urethane, on a display of extended conjugation in 
UV (Amax 299, 329 nm; e 9400,19 750) and IR (rmax 1575 cm "1, 
strong) spectra and particularly on a large difference in IR 
carbonyl stretching frequencies for the two ester groups. While 
one appears at 1710 cm-1, the other is shifted to 1660 cm-1
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by internal hydrogen bonding. AL Méthylation of the diester 
9 gave a product 11 with a single ester carbonyl absorption 
band at 1695 cm-1, showing about twice the extinction coef
ficient of those found for the two ester absorption bands in
9.

In analogy to the addition of thallium diethyl malonate to 
the imine function of the chloroindolenine 6 and rearrange
ment to the 3-spiroindoline 9, a corresponding reaction of 6 
with thallium ethoxide in benzene resulted in the formation 
of the imino ether 12, which could be hydrolyzed to the oxin- 
dole 13. No unrearranged ethoxyindolenine was formed in this 
reaction, in contrast to the predominant formation of the 
methoxyindolenine 7 obtained on reaction of the chloroin
dolenine 6 with sodium methoxide.

When the chloroindolenine 6 was heated with thallium ethyl 
acetoacetate, tetrahydrocarbazole 5 was produced as the major 
product, together with the known hydroxyindolenine 14 (14%) 
and the ethyl acetoacetate carbon alkylation products 15 
(10%) and 16 (4%). The structural assignment of 15 was based 
on its acid solubility and indoline UV spectrum, which ex
cluded a structure analogous to that of the malonate product 
9. In its NMR spectrum 15 showed an NH proton singlet at 
5 4.75, which could be slowly removed by hydrogen-deuterium 
exchange in D2O and NaOD, or shifted to 5 9.5 in trifluo- 
roacetic acid (broad two-proton signal for the ammonium 
salt). On methylation the V-methyl derivative 17 was ob
tained. These observations are not compatible with an ace
toacetate adduct having a methine proton. No carbon-ni
trogen double bond stretch was seen in the IR spectrum. Since 
only one double bond isomer was isolated, the E,Z orientation 
of ester and acyl groups in 15 relative to the aromatic ring 
could not be defined in the absence of the alternative iso
mer.5

Assignment of the hemiketal structure 16 to the minor al
kylation product is based on its indoline UV spectrum, on a 
molecular ion m/e 317 showing incorporation of one water 
equivalent, on saturated ester and OH absorptions but no acyl 
absorption in the IR spectrum, and on an NMR methyl singlet 
at 5 1.7, more consistent with 16 than with a structure with an 
acyl group.

17. R = CH;i
In a search for alternatives to the thallium ethyl acetoace

tate reagent it was found that detectable amounts (<3% yield) 
of the major alkylation product 15 were formed on reaction 
of the chloroindolenine 6 with ethyl acetoacetate and silver 
perchlorate in nitromethane6 or with Triton B as base in a 
two-phase dichloromethane/water system. From a homoge
neous solution of the latter reagents in an ethanol, methanol, 
and benzene mixture the hydroxyindolenine 14 was obtained

as major acid soluble product, but no alkylation product 15 
could be found.

Formation of the hydroxyindolenine 14 arises from initial
O-alkylation of ethyl acetoacetate with direct displacement 
of chlorine in the chloroindolenine 6. The resultant enol ether 
is subject to hydrolysis during acid extraction of the reaction 
mixture. While products 15 and 16 may be formed by an 
analogous direct displacement of chlorine in 6 with C-alkyl- 
ation of ethyl acetoacetate, they could alternatively also be 
derived from O-alkylating addition of ethyl acetoacetate to 
the imine function of 6 and bridging of an initial enol ether 
product with displacement of chlorine, resulting in overall 
C-alkylation of ethyl acetoacetate. Preferential 0- rather than 
C-alkylation in the ethyl acetoacetate reaction would then 
rationalize the lack of products analogous to 9, derived from 
diethyl malonate.

In view of the facile rearrangement of the hydroxyin
dolenine 14 to the spiroindoxyl compound 18,7 these com
pounds were considered as possible precursors for the major 
alkylation product 15. However, attempts to condense ethyl 
acetoacetate cr its thallium salt with the ketone 18 in refluxing 
ethanol or benzene did not yield the keto ester 15.

Preliminary efforts to extend this reaction to the thallium 
salts of acetylacetone, dimedone, ethyl benzoylacetate, ethyl 
cyanoacetate, malononitrile, and nitromethane, followed by 
an acid workup, showed that some hydroxyindolenine 14 was 
formed in the first three cases which can give rise to enol 
ethers, but not in the latter three. Tetrahydrocarbazole 5 was 
formed in all instances in addition to uncharacterized tarry 
material.

The ubiquitous formation of tetrahydrocarbazole 5 is as
sumed to orig nate from nucleophilic abstraction of halogen 
from the chloroindolenine 6. Accordingly, the corresponding 
iodoindolenine and thallium diethyl malonate gave only te
trahydrocarbazole 5 (“ I+ > Cl+” ).

The foregoing conversions of tetrahydrocarbazole to the 
alkylation and rearrangement product 9 and the alkylation 
product 16 provide intermolecular reaction parallels to bio
synthetic conversions of the secoyohimbine (1) to strychnos
(2) and pikraline (4) type alkaloids. In order to bring these 
reactions to closer analogy and to apply them to syntheses, of 
naturally occurring alkaloids, they were extended to te- 
trahydrocarbolines, as described in the following report of a 
synthesis of vincadifformine (3).

Experimental Section
4a-Chloro-2,3,4,4a-tetrahydro-lff-carbazole (6 ). Tetrahy

drocarbazole (1.71 g, 10 mmol) was dissolved in benzene (30 mL) 
containing triethylamine (1.1 mL). The mixture was cooled in ice, then 
feri-butyl hypochlorite (1.1 mL) was added slowly through a syringe 
needle dipping telow the surface of the stirred solution. After addition 
was complete, stirring was maintained for 30 min, then the reaction 
mixture was washed three times with ice water. The benzene solution 
was dried by passing it through phase separating paper (Whatman 
No. 1 PS) and then distilling a small portion of the solvent. This so
lution was used directly for the subsequent reactions: IR (CCI4) )<max 
3050, 2950, 2860,1590,1355 cm“ 1; NMR (CC14) r 2.32-2.80 (complex
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m, 4 H), 7.04-7.20, 7.24, 7.41, 7.70-7.97, 8.04-8.80,9.05 (complex m, 
8  H).

2'-Ethoxyspiro(cyclopentane-l,3'-3'Ji-indole) (12). Thallium® 
ethoxide (2.5 g) was added to the above solution of 6 . The reaction 
mixture was stirred and refluxed for 6  h, then cooled and filtered 
through a short column of Florisil. Removal of the solvent furnished 
an oil which was absorbed on alumina (Woelm, Grade I) from light 
petroleum. Elution with ether-light petroleum (1:3) gave 2'-ethoxy- 
spiro(cyclopentane-l,3'-3'H-indole) (12) (1.45 g, 67%), as a colorless 
oil: IR (film) «/max 3010,2960,2880,1580,1460,1400,1380,1340,1270. 
1025,730 cm"1; NMR (CC14) r 2.6-3.1 (4 H), 5.54 (q, 2  H), 8.01 (br m 
8  H), 8.61 (t, 3 H). The structure was confirmed by acid hydrolysis1 

to spiro(cyclopentane-l,3'-3'/f-indole)-2'(l,H)-one (13), identical with 
an authentic sample.

Diethyl Spiro(cyclopentane-l,3'-3'ii-indole)-2'(l'JFi)-ylide- 
nemalonate (9). Thallium® diethyl malonate (3.64 g, 10 mmol) was 
added to the above solution of 6 . The mixture was stirred and refluxed 
for 18 h and then the cooled reaction mixture was passed through a 
short column of Florisil. The filtrate was extracted twice with ice cold 
2 N hydrochloric acid, then washed with water and dried over sodium 
sulfate. Removal of the solvent furnished a dark oil which partially 
crystallized on standing. After cooling to 0 °C, the crystals were fil
tered, and after recrystallization from n-heptane furnished diethyl 
spiro(cyclopentane-l,3'-3'H-mdole)-2'(l'®)-ylidenemalonate (9): 
mp 102-103 °C (1.54 g, 47%); IR (CC14) vmax 3290, 3050, 2980, 295C, 
2875, 1710.1660,1605,1575,1475,1395,1365,1278,1225,1102,1070 
cm“ 1; NMR (CC14) r 2.76-3.12 (5 H), 5.77 (quartet, 4 H), 7.4-7.6,8.04 
(complex m, 8  H), 8 . 6 8  (t, 6  H); UV (EtOH) \max (e) 204 (9000), 232 
(12 000), 299 (9400), 329 nm (19 750); MS m/e (%) 329 (M+, 45), 288 
(100), 256 (57), 170 (56), 168 (37), 182 (22). Anal. Calcd for C19H23N04: 
C, 69.28; H, 7.04; N, 4.25. Found: C, 69.37; H, 7.06; N, 4.16.

Diethyl l'-M ethy lsp iro(cyclopentan e-l,3 '-3 'ff-indole)-2 '- 
ylidenemalonate (11). A mixture of 1 g (3.3 mmol) of the malonyl 
adduct 9 and lithium amide (280 mg, 13.2 mmol) was refluxed in an
hydrous tetrahydrofuran (20 mL) for 4 h under an atmosphere of dry 
nitrogen. The reaction was then cooled and a solution of methyl iodide 
(1.5 mL, 26.4 mmol) in dimethylformamide (5 mL) was added; the 
resulting mixture was stirred at 20 °C for 60 h, then poured into water 
and extracted three times with ether. The organic extracts were 
washed with water and dried over sodium sulfate and the solvent was 
evaporated to leave an oil which slowly crystallized. Recrystallization 
from n -heptane gave diethyl l'-methylspiro(cyclopentane-l,3',3'- 
H-indole)-2'-ylidenemalonate: mp 100-102 °C (600 mg, 58%); IR 
(CC14) 3050, 2980, 2870,1695,1545,1485,1450,1365,1275,1200,
1095, 1050, 960 cm“1; NMR (CC14) t  3.00 (W  = 46 Hz, 4 H), 5.80 (q, 
4 H), 6.85 (s, 3 H), 7.3,8.0 (br m, 8  H), 8.71 (t, 6  H); UV (EtOH) Amax 
®  207 (6200), 237 (8200), 302 (3700), 342 nm (10 500); MS m/e (%) 
343 (M+, 20), 303 (91), 184 (100), 168 (34), 167 (27), 157 (26). Anal. 
Calcd for C2oH2 5 N0 4: C, 69.95; H, 7.34; N, 4.08. Found: C, 69.89; H, 
7.44; N, 3.86.

Reaction of 4a-Chloro-2,3,4,4a-tetrahydro-l Ji-carbazole (G) 
with T hallium ®  Ethyl Acetoacetate Enolate. To the above so
lution of 6  was added thallium® ethyl acetoacetate enolate (3.24 g, 
10 mmol). The two substances were allowed to react and the reaction 
mixtures worked up as in the preparation of the malonyl adduct 9. 
The nonbasic product was a dark oil (1.1 g, 64%) and at least 60% of 
this oil was tetrahydrocarbazole (650 mg, 38%). It contained no te- 
trahydrocarbazole-ethyl acetoacetate adducts. The acid extracts were 
neutralized with ice cold potassium carbonate solution and then made 
strongly basic with potassium hydroxide and extracted three times 
with dichloromethane. The organic extracts were combined, washed 
with water, and dried, and the solvent was removed to give a partially 
crystalline material. This product was adsorbed onto a column of dry 
alumina, which was developed with light petroleum-ether (75:25). 
After development, the column was sliced into three separate bands 
(determined by examination under UV light) and the products were 
eluted from the adsorbent with dichloromethane. The most polar 
compound was identified as 4a-hydroxy-2,3,4,4a-tetrahydro-l/i-

carbazole (14) (254 mg, 14%), identical with an authentic sample.7 The 
compound of middle polarity was assigned as ethyl 2-hydroxy-2- 
methyl-2,3,3a,8a-tetrahydro-3a,8a-butanofuro[2,3-6]indole-3-car- 
boxylate (16) (125 mg, 4%): IR (CCU) emax 3385,3000,2945,2860,1730, 
1615,1480,1465,1450,1423,1375,1347,1315,1305,1280,1250,1185, 
1128,1047,1005, 962, 956, 946, 905, 880 cm"1; NMR (CDC13) r 2.95 
(m, 5 H), 4.3 (s, 1 H, exchanged rapidly with D20), 5.27 (s, 1 H, ex
changed slowly with D20), 5.74 (q, 2 H), 6.70 (s, 1H), 8.30 (s, 3 H), 8.65 
(t, 3 H), 7.25-9.30 (complex absorption, 9 H); UV (EtOH) Amax (<) 212 
(10 000), 240 (8700), 294 nm (2300); MS m/e (%) 317 (M+, 20), 299
(41), 216 (44), 184 (100), 170 (88), 169 (79). The least polar compound 
was assigned as ethyl spiro(cyclopentane-l,2'-37i-indole)-3'(l'fi)- 
ylideneac’etoacetate (15): mp 118-118.5 °C (300 mg, 10%); IR (CC14) 
«max 3395,3050, 2960,2880,1700,1680,1632,1605,1480,1460,1395, 
1370,1330,1310,1265,1105,1090, 970 cirr1; NMR (CDC13) r 2.65-
3.34 (7 lines, 4 H), 5.28 (s, 1 H), 5.75 (q, 2 H), 7.80 (s, 3 H), 8.68 (t, 3 
H), 7.6-8.0,8.3-8.7 (br m, 8 H); NMR (CFaC02H) r 0.5 (br s, 2 H), 2.2 
(4 H), 5.61 (q, 2 H), 7.60 (s, 3 H), 8.55 (t, 3 H), 7.0-8.5 (br m, 8 H); UV 
(EtOH) Amax (e) 208 (26 000), 242 (27 500), 293 nm (5300); addition 
of acid gave no shifts in band positions, but all bands were weaker; 
addition of base increased the intensity of the 208-nm band ap
proximately 30-fold; MS m/e (%) 299 (M+, 24), 256 (100), 228 (40), 
182 (48), 170 (60). Anal. Calcd for C18H2]N03: C, 72.22; H, 7.07; N,
4.68. Found: C, 72.13; H, 7.23; N, 4.45.

Ethyl l'-Methylspiro(cyclopentane-l,2'-3'Ji-indole)-3'(l'- 
H)-ylideneacetoacetate (17). The acetoacetate adduct 15 
(75 mg) was methylated with lithium amide (30 mg) in tetrahydro
furan and methyl iodide (250 pL) in DMF, as described for the mal
onate adduct 9, yielding a brown oil which was taken up in light pe
troleum-ether (72:25) and passed through a short column of alumina 
to furnish ethyl r-methylspiro(cyclopentane-l,2'-3'H-indole)-3'- 
(l'Fl)-ylideneacetoacetate (17)(45 mg, 57%): IR (CCl4)emax 3050, 2935, 
2853,1687,1615,1480,1377,1330,1310,1095,977 cm“ 1; NMR (CC14) 
r 2.8 (2 H), 3.2-3.7 (2 H), 5.75 (q, 2 H), 7.08 (s, 3 H), 7.8 (s, 3 H), 8.66 
(t, 3 H), 7.0-9.2 (complex absorption, 8 H); UV (EtOH) Amax (e) 211 
(30 400), 247 (32 150), 317 nm (3240); MS m/e (%) 313 (M+, 27), 271
(22), 270 (100), 256 (22), 242 (35), 184 (20).
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IV-Methyl- and lV-benzyltetrahydro-/3-carbolines (8 and 17) on reaction with ieri-butyl hypochlorite gave the 
corresponding chloroindolenines 9a,b. The IV-methyl compound 9a was converted to the rearranged 2-alkoxy-3- 
spiropyrrolidylindolenine (10) and the oxindole (11) on treatment with thallium ethoxide, followed by hydrolysis. 
Reactions of the chloroindolenines 9a,b with thallium dialkylmalonates led to the respective indoleazepines 14 and
16. Monodecarboxylation and débenzylation of the latter provided the amino ester 20, which was converted to vin
cadifformine (la) by reaction with 5-bromo-2-ethylpentanal (23). The overall synthetic reaction sequence, which 
proceeded in high yields at each step, passed through the biogenetically postulated secodine 7. This intermediate 
underwent a biomimetic cyclization with stereospecific generation of vincadifformine in greater than 67% yield.

Among indole and dihydroindole alkaloids, which com
prise one of the largest classes of natural products with a 
common structural element, alkaloids with the aspidosperma 
skeleton, exemplified in vincadifformine (la), are prominently 
represented. Their biosynthetic origin has been traced to 
tryptophan and loganin precursors with subsequent secoyo- 
himbine (i.e., geissoschizine) and strychnos (i.e., preakuam- 
micinal) biosynthetic stages.1 (See corresponding structures 
1, 2, and 3 in the preceeding paper.2) Cleavage of ring C in 
preakuammicine (2) and reduction of the resultant immonium 
function leads to stemmadenine (3). Isomerization of the 
ethylidene double bond in stemmadenine (3) can then give rise

)

1

b, A-6,7

to a tetrahydropyridine alcohol intermediate 4, which may 
undergo fragmentation (as its pyrophosphate?) to a dehy- 
drosecodine (5). This structure occupies a key pivotal position 
in alkaloid biogenesis in that it has been postulated1-3 to serve 
as a precursor for generation of aspidosperma (i.e., taberso- 
nine, lb) or iboga (i.e., catharanthine, 6) alkaloid structures 
by alternative reactions of the acrylic ester and dienamine 
moieties. Furthermore, reduction to a tetrahydropyridine 
(perhaps by disproportionation of the dihydropyridine) will 
furnish a secodine intermediate 7. The latter can undergo only 
one of the two fundamental cyclization pathways outlined 
above, thus leading to vincadifformine (la). The following 
report describes the synthesis of vincadifformine by genera
tion and reaction of the biogenetically proposed secodine in
termediate 7.

Chlorination of tetrahydrocarbazole and reaction of the 
resultant chloroindolenine with thallium diethyl malonate had 
resulted in a 3-spirocyclopentyl-2-alkylideneindoline.2 Ex
tension of this biomimetic oxidative alkylation reaction se
quence to Af-/3-alkyltetrahydrocarbolines 8 and 17 could be 
expected to proceed in an analogous fashion to give corre
sponding 3-spiropyrrolidylindoline structures, which would 
be of potential value for indole alkaloid syntheses. Thus 4a- 
chloro-2-methyl-l,2,3,4-tetrahydro-4a//-pyrido[3,4-t>]indo- 
lenine (9a) was prepared in a pilot study by reaction of the 
tetrahydro-d-carboline 8 with ieri-butyl hypochlorite. In 
contrast to the chloroimine derived from tetrahydrocarbazole, 
the chloroimine 9a is an isolable crystalline compound, stable 
on storage at 0 °C in the absence of acids. When treated with 
thallium ethoxide in refluxing benzene it gave the imido ether 
10, which in turn was hydrolyzed to the 3-spiropyrrolidyl- 
2-oxindole 11.

A reaction of the chloroimine 9a with thallium diethyl 
malonate, however, furnished an alkylation product which did 
not show the spectroscopic characteristics of the 3-spiro-2- 
alkylideneindoline 12, but instead those of an indole [UV \max

0022-3263/78/1943-3705$01.00/0 ©  1978 American Chemical Society
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285, 293 nm; t 7950, 6900; IR vmax 3465 cm“ 1 (sharp NH); 
NMR 5 8.2 (indolic NH)]. It thus appeared that the 3-spiro- 
2-alkylideneindoline 12 had rearranged through a zwitterionic 
immonium malonate 13 to the indoloazepine 14. An alterna
tive malonyl tetrahydro-/3-carboline structure (15) was con
sidered for this product, based on an ¡mine to enamine tau- 
tomerization in 9a and subsequent vinylogous displacement 
of chloride by malonate, in analogy to such known reactions 
of chloroindolenines. However, the alkyl malonic ester 
structure 15 could be excluded by the NMR spectrum, which 
did not show an AB pattern for two adjacent methine protons, 
but instead showed a two-proton singlet at 8 3.4 for a meth
ylene group on nitrogen.

Formation of the indoloazepine 14 provided a conceptual 
base for syntheses of secodines and aspidosperma alkaloids. 
To this end it seemed advantageous to promote decarboxyl
ation of one of the ester functions and to remove the N-b alkyl 
substituent. These two objectives were readily achieved 
through synthesis of the tert-butyl methyl-3-benzyl-
l,2,3,4,5,6-hexahydroazepino[4,5-5]indole-5,5-dicarboxylate
(16). The starting material, N-benzyltetrahydro-d-carboline 
17, was most readily prepared through benzoylation of tet- 
rahydro-/3~carboline and reduction with lithium aluminum 
hydride, rather than through the reported Leuckart benzy
lation.4-5 Conversion of this compound to the chloroindolenine 
9b with tert-butyl hypochlorite and triethylamine and sub
sequent reaction with thallium teri-butyl methyl malonate 
in refluxing benzene gave the desired azepinoindole 16 in 
63-85% yield.

Vigorous acid hydrolysis resulted in double decarboxylation 
of the diester 16 and thus led to the azepinoindole 18. This 
compound could alternatively be obtained from N-benzo- 
ylazepin-4-one (19) by a Fischer indole synthesis and reduc
tion with lithium aluminum hydride, thus substantiating the 
foregoing structure assignments.6

While heating of the diester 16 for 1 h with aqueous 
methanolic hydrochloric acid resulted in double decarboxyl
ation, only the tert-butyl ester function was lost in anhydrous 
methanol or, for optimum yield, on heating with anhydrous 
trifluoroacetic acid in 1,2-dichlorethane (90% yield). The 
benzyl group could then be quantitatively removed from the 
monomethylamino ester by hydrogenolysis in acetic acid over 
a 5% Pd/C catalyst (or analogously from the fert-butyl methyl 
diester 16) with generation of the required azepinoindole ester 
20.

19
A synthesis of the key secodine intermediate 7 could now 

be projected through transformation of the azepine 20 into 
a 5-haloenamine intermediate 21, its cyclization to a spiroe- 
nammonium salt 22, and fragmentation of this /3-ammonium 
ester. While spiroammonium salts have been made previ
ously,7>8’9 no intramolecular enamine N-alkylation reaction, 
needed for transformation of the indole azepine 20 to the 
spiroammonium salt 22, has been reported. Thus a model 
reaction of hexamethyleneimine with 5-bromo-2-ethylpen- 
tanal (23) was studied and found to give the spiroenammon- 
ium salt 24 in 77% yield by heating the reactants in ben
zene.10

Br

The bromo aldehyde 23 used in this reaction was made from 
methyl 4-formylhexanoate (25), which in turn is readily ob
tained from reaction of butyraldéhyde enamines with methyl 
acrylate.11 Conversion of the aldehyde 25 to its dimethyl (or
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diethyl) acetal (93,90%) and reduction with lithium aluminum 
hydride (90%) afforded the acetal alcohol 26a. Initial attempts 
at transformation of this alcohol into a corresponding halide 
were complicated by the intrinsic lability of the acetal func
tion. While trioctylphosphine and carbon tetrachloride12 have 
been used with sugar hemiacetals,13 this reagent appeared to 
yield primarily the tetrahydropyran 27 as a result of intra
molecular methoxy O-alkylation, with displacement of tri
octylphosphine oxide in intermediate 26b. Thionyl chloride 
or phosphorus tribromide and pyridine also led to the te
trahydropyran 27 as major product. The reaction of the al
cohol 26a with triphenylphosphine and carbon tetrabromide 
was more successful (65% yield of 23), but the most satisfac
tory synthesis of the bromo aldehyde 23 was obtained by 
quantitative transformation of the acetal alcohol 26a to its 
mesylate derivative 26c and reaction of the latter with lithium 
bromide in dimethylformamide. On aqueous extractive 
workup the bromoaldehyde was obtained in 78% yield.14

Br

\

b, X = o p r 3+
c, X = oso2ch3

For continuation of the synthetic sequence the bromo al
dehyde 23 was combined with the indoloazepine 20. Under 
conditions which had produced the model spiroenammonium 
salt 24, vincadifformine (la) was generated directly. Following 
this reaction by high-pressure liquid chromatography it could 
be seen that an equimolar solution of the reactants in benzene 
led to formation of the intermediate bromo enamine 21 (iso
lated and identified by mass spectrum) with its concentration 
maximized after 22 h and its complete disappearance after 72 
h at room temperature, or at 20 min and 3 h, respectively, at 
reflux. Vincadifformine was slowly generated at room tem
perature, but it appeared after 7 min at reflux and its con
centration in refluxing benzene was maximized after 27 h. The 
formation of precipitates (presumably in part the spiroe
nammonium intermediate 22) could be seen during the course 
of the reaction. Vincadifformine (la) was isolated in about 23% 
yield from such reaction mixtures. However, when dimeth
ylformamide at room temperature or methanol at 40 °C were 
used as solvent, to facilitate solution of the spiro salt 22, and 
auxiliary bases such as potassium carbonate or triethylamine 
were added to promote the fragmentation reaction of the 
ammonium salt 22, the yield of vincadifformine (la) could be 
increased to 70%,

This last step of the synthetic sequence thus demonstrates 
that the previously postulated biogenetic secodine interme
diate 7 can be generated and that it indeed undergoes the 
biogenetically proposed stereospecific cyclization to vincad
ifformine (la) in good yield. With an overall yield of vincad
ifformine from the tetrahydrocarboline 17 above 50%, the 
synthetic reaction sequence compares quite favorably with 
the previously reported vincadifformine syntheses15-16 and 
the biomimetically relevant synthesis of minovine.17

Experimental Section

4a-Chloro-2-methyl-l,2,3,4-tetrahydro-4aii-pyrido[3,4-f»]- 
indolenine (9a). (V-Methyltetrahydro-fl-carboline (2-methyl-
l,2,3,4-tetrahydro-9//-pyrido[3,4-6]indole)18 8 was alternatively 
prepared in 33% overall yield by methylation of /3-carboline19 and 
sodium borohydride reduction20 of the resultant carbolinium salt. To 
a solution of 0.930 g (5 mmol) of 8 in 170 mL of dichloromethane 
containing triethylamine (550 /uL), tert- butyl hypochlorite (550 gL) 
was added. The mixture was stirred at room temperature for 1 h, then 
it was washed with ice water, passed through phase separating paper 
(Whatman No. IPS), and concentrated under reduced pressure to a 
volume of about 10 mL. A precipitate of unreacted starting indole 
separated and was filtered off (213 mg). The filtrate was evaporated 
to dryness to give the chloroindolenine 9a (862 mg, 99%) as a dark oil 
which solidified on standing in the freezer. Further purification was 
not attempted: IR (CC14) i> 3055, 2935, 2835, 2785,1600,1451,1345, 
1250,1135,1120,1060,1045,1000,955,870,810 cm '1. NMR (CDC13) 
5 7.3-6.9 (4 H, aromatic), 3.31 (AB q, Jab = 14 Hz, protons at C4, 2 H),
7.65-7.55 (2 H), 2.26 (s, 3 H), 2.45-1.45 (2 H); UV (EtOH) X (e) 226 
(8800), 286 (1100).

Reaction o f 4a-Chloro-2-m ethyl-1,2,3,4-tetrahydro-la /f- 
pyrido[3,4-f>]indolenine (9a) with T hallium ®  Ethoxide. Com
pound 9a (300 mg) was dissolved in anhydrous benzene (20 mL). 
Thallium® ethoxide (340 mg, 125 f i L )  w a s  added and the mixture 
was stirred and refluxed for 18 h. The mixture was then cooled and 
filtered (Whatman GF/A) to remove precipitated thallium salts. 
Concentration under reduced pressure gave an oil (180 mg) which was 
mainly 2-ethoxy-l'-methylspiro(3ii-indole-3,3'-pyrollidme) (10) 
together with a little 11. This oil was dissolved in methanol (10 mL) 
and 2 N hydrochloric acid was added dropwise to turbidity. After 
adding sufficient further methanol to disperse the turbidity, the 
mixture was allowed to stand overnight, diluted with brine, made basic 
with sodium hydroxide, and extracted with chloroform. The combined 
extracts were washed with water, dried, and concentrated to an oil 
(89 mg, 32%) which crystallized on standing. Recrystallization from 
re-heptane gave l'-methylspiro(3//-indole-3,3'-pyrollidine)-2(lH)-one
(11): mp 113-115 °C; IR (CC14) v 3450, 3200, 3150,3075, 2970, 2950, 
2840,2770,1710,1615,1470,915,790,640 cm“ 1; NMR (CDC13) 5 8.44 
(1 H), 7.32-6.70 (aromatic, 4 H), 2.8 (br s ,  2 H), 2.40 ( s ,  methyl, 3 H),
3.0-2.0 (complex absorption, 4 H); MS m/e 202 (M+). Anal. Calcd for 
Ci2H14N20: C, 71.26; H, 6.98; N, 13.85. Found: C, 71.44; H, 7.20; N
13.84.

Reaction of 4a-Chloro-2-m ethyl-l,2,3,4-tetrahydro-4afl- 
pyrido[.3,4-b]indolenine (9a) with Thallium ® Diethyl Maionate 
Salt. A solution of 9a (220 mg, 1 mmol) in dry benzene (20 mL) was 
added to thallium® diethyl maionate salt (364 mg, 1 mmol). The 
mixture was stirred vigorously and heated under reflux for 20 h, 
cooled, and filtered (Whatman GF/A) and the solvent was removed 
in vacuo to leave a dark sticky gum which was adsorbed onto silica gel. 
Elution with eihyl acetate-dichloromethane (40:60) furnished diethyl
3-methyl-l,2,3,4,5,6-hexahydroazepino[4,5-6]indole-5,5-dicarboxylate 
(14; 75 mg, 22%). Recrystallization from n-heptane gave colorless 
prisms: mp 84-86 °C; IR (CC14)p 3465, 3450,3050,2985,2935,2850, 
2803, 1740, 1650, 1525, 1455, 1235, 800 cm"1; NMR (CDC1S) 5 8.2 
(indole NH, 1 H), 7.4-6.8 (aromatic 4 H), 4.18 (q, 4 H), 3.36 (s, protons 
at C4, 2 H), 2.84 (apparent nine-line system, AA'BB' for protons at 
Ci and C2, 4 Hi, 2.24 (s, 3 H) 1.25 (t, 6 H); in benzene the signal for the 
C4 protons is considerably broadened, and the protons at Ci and C2 
are a more usual AA'BB' system; UV (EtOH) X (c) 235 (34 000), 285 
(7950), 293 (6900), 340 nm (550); MS m/e (%) 344 (90), 288 (58), 227 
(100), 208 (661, 184 (41), 153 (61). Anal. Calcd for C19H24N20 4: C, 
66.26; H, 7.02; N, 8.13. Found: C, 66.11; H, 7.30; N, 7.96.

2-Benzoyl-l,2,3,4-tetrahydro-9/f-pyrido[3,4-&]indole. Tet- 
rahydro-/3-carbolinezl (7 g) was dissolved in dry pyridine (35 mL) and 
a solution of benzoyl chloride (7 mL) in dry benzene (30 mL) was 
added over 30 min to the stirred mixture. After heating at reflux for 
30 min the reaction mixture was poured into water and extracted with 
chloroform. The combined chloroform extracts were washed with ice 
cold 2 N hydrochloric acid, water, 3 N potassium carbonate solution, 
and brine, and then dried over potassium carbonate. Removal of the 
solvent gave an oil which was triturated with toluene. Once crystal
lization had begun, re-heptane was added. Filtration gave the amide 
(10.55 g, 94%) as a pale yellow solid. The analytical sample was re
crystallized from aqueous ethanol with the aid of charcoal: mp 
155-156 °C; IR (CHC13) v 3470, 3060, 3020, 2925, 2860, 1625, 1620, 
1575,1490,1460,1435,1305,1205,1150,1045,1025,980 cm"1; NMR 
(CDC13) h 8.6 (indole NH, 1 H), 7.6-6.9 (aromatic, 9 H), 4.8 (br s, Ci 
protons, 2 H), 3.7 (br s, C protons, 2 H), 2.8 (br s, C4 protons, 2 H); MS 
(80 eV) m/e 276 (8), 262 (16), 168 (15) 143 (100), 105 (15), 91 (21), 77
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(16), 44 (44), 40 (71). Anal. Calcd for Ci8H16N20: C, 78.24; H, 5.84; N, 
10.14. Found: C, 78.24; H, 5.92; N, 10.18.

2-Bcnzyl-l,2,3,4-tetrahydro-i)/J-pyrido[3,4-/>]indole (17). 2-
Benzoyl-l,2,3,4-tetrahydro-9H-pyrido[3,4-5]indole (10.5 g, 38.5 
mmol) dissolved in tetrahydrofuran (150 mL) was added over 1 h to 
a stirred mixture of tetrahydrofuran (300 mL) and lithium aluminum 
hydride (1 M solution in ether, 42.5 mL) under a blanket of dry ni
trogen. When addition was complete, the mixture was heated to reflux 
for 6 h. After 12 h at room temperature magnesium sulfate heptahy- 
drate (50 g) was added, with stirring, to destroy excess hydride. After 
stirring for 12 h the solids were filtered off and the solvent was evap
orated to give the product, mp 140-142 °C (reported4 mp 142 °C), as 
a white solid (9.15 g, 91.5%).

4a-Chloro-2-benzyl-l,2,3,4-tetrahydro-lif-pyrido[3,4-b]- 
indolenine (9b). This compound was prepared from the tetrahy- 
dro-/3-carboline 17 (1.3 g, 5 mmol) in dry benzene (100 mL) with tri- 
ethylamine (550 ¿¿L) and tert-butyl hypochlorite (550 iiL) as described 
above. The resultant solution of 9b was normally used directly for the 
next step; however, the compound could be isolated, though it ap
peared to be less stable than the 2-methyl compound. Removal of the 
solvent from the reaction mixture in vacuo gave the chloroindolenine 
9b (1.45 g, 98%) as a dark oil: NMR (CCI4) b 7.5-7.0 (aromatic, 9 H),
3.58 (s, benzyl CH2, 2 H), 3.53 (AB q, J a b  = 11 Hz, protons at Ci, 2 
H), 2.8-2.6 (2 H), 2.55-2.48 (1 H), 2.0-1.6 (1 H).

tert-Butyl Methyl 3-Benzyl-l,2,3,4,5,6-hexahydroazepino- 
[4,5-b]indole-5,5-dicarboxylate (16). The chloroindolenine 9b was 
prepared by dissolving N-benzyltetrahydrocarboline 17 (3.522 g, 13.44 
mmol) in 100 mL of dry benzene and cooling to 5 °C. To the cold 
stirring solution was added dry triethylamine (1.16 g, 10 mmol, 1.6 
mL) followed by dropwise addition of tert-butyl hypochlorite (1.458
g, 13.44 mmol, 1.6 mL). The reaction was kept in an ice bath for 1.5
h, then poured into water at 0 °C (20 mL). The benzene layer was 
separated and dried over sodium sulfate. The solution was filtered 
and the volume reduce to one half by vacuum evaporation. Dry ben
zene was added to a total volume of ~100 mL, then thallium tert- butyl 
methyl malonate (5.28 g, 14 mmol) was added and the stirred solution 
refluxed for 36 h. The reaction was cooled to room temperature and 
filtered through glass fiber paper. The solvent was removed and the 
residue adsorbed onto silica gel (20 g, Woelm Activity III for dry 
column chromatography). The adsorbed material was placed on top 
of a 6 in X 1.5 in. column of the dry column silica gel and eluted with 
dichloromethane. The first 20 mL was discarded and the product was 
collected in the next 150 mL (3.69 g, 63.3%): maximum yield on a 
larger scale, 85%; recrystallized from aqueous methanol; mp 118-120 
°C; IR (CHCI3) v 3460, 3440,3080, 3050,3020,2995,2975,2940,2820, 
1730,1610,1445,1365,1250,1150,1025,840,695 cm“ 1; NMR (CDC13) 
b 1.44 (s, 9 H), 2.82 (br s, 4 H), 3.60 (s, 2 H), 3.66 (s, 3 H), 3.76 (s, 2 H), 
6.84-7.4 (m, 9 H), 8.36 (br s, 1 H); mass spectrum (80 eV) m/e (rel 
intensity) 434 (7), 334 (30), 216 (57), 156 (57), 91 (68), 59 (78), 56 (76), 
44 (81), 41 (78), 40 (100). Anal Calcd for C26H3oN20 4: C, 71.86; H, 6.96;'
N, 6.45. Found: C, 71.97; H, 7.03; N, 6.16.

Methyl 3-Benzyl-1,2,3,4,5,6-hexahydroazepino[4,5-i]indole-
5-carboxylate. The tert-butyl ester 16 (1.890 g, 4.35 mmol) was 
dissolved in 80 mL of 1,2-dichloroethane and the system flushed with 
nitrogen. Anhydrous trifluoroacetic acid (1.6 mL) was added via sy
ringe through a rubber septum. The solution was stirred at reflux for
3.5 h. The hot reaction mixture was poured into 100 mL of cold (sat
urated) aqueous sodium carbonate. The layers were separated and 
the aqueous phase was extracted with 50 mL of dichloroethane. The 
combined organic phases were washed with (saturated) sodium car
bonate solution and filtered through phase separating paper onto 
anhydrous potassium carbonate. Filtration and evaporation of the 
solvent produced a brown oil which was triturated with ethyl ace
tate-heptane to induce crystallization. The off-white solid was col
lected in two crops to yield 1.219 g (84%) of decarboxylated amine. 
The compound was recrystallized twice from aqueous ethanol for 
analysis: mp 135-135.5 °C; IR (CHCI3) v 3480,3075,3045, 2940,2840, 
1740,1600,1500,1460,1435,1350,1275,1230,1220,1200,1163,1026 
cm"1; NMR (CDC13) b 2.94 (br s, 4 H), 3.24 (m, 2 H), 3.76 (s, 3 H), 3.88 
(s, 2 H), 4.16 (m, 1 H), 6.96-7.7 (m, 9 H), 8.68 (br s, 1 H); mass spec
trum (80 eV) m/e (rel intensity) 334 (M+, 37), 216 (100), 156 (61), 91
(49), 42 (32). Anal Calcd for C2iH22N20 2: C, 75.42; H, 6.63; N, 8.38. 
Found: C, 75.63; H, 6.90; N, 8.41.

Methyl tert-Butyl 1,2,3,4,5,6-Hexahydroazepino[4,5-b]in- 
dole-5,5-dicarboxylate. A solution of iV-benzylamine 16 (202 mg,
O. 465 mmol) in dry acetic acid (7.5 mL) was hydrogenated under 1 atm 
pressure of hydrogen with 5% Pd/C catalyst (22 mg) for 1.5 h. The 
catalyst was filtered and washed with hot methanol. The solvent was 
removed from the filtrate by evaporation, leaving a light yellow oil 
which was dissolved in dichloromethane (50 mL). The solution was 
cooled to 0 °C, 10% aqueous NaOH (25 mL) was added, and the so

lution was stirred vigorously for 10 min. The organic phase was sep
arated and dried over anhydrous potassium carbonate. The solution 
was filtered and the solvent evaporated to a light yellow oil which 
resisted all attempts at crystallization, but was pure debenzylated 
diester amine (155 mg, 97%): IR (CDCI3) v 3445, 3435, 3035, 2975, 
2915,1730, 1615,1455,1430,1365,1250,1140,1020, 840, 800 cm -1; 
NMR (CDCI3) b 1.48 (s, 9 H), 2.24 (s, 1 H), 2.96 (m, 2 H), 3.16 (m, 2 H), 
3.72 (m, 2 H), 3.78 (s, 3 H), 7.04-7.60 (m, 4 H), 3.88 (br s, 1 H); mass 
spectrum (80 eV) m/e (rel intensity) 344 (M+, 100%), 245 (82), 229 
(56), 216 (96), 215 (87), 203 (87), 171 (67), 155 (74).

Methyl l,2,3,4,5,6-Hexahydroazepino[4,5-/b]indole-5-car- 
boxylate (20). The monoester benzylamine (915 mg, 2.74 mmol) was 
dissolved in 50 mL of glacial acetic acid and 100 mg of 5% Pd/C cat
alyst was added. The mixture was hydrogenated under 1 atm pressure 
for 18 h, then filtered through glass fiber paper. The catalyst was 
washed with 50 mL of hot methanol and the combined filtrates were 
evaporated to an oily residue. The residue was dissolved in 75 mL of 
chloroform and 100 mL of (saturated) aqueous sodium carbonate was 
added. The two-phase system was stirred vigorously for 15 min and 
the layers were then separated. The aqueous phase was washed with 
chloroform and the combined chloroform phases were washed with 
brine, and then filtered through phase separating paper onto anhy
drous potassium carbonate. The material was filtered and the solvent 
evaporated, leaving a thick oily residue which was solidified by trit
uration with ethyl acetate-heptane. The material was filtered yielding 
532 mg (80%) of debenzylated amine. The mother liquor was chro
matographed on silica gel with dichloromethane as eluent, producing 
another 87 mg of material for a combined yield of 93%. The compound 
can be recrystallized from ethyl acetate-heptane; mp 138-139 °C; IR 
(CHCI3) » 3465, 2950, 2925,1735,1630, 1460,1435,1220,1160,1015 
cm-1; NMR (CDCI3) b 2.20 (br s, 4 H), 8.48 (br s, 1 H); mass spectrum 
(80 eV) m/e (rel intensity) 244 (M+, 58), 215 (29), 202 (100), 170 (31), 
156 (26), 142 (35), 43 (80), 42 (30).

(dt)-Vincadifformine (la). Method 1. The bromo aldehyde 23 
(194.5 mg, 1 mmol) was dissolved in 6 mL of dry methanol under a 
nitrogen atmosphere and 123 mg (0.50 mmol) of amine 20 was added 
in 6 mL of methanol. The mixture was stirred at room temperature 
for 1 h, then dry triethylamine (0.5 mL) was added and the solution 
was warmed to 40 °C for 12 h. The reaction was cooled to room tem
perature and the solvent was evaporated. The residue was taken up 
in CH2C12 (40 mL) and extracted with (saturated) aqueous sodium 
carbonate (10 mL). The organic layer was dried over anhydrous po
tassium carbonate and filtered. The solvent was evaporated and the 
residue was spotted on a preparative TLC plate (2 mm, Merck alu
mina) and developed with dichloromethane. The band at R/ 0.4-0.6 
was eluted, resulting in 71 mg of pure (±)-vincadifformine as a white 
solid.22 The alkaloid was recrystallized from 95% ethanol: mp 124-125 
°C (lit.16 124-125 °C); IR (CHCI3) v 3420,3360,2930,2850,2775,1665, 
1605,1470,1460,1432,1290,1275,1250,1235,1155,1110,1045 cm“ 1; 
NMR (CDCI3) b 1.6-3.6 (complex m, 18 H), 3.76 (s, 3 H), 6.74-7.5 (m, 
4 H), 8.96 (br s, 1 H); UV (EtOH) \ (log e) 225 (4.12), 297 (3.15), 327 
nm (4.06); mass spectrum (80 eV) m/e (rel intensity) 338 (M +, 67), 
124 (100); yield on a larger scale, 70%.

Method 2. The amine 20 (125.8 mg, 0.515 mmol) was dissolved in 
dry benzene (3 mL) and aldehyde 23 (97.5 mg, 0.505 mmol) was added. 
The mixture was stirred at 45 °C for 51 h then dissolved in ether- 
dichloromethane (1:4). The solution was extracted with 1.0 N HC1 and 
the aqueous phase was washed with benzene. The aqueous layer was 
adjusted to pH 11-12 with 10% aqueous sodium hydroxide and ex
tracted with chloroform. After drying and concentration, a light yellow 
oil remained (90 mg) which was separated by PTLC (Merck alumina, 
5% methanol-95% dichloromethane). The band at Rf 0.5-0.7 was 
isolated and eluted, yielding (±)-vincadifformine (45 mg, 26%) as an 
oil which crystallized upon seeding.

High-pressure liquid chromatography analysis of vincadifformine 
formation is given in Table I.

Methyl 4-Dimethoxymethylhexanoate. To a solution containing 
anhydrous methanol (70 mL) and concentrated sulfuric acid (3 drops) 
was added methyl 4-formylhexanoate (25;11 10.2 g, 64.5 mmol). The 
solution was stirred at room temperature for 24 h and then solid po
tassium carbonate was added to neutralize the acid. Most of the sol
vent was evaporated under vacuum, water (100 mL) was added, and 
the solution was extracted twice with hexane (50 mL) and twice with 
ether. The organic phases were combined and dried over anhydrous 
magnesium sulfate. The solvent was evaporated under vacuum, 
yielding the desired acetal with no aldehyde contamination (12.27 g, 
93.2%): bp 60-70 °C (Kugelrohr, 0.1 mm); IR (neat) v 2950,2820,1730, 
1430,1170,1105,1070,960, 885 cm“ 1; NMR (CDC13) 5 0.88 (t, 3 H), 
1.24-1.96 (m, 5 H), 2.34 (t, 2 H), 3.32 (s, 6 H), 3.82 (s, 3 H), 4.10 (d, 1 
H); mass spectrum (80 eV) m/e (rel intensity) 204 (M+, 1), 203 (6), 
173 (100), 141 (99), 109 (73), 99 (90), 75 (97).
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Table I. High Pressure Liquid Chromatography Analysis“ of Vincadifformine Formation

trial________ reactantsb___________ solvent (mL)______ temp, °C time, h______________ comments

1 1 equiv amine 20 
1 equiv aldehyde 23

benzene (1) 80 24 buff ppt occurs; LC of filtrate indicates only 
vincadifformine; ppt used in run 5

2 1 equiv amine 20 
1 equiv aldehyde 23

benzene (1) room temp 36 ppt occurs; IR 1735, 1700, 1615 cm” 1; LC (i = 24 
h) indicated two components: l c (ret time 6 
min), presumably uncyclized enamine, MS m/e 
418, 420; 2 (ret time 8 min), identified as 
vincadifformine

3 1 equiv amine 20 
1 equiv aldehyde 23

benzene (1) room temp 48 slight ppt; peak 1 reaches max in 20-24 h, 
disappears within 72 h; peak 2 reaches max in 
24-36 h, does not change afterwards

4 1 equiv amine 20 
1 equiv aldehyde 23

benzene (1) 80 48 ppt occurs; LC indicates vincadifformine appears 
within 7 min; increases for 24-30 h; peak 1 max 
in 20 min then disappears in 3 h

5 ppt from run 1 benzene (1) 
NEt3 (0.1)

80 24 LC indicates increase in vincadifformine 
concentration over 24 h; some ppt remains

6 reaction mixture benzene (1) room temp 1 room temp does not change vincadifformine
from run 4 NEt3 (0.1) 80 30 concentration; reflux does not cause any 

change
7 reaction mixture 

from run 3
benzene (1) 
NEt3 (0.1) 
DMF (0.1)

room temp

(  . room temp

72 LC indicates slow formation o f vincadifformine, 
but reaction is complicated by new reaction 
products

8 1 equiv amine 20 CH3CN, 24 LC indicates slower formation o f 1 and 2
1 equiv aldehyde 23 then add 

NEt3 (0.1)
room temp 

reflux
3
2

components; addition o f base has no effect; 
peak 1 disappears with heating; workup yields 
mixture

9 1 equiv amine 20 dioxane, room temp 1 reaction turns dark color; LC indicates much
1 equiv aldehyde 23 then add 

K2C 0 3 (20 mg)
room temp 24 slower formation of components 1 and 2; 

workup yields mixture
10 0.5 equiv amine 20 

1 equiv aldehyde 23
benzene (0.9) 
DMF (0.1) 
K2C 0 3 (20 mg)

room temp 24 ppt still forms; same components as run 3; 
workup gave 65% yield of vincadifformine as 
an oil

11 1 equiv amine 20 
1 equiv aldehyde 23

benzene 
p-TsOH  (cat)

room temp 14 LC indicates slow formation of vincadifformine; 
reaction complicated by additional 
components; workup yielded a mixture

12 1 equiv amine 20 MeOH (1) room temp 3 no ppt; no discoloration; peak 1 (6 min) max in
1 equiv aldehyde 23 add NEt3 (0.1) room temp 

40
2

12
3 h; addition of base (t = 3 h) causes rapid 
formation of vincadifformine; workup 
produced 67% yield o f vincadifformine as an
oil

a Column, Cjg-Bondapack (Waters), 4 mm X 30 cm; solvent, 60% acetonitrile-40% 0.01 M aqueous ammonium carbonate; flow rate, 
1.5 mL/min. 6 1 equiv of amine 20 equals 20 mg; 1 equiv of aldehyde 23 equals 15.8 mg (12 mL). r While rapid volatilization of component 
1 in the mass spectrometer produced the parent ion for the bromo enamine 21, prior heating in the inlet chamber resulted in loss of 
this mass peak and generation of peaks corresponding to vincadifformine.

Ethyl 4-Diethoxymethylhexanoate. The ethyl acetal was pre
pared from the aldehyde in 84% yield in the same manner as the 
methyl acetal. The ester group exchanges under these conditions: bp 
90-100 °C (Kugelrohr, 0.1 mm); NMR (CDC13) b 0.95 (t, 3 H), 1.23 (t, 
6 H), 1.33 (t, 3 H), 1.25-2.06(m ,5 H), 2.43 (t, 2 H ),3.63 (q ,4 H ),4.23 
(q, 2 H), 4.40 (d, 1 H).

4-Dimethoxymethyl-l-hexanol (26a). The methyl acetal ester 
(9.8 g, 48 mmol) was dissolved in THF (20 mL) and added dropwise 
at 0 °C to an ether solution of LiAlH4 (50 mL of a 1 M solution). After 
addition was completed (~30 min) the reaction was allowed to warm 
to room temperature and water (1 mL) was added slowly. Enough 20% 
aqueous KOH was added to dissolve the solid and the solution was 
extracted five times with ether (25 mL). The ether extracts were 
washed with brine and dried over anhydrous sodium sulfate. Evap
oration of the solvent yielded the desired alcohol 26a (7.86 g, 93%) as 
a clear colorless liquid: 1R (neat) u 3400, 2940, 2830,1460,1380,1190, 
1110,1060,960 c m '1; NMR (CDCI3) <5 0.9 (t, 3 H), 1.4 (m, 7 H), 2.9 (br 
s, 1 H), 3.2 (s, 6 H), 3.42 (t, 2 H), 4.15 (d, 1 H).

4-Diethoxymethyl-l-hexanol. A solution of the ethyl acetal ester 
(9.367 g, 38 mmol) in THF (40 mL) was added at 0 °C to a solution 
of L1AIH4 in ether (40 mL of a 1 M solution) over 0.5 h. The reaction 
was refluxed for 1 h and then allowed to cool to room temperature. 
Magnesium sulfate heptahydrate (9.86 g, 40 mmol) was added and 
the reaction was stirred vigorously 12 h. The solid was filtered and 
washed with ether several times. The combined filtrate and washings 
were washed with 10% aqueous KOH (10 mL) and brine (10 mL) and 
dried over anhydrous sodium sulfate. Evaporation of the solvent 
followed by Kugelrohr distillation (bp 90-100 °C, 0.1 mm) produced 
the hydroxy acetal (7.0 g, 90.3%): IR (neat) v 3400, 2985, 2940,1880, 
1460,1380,1115,1065, 730 c m '1; NMR (CDC13) b 0.93 (t, 3 H), 1.23

(t, 6 H), 1.16-1.83 (m, 7 H), 2.16 (br s, 1 H), 3.66 (m, 6 H), 4.40 (d, 1 
H).

1- Bromo-4-dimethoxymethylhexane. Carbon tetrabromide 
(1.824 g, 5.5 mmol) and triphenylphosphine (1.443 g, 5.5 mmol) in 
ether (15 mL) were refluxed 0.5 h, and then cooled to room temper
ature. Hydroxy acetal 26a in ether (6 mL) was added dropwise, re
sulting in rapid decolorization of the yellow slurry and precipitation 
of a buff-colored solid. The mixture was filtered through Celite and 
the solvent was removed under vacuum. The residue was placed under 
high vacuum (~ 10-3 mm) to remove the excess carbon tetrabromide 
and the bromoform byproduct. The distillation pot was heated to
50-60 °C and the distillate was collected with the aid of a dry ice trap. 
The distillate was the desired bromo acetal (700 mg, 66%) contami
nated with a trace of carbon tetrabromide and bromoform. This 
compound was used without further purification for hydrolysis.

Hydrolysis to 23 was achieved by stirring the bromo acetal in 
THF-1 N HC1 (10:1, 6 mL) at room temperature for 24 h (94% 
yield).

For comparison, the bromo acetal was prepared from the bromo 
aldehyde 23. The bromo aldehyde (52.4 mg, 0.27 mmol) was dissolved 
in dry methane! (1 mL) and one crystal of p-toluenesulfonic acid was 
added. The solution was stirred at room temperature for 48 h and then 
poured into dichloromethane (15 mL). The solution was washed with 
saturated aqueous sodium carbonate (5 mL) and dried over anhydrous 
sodium sulfate. Concentration yielded the acetal (60.4 mg, 93.2%) as 
a colorless oil; IR (neat) i> 2960,1460,1110,1070 cm“ 1; NMR (CDC13) 
5 0.92 (t, 3 H), 1.20-2.04 (m, 7 H), 3.38 (s, 6 H), 3.40 (t, 2 H), 4.16 (d, 
1 H); mass spectrum (80 eV) m/e (rel intensity) 238,240 (M+, 0.01), 
207, 209 (38, 37), 75 (100).

2- Methoxy-3-ethyltetrahydropyran (27). A solution of alcohol
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26a (285 mg, 1.62 mmol) in ether (2 mL) was cooled to 0 °C. Phos
phorous tribromide (161 mg, 0.6 mmol) was added dropwise and the 
mixture was stirred at 0 °C for 3 h. The reaction mixture was warmed 
to room temperature and stirred for another 12 h. Pentane (2 mL) was 
added and the liquid phase was decanted. A colorless oily residue was 
left after evaporation of the solvent at room temperature and 1 atm 
pressure. Spectral data for the product indicated the tetrahydropyran 
structure (27) as a mixture of cis and trans isomers (172 mg, 74%); IR 
(neat) v 2960, 2940, 2875,1470,1060,1045,950 c m '1; NMR (CDCI3)
5 0.94 (m, 3 H), 1.0-2.0 (m, 7 H), 3.38,3.46 (s, 3 H), 3.30-4.14 (m, 2 H),
4.52 (br s, 1 H); mass spectrum (80 eV) m/e (rel intensity) 144 (M+,
6), 113 (25), 97 (19), 84 (27), 71 (22), 61 (56), 56 (100), 55 (39), 41
(53).

l-(Methanesulfonyl)-4-(diethoxymethyl)hexane. The mesylate 
of the ethyl acetal alcohol was prepared (100% yield) in the same 
manner as the methyl acetal mesylate 26c: IR (neat) v 2965, 2940, 
2875,1460,1360,1180,1070,975 cm“ 1; NMR (CDCI3) 5 0.90 (t, 3 H),
1.20 (t, 6 H), 1.0-2.0 (m, 7 H), 3.02 (s, 3 H), 3.28-3.84 (m, 4 H),
4.16-4.26 (m, 3 H).

The product was hydrolyzed to the aldehyde by refluxing it in ether 
(30 mL) and 1.0 N HC1 (6 mL) for 12 h. The aldehyde was converted 
to a DNP derivative for analysis, mp 99-100 °C. Anal Calcd for 
C14H20N4O7S: C, 43.29; H, 5.19; N, 14.43. Found: C, 43.28; H, 5.34; N,
14.48.

1- (Methanesulfonyl)-4-(dimethoxymethyl)hexane (26c). The
acetal alcohol 26a (13.55 g, 77 mmol) was dissolved in dry dichloro- 
methane (0.2 M, 385 mL) and dry triethylamine (11.66 g, 115 mmol,
1.5 equiv) was added. The solution was cooled to —20 °C in an ice-salt 
bath and methanesulfonyl chloride (12.35 g, 108 mmol, 1.4 equiv) was 
added dropwise with stirring over 15 min. The solution was stirred 
an additional 0.5 h at -1 5  °C and then poured into a separatory 
funnel. The solution was washed with ice water (2 X 25 mL), cold 1.0 
N HC1 (2 X 25 mL), saturated sodium bicarbonate (2 X 25 mL), and 
finally brine (25 mL). The organic phase was dried over anhydrous 
magnesium sulfate and then filtered. Evaporation of the solvent 
yielded pure mesylate 26c (19.43 g, 99.3%): IR (neat) v 2970, 2945, 
1465,1360, 1180, 925, 815 cm -1; NMR (CDCI3) <5 0.92 (t, 3 H), 1.20-
1.92 (m, 7 H), 3.06 (s, 3 H), 3.44 (s, 6 H), 4.22-4.36 (m, 3 H).

2- Ethyl-5-bromopentanal (23). Anhydrous lithium bromide 
(11.39 g, 131 mmol) was dissolved in dry DMF (100 mL) and the so
lution was allowed to cool to room temperature. The LiBr/DMF so
lution was then siphoned into a flask (via double-tipped needle) 
containing mesylate 26c (7.39 g, 29.1 mmol) and a magnetic stir bar. 
The mixture was heated to 40 °C for 6 h and cooled to room temper
ature. The reaction mixture was then poured into ice water (750 mL) 
and extracted with distilled pentane (4 X 100 mL). The pentane phase 
was washed with 1.0 N HC1 (20 mL), water (25 mL), and saturated 
sodium bicarbonate (30 mL), and then dried over anhydrous sodium 
sulfate. Evaporation of the solvent and distillation of the residue gave 
bromo aldehyde 23 (4.72 g, 84%): bp 46-48 °C (0.01 nm); IR (neat) v 
2955, 2930, 2870, 2710,1715,1455,1375, 1240 cm“ 1; NMR (CDCI3) 
<5 0.96 (t, 3 H), 1.28-2.12 (m, 7 H), 2.28 (m, 1 H), 3.46 (t, 2 H), 9.70 (d, 
1 H, -J = 2 Hz); mass spectrum (80 eV) m/e (rel intensity) 194 (M+,
3.6), 192 (M+, 3.9), 166 (48), 164 (57), 123 (29), 121 (32), 113 (100).

The 2,4-DNP was prepared for analysis and recrystallized from 95% 
ethanol, mp 105-105.5 °C. Anal. Calcd for CisHnNiCRBr: C, 41.84; 
H, 4.59; N, 15.01; Br, 21.47. Found: C, 41.91; H, 4.82; N, 15.06; Br, 
21.67.

2-Ethyl-6-azoniaspiro[5.6]dodec-l-ene Bromide (24a). A so
lution of bromo aldehyde 23 (1.37 g, 7.1 mmol) and hexamethy- 
leneimine (694 mg, 7 mmol) in dry benzene (30 mL) was refluxed for 
12 h using a Dean-Stark trap to remove the water. A white crystalline 
solid precipitated and was filtered after cooling the reaction to room 
temperature. The solid was dried under vacuum, resulting in 1.5 g 
(77.3%) of spiro salt 24a: mp 128-130 °C; NMR (CDC13) <5 1.10 (t, 3 
H), 1.86-2.22 (m, 14 H), 3.82 (m, 6 H), 6.38 (br s, 1 H).

2-Ethyl-6-azoniaspiro[5.6]dodec-l-ene Tetraphenylborate 
(24b). To a solution of spiroamine salt 24a (100 mg, 0.364 mmol) in 
5 mL of water was added a solution of sodium tetraphenylborate (125 
mg, 0.364 mmol) in 20 mL of water with vigorous stirring. The mixture 
was allowed to stand for 15 min, then the precipitated tetraphenyl
borate salt was filtered and washed with ether. The dried salt (167 mg, 
89.4%) was recrystallized from acetone: mp 215-216 °C dec; NMR 
(acetone-<i6) S 1.10 (t, 3 H), 1.86-2.22 (m, 14 H), 3.82 (m, 6 H), 6.38 (br

s, 1 H), 6.80-7.56 (m, 20 H). Anal. Calcd for C37H44NB: C, 86.53; H, 
8.63; N, 2.72. Found: C, 86.42; H, 8.57; N, 2.57.

3-Benzyl-l,2,3,4,5,6-hexahydroazepino[4,5-f>]indole (18). The 
tert-butyl methyl diester 16 (72.5 mg) was dissolved in methanol (1.5 
mL) and 36% hydrochloric acid (1.5 mL) was added. The mixture was 
refluxed for 1 h, and then cooled in ice and made basic with ice cold 
potassium hydroxide. The product was extracted with ether and the 
organic extracts, after drying, were concentrated to leave a brown solid 
(35 mg, 73%) which was recrystallized from aqueous ethanol, mp and 
mmp 115— 117 °C.6 The solid was identical in all respects with au
thentic 3-benzyl-l,2,3,4,5,6-hexahydroazepino[4,5-b]indole.6
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The naturally occurring amino acid, L-2-amino-4-methoxy-imrw-but-3-enoic acid (la ), was synthesized starting 
from the aspartic semialdehyde derivative 2. Formation of the enol ether moiety was accomplished by conversion 
of acetal 3a to the hemiacetal ester 3b, followed by pyrolysis of 3b to yield a mixture of trans and cis enol ethers 4. 
A resolution of the synthetic material was achieved by selective enzymatic hydrolysis of the A-acetyl group with 
hog kidney acylase I. This procedure provides the pure natural product la, as well as partially racemized D-amino 
acid 8.

In recent years, there have been found in nature a number 
of amino acids 1 which are unusual in that they each contain 
an enol ether function. The first two compounds, la  and lb ,

NH2
la , R = CH3 
b, R = CH2CH2NH2

were isolated and characterized by Scanned, Pruess, and co
workers.1’2 The methyl enol ether la was obtained from 
Pseudom onas aeruginosa,1 while the aminoethyl enol ether 
lb  was produced by an unidentified species of Streptom yces.2 
Rhizobitoxine (lc), the most complex member of this new 
group of amino acids, was isolated from Rhizobium japonicum  
and its structure determined by Owens and co-workers.3’4 
More recently, we have assigned the absolute configuration 
shown in structure l c  to rhizobitoxine5 and confirmed that 
assignment by synthesis.6

All three of these compounds were shown to strongly inhibit 
the production of ethylene by plant tissue.2’7 Since ethylene 
plays a vital role in controlling certain plant life processes, this 
activity could be economically important.8 In order that this 
area of study might be more fully explored, we have developed 
two potentially general methods for synthesizing members 
and analogues of this new class of amino acids. The first 
method is presented in the current paper and is illustrated by 
a synthesis of the methyl enol ether la. The second is dis
cussed in an accompanying paper and is illustrated by a syn
thesis of the racemic modification of the aminoethyl enol ether 
lb.®

In considering the synthesis of L-2-amino-4-methoxy- 
trans-but-3-enoic acid (la), we felt that the critical steps 
would involve generation of the enol ether moiety in the 
presence of the potentially reactive amino acid portion of the 
molecule. We present as a solution to this problem a mild 
two-step sequence for the synthesis of enol ethers. The method

NHY
C

utilizes the conversion of an acetal A to a hemiacetal ester B, 
followed by pyrolysis of B under neutral conditions to yield 
an enol ether C. The pyrolysis of hemiacetal esters to yield enol 
ethers has been discussed previously in the literature.10 Until 
now, however, there has not been a convenient way to make

the starting esters B. In the present case, the easy and efficient 
production of B makes the overall sequence viable.

Aldehyde 2, which is available by a published procedure,11 
served as our starting material (see Scheme I). Acetalization 
to give 3a was accomplished in 77% yield by heating 2 at reflux 
temperature in methanol/trimethyl orthoformate with am
monium chloride catalyst. The dimethyl acetal 3a seemed like 
a suitable precursor for the enol ether function. It was found, 
however, that the conditions required for the acid-catalyzed 
elimination of methanol from 3a were so severe that the en
gendered enol ether did not survive.

This problem was circumvented by resorting to the more 
labile hemiacetal ester 3b. Thus, treatment of 3a with acetic 
anhydride and dry cationic exchange resin at 65 °C cleanly 
effected the exchange of one methoxy group for an acetoxy 
group. Then, following the method of Erickson,10 pyrolysis 
of the resultant hemiacetal ester 3b at 185 °C (17 mm) gave 
a mixture of the trans and cis enol ethers 4 (79% from 3a).

Dissolution of enol ethers 4 in methanolic sodium meth- 
oxide caused the removal of one ethoxycarbonyl group, re
sulting in a mixture of enol ethers 5 and 6. The two compounds 
were separated by silica gel chromatography followed by 
crystallization to yield the pure trans and cis compounds 5 
(39%) and 6 (12.9%).

Since the starting material 2 for the synthesis is achiral, the 
material in hand at this point, trans enol ether 5, is racemic. 
The resolution of this substance, as well as the removal of its 
protecting groups, is described in the following section (see 
Scheme II).

Hydrolysis of the ester function in 5 with 1.05 equiv of 
lithium hydroxide gave the racemic lithium carboxylate salt. 
Incubation for 16 h at 39 °C of an aqueous solution of the salt 
and hog kidney acylase I effected selective hydrolysis of the 
L form of the W-acetylamino acid salt. The resultant mixture 
of L-amino acid la  and D-Af-acetylamino acid 7 was separated 
by distribution between dilute hydrochloric acid (pH 2) and

R C02Et
CO Ft 

ÑHCOCH,

Scheme I
X .

a, b

CH:i

CH:10

CO,Et

'CO,Et 
ÑHCOCH,;

3a, X  = 0 C H 3 
b, X  = OAc

„CO,Et

CO,Et
ÑHCOCH,,

CH; CO ('ll

ÑHCOCH,
+

CRO

CO,CH,

ÑHCOCH,

6
a CH3OH, (CH30 ) 3CH, NH4C1, reflux temperature. 6 A c20  

H+, 65 °C. C1S5 °C (17 mm), 1.5 h. ¿ N a O C R , CH3OH.
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Scheme II

a LiOH. b Hog kidney acylase, 39 °C. c NH2NH2- H20  
(85%), 70 °C.

ethyl acetate. The amino acid was isolated by cation exchange 
chromatography, followed by crystallization to give a sub
stance (69.3% from 5) which was shown to be identical with 
the naturally occurring amino acid la by comparison with an 
authentic sample.1’14

The acetyl group of the D-N-acetylamino acid was removed 
by heating a solution of 7 in 85% hydrazine hydrate at 70 °C 
for 15 h. Removal of the hydrazine and trituration of the res
idue with ethanol gave an amino acid (46% yield from 5) with 
the same gross structure as the methyl enol ether la, as con
firmed by spectral analysis. The specific rotation (see the 
Experimental Section) indicated that the substance consists 
of an 80% enantiomeric excess of the D-isomer 8.

Experimental Section
General. Melting points were taken on a Kofler hot stage melting 

point apparatus (Reichert) and are uncorrected. Infrared spectra were 
obtained on a Perkin-Elmer 621 or a Beckman IR-9. Ultraviolet 
spectra were recorded on a Cary Model 16 spectrophotometer. 
Rotations were measured on a Perkin-Elmer 141 automatic polar- 
imeter,. Proton NMR spectra were obtained on Varian HA-100 and 
X L -100 instruments and are reported in parts per million downfield 
from internal or external tetramethylsilane. Elemental analyses and 
amino acid analyses were carried out under the supervision of Dr. F. 
Scheidl of our Microanalytical Laboratory.

Ethyl 2-Acetamido-2-ethoxycarbonyl-4,4-dimethoxybutyrate 
(3a). A solution consisting of 55 g (0.212 mol) of ethyl 2-acetamido- 
2-ethoxycarbonyl-4-oxobutyrate (2),11 134 g (1.26 mol) of trimethyl 
orthoformate, 1.1 g (0.02 mol) of ammonium chloride, and 880 mL of 
methanol was heated with magnetic stirring at reflux temperature 
for 48 h. The solution was allowed to cool to room temperature and 
diluted with ether (1500 mL). The resultant solution was washed three 
times with 450-mL portions of saturated sodium bicarbonate/brine 
(1:1) and two times with 400-mL portions of brine. The ether phase 
was dried over sodium sulfate and concentrated in vacuo, giving an 
oil which was distilled through a 4 in vacuum-jacketed Vigreux column 
to yield 52.6 g (77%) of 3a: bp 138-143 °C (0.04 mm); IR (CHC13) 1738, 
1683,1598 cm -1; NMR (CDC13) b 6.86 (broad, 1 H, NH), 4.31 (t, 1 H, 
J = 6 Hz, -CH 2C H (-0 )2), 4.21 (q, 4 H, J = 8 Hz, 2CH3CH20 -) , 3.21 
(s, 6 H, 2CH30 -), 2.68 (d, 2 H, J = 6 Hz, -CH 2C H (-0)2), 2.03 (s, 3 H, 
CH3CO-), 1.24 (t, 6 H, J = 8 Hz, 2CH3CH20 -) ; mass spectrum, m/e 
305 (M+), 274, 260, 232, 217, 200, 158,130, 75.

Anal. Calcd for C13H23N 07: C, 51.14; H, 7.59; N, 4.59. Found: C, 
51.16; H, 7.62; N, 4.54.

di-Ethyl 2-Acetamido-4-acetoxy-2-ethoxyearbonyl-4-meth- 
oxybutyrate (3b). To a solution under argon consisting of 34.8 g 
(0.114 mol) of 3a and 144 mL of acetic anhydride was added 8.7 g of 
dry AG 50W-X4 cation exchange resin (100-200 mesh; H+ form).12 
The resultant suspension was stirred magnetically at 65 °C for 1.5 h. 
The resin was removed by filtration through a sintered glass funnel, 
and the filtrate was concentrated in vacuo to yield 3b as a pale yellow 
oil. A small sample gave the following spectral and analytical data 
after prolonged drying under vacuum (0.1 mm, 60 °C, 15 h): IR 
(CHC13) 3425, 1738, 1680, 1490 cm“ 1; NMR (CDC13) b 6.82 (broad, 
1 H, NH), 5.73 (t, 1 H, -J = 6 Hz, -CH 2C H (-0 )2), 4.25 (q, 4 H, J = 8 
Hz, 2CH3CH20 -), 3.32 (s, 3 H, CH20 -), 2.80 (m, 2 H, -CH2CH (-0)2),
2.04 (s, 6 H, 2CH3CO-), 1.25 (t, 6 H, J = 8 Hz, 2CH3CH20 -) ;  mass 
spectrum, m/e 274, 260, 200, 158, 144, 116, 75.

Anal. Calcd for Ci4H23N 08: C, 50.45; H, 6.96; N. 4.20. Found: C, 
50.55; H, 6.87; N, 4.19.

cis- and trans-Ethyl 2-Acetamido-2-ethoxycarbonyl- 
4-methoxybut-3-enoate (4). The crude hemiacetal ester 3b, obtained 
from the previously described reaction, was heated under vacuum (17 
mm) with magnetic stirring at 185 °C for 1.5 h. The resultant pyro-

lyzate was distilled through a 4 in vacuum-jacketed Vigreux column 
to yield 24.8 g (79% from 3a) of a mixture consisting of the cis and 
trans isomers 4: bp 138 °C (0.06 mm); NMR (CDC13) b 6.93 (broad, 
NH), 6.45 (d, J  = 13 Hz, trans -O C H =C H -), 5.95 (d, J = 6 Hz, cis 
-O CH =CH -), 5.38 (d, J = 13 Hz, trans -O C H =C H -), 5.33 (d, J  = 
6 Hz, cis -O CH =CH -), 4.22 (q, J = 7 Hz, CH3CH20 -) ,  3.56 (s, 
CH3O-), 2.05 (s, CH3CO-), 1.27 (t, J = 7 Hz, CH3CH20 -).

dl-Methyl 2-Acetamido-4-methoxy-trans-but-3-enoate (5) 
and dl-Methyl 2-Acetamido-4-methoxy-cis-but-3-enoate (6). 
The mixture of distilled cis and trans enol ethers 4 (24.8 g, 0.091 mol) 
was dissolved in 350 mL of anhydrous methanol containing 2 g (0.037 
mol) of sodium methoxide. The resultant basic solution (pH 10 by 
moist pHydrion paper)13 was stirred under argon at ambient tem
perature for 24 h. The reaction mixture was neutralized with acetic 
acid and concentrated under reduced pressure to give an oily slurry. 
Addition of ether to the slurry caused the precipitation of sodium salts 
which were removed by filtration through a pad of diatomaceous 
earth. The filtrate was concentrated in vacuo to yield 17 g of an oil 
which was applied in ether solution (minimum volume) to a column 
(59 mm i.d.) containing an intimate mixture of 400 g of silica gel 60 
(70-230 mesh; E. Merck Reagent catalogue #7734) and 133 g of silica 
gel PF-254 (E. Merck Reagent catalogue #7747). The column was 
developed with ether/methanol (98:2), and 20-mL size fractions were 
collected. The eluent was monitored by thin-layer chromatography 
on silica gel plates [ether/methanol (96:4); visualization with I2]. 
Fractions 155-206 were combined and concentrated in vacuo, and the 
resultant residue was crystallized from ether/petroleum ether to yield 
5.45 g (32%) of 5: mp 47.5-49.5 °C; IR (CHC13) 3425,1737,1670,1500 
cm“ 1; NMR (CDC13) b 6.64 (d, 1 H, J = 13 Hz, -O C H =C H -), 6.15 
(broad, 1 H, NH), 4.8 (m, 2 H, -O CH =CH CH <), 3.66 (s, 3 H, 
CH30 -), 3.55 (s, 3 H, CH3O-), 2.01 (s, 3 H, CH3CO-); mass spectrum, 
m/e 187 (M+), 155, 144, 128, 84.

Anal. Calcd for C8HI3N 04: C, 51.33; H, 7.00; N, 7.48. Found: C, 
51.40; H, 7.03; N, 7.44.

The mother liquor from the above crystallization was combined 
with fractions 137-154 and 207-218. The solution was concentrated 
and the residue chromatographed on a column similar to the one just 
described. The appropriate fractions were concentrated, and the 
residue was crystallized from ether/petroleum ether to yield 1.2 g 
(7.0%) of 5. A total yield of 39% was realized for 5.

Fractions 219-336 were concentrated in vacuo, and the residue was 
crystallized from ether/petroleum ether to yield 2.2 g (12.9%) of 6: mp 
120-123 °C; IR (CHC13) 3440,1735,1675,1515 cm“ 1; NMR (CDC13) 
b 6.32 (broad, 1 H, NH), 6.10 (d, 1 H, J = 7 Hz, -O CH =CH -), 5.28 (t, 
1 H, J  = 9 Hz, -OCH =CH CH <), 4.50 (dd, 1 H, J = 7 and 9 Hz, 
-O CH =CH -), 3.65 (s, 3 H, CH3O-), 3.60 (s, 3 H, CH30 -) , 2.01 (s, 3 
H, CH3CO-); mass spectrum, m/e 187 (M+), 155,144,128, 86.

Anal. Calcd for C8H13N 04: C, 51.33; H, 7.00; N, 7.48. Found: C, 
51.32; H, 6.94; N, 7.51.

L-2-Amino-4-methoxy-trans-but-3-enoic Acid (la). A solution 
consisting of 5.0 g (0.027 mol) of 5, 28 mL of 1 N lithium hydroxide, 
and 50 mL of methanol was allowed to stand at ambient temperature 
for 3 h. It was concentrated in vacuo, and the residue wash dissolved 
in 90 mL of deionized water. The pH was adjusted to 7.3 with 1 N 
hydrochloric acid, 18 mg of hog kidney acylase I (purchased from 
Sigma Chemical Co., catalogue #  A-3010) was added, and the resul
tant solution was stirred magnetically at 39 °C for 16 h. The solution 
was then adjusted to pH 2 with 6 N hydrochloric acid and extracted 
with ethyl acetate. The aqueous phase was applied to an ion exchange 
column (AG 50W-X4; 100-200 mesh; pyridinium form; 250 mL of 
resin bed). The column was developed with water followed by 10% 
aqueous pyridine. The aqueous pyridine fraction was concentrated 
in vacuo, and the residue was crystallized from methanol to yield 1.2 
g (69.3%) of la: mp 225-235 °C dec; [«]25D +123° (c 0.7925, H20); 
NMR (D20) b 7.33 (d, 1 H, J = 13 Hz, -O C H =C H -), 5.45 (dd, 1 H, 
J = 10 and 13 Hz, -O CH =CH -), 4.67 (d, 1 H, J = 10 Hz, -OCH- 
=CH CH <), 4.11 (s, 3 H, CH30 -) ; mass spectrum, m/e 86.

Anal. Calcd for C5H9N 03: C, 45.80; H, 6.92; N, 10.68. Found: C, 
45.65; H, 6.80; N, 10.89.

The synthetic material la was shown by direct comparison to ex
hibit the same melting point behavior as the natural product,1-14 and 
a mixture melting point was unchanged. The two substances have 
superimposable IR and NMR spectra and showed identical behavior 
when analyzed on an amino acid analyzer. A slight difference in the 
specific rotations of the natural ( [ « P d +115°) and the synthetic 
( [ a] 25D +123°) materials is due to a trace impurity which is difficult 
to remove from the natural product.1

The ethyl acetate extract was concentrated in vacuo to yield 1.6 g 
(68.4%) of 7: NMR (D20) 6 7.03 (d, 1 H, J = 12 Hz, -O CH =CH -), 5.1 
(m, 2 H, -OCH=CHCH), 3.9 (s, 3 H, CH3CO-).

D-2-Amino-4-methoxy-ti-ans-but-3-enoic Acid (8). The crude



carboxylic acid 7 (2.24 g, 0.0129 mol) was dissolved in 35 mL of 85% 
hydrazine hydrate. The solution was heated at 70 °C for 15 h and 
concentrated in vacuo, and the resultant residue was dried in vacuo 
over concentrated H2SO4 to give a white solid. Trituration of the solid 
with ethanol gave 1.15 g (68%) of a substance which was 80% D-2- 
amino-4-methoxy-irans-but-3-enoic acid (8) and 20% racemate: mp 
220 °C dec; [a]25D -9 8 ° (c 0.8370, H20); NMR (D20 ) S 7.33 (d, 1 H, 
J = 13 Hz, -O C H =C H -), 5.45 (dd, 1 H, J = 10 and 13 Hz, -OCH- 
= C H -), 4.67 (d, 1 H, J  = 10 Hz, -O CH =CH CH <), 4.11 (s, 3 H, 
CH3O-); mass spectrum, m/e 86.

Anal. Calcd for C5H9NO3: C, 45.80; H, 6.92; N, 10.68. Found: C, 
45.90; H, 6.81; N, 10.88.

The specific rotation, [a]25p —98°, indicates that the D isomer is 
present in 80% enantiomeric excess.
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The racemic modification of the naturally occurring amino acid, L-2-amino-4-(2-aminoethoxy)-trans-but-3- 
enoic acid (lb), was synthesized starting from bis(2-chloroethyl) ether (6) and diethyl acetamidomalonate (7). The 
route included formation of the dehydroamino acid derivative 12, followed by base-mediated isomerization of the 
double bond to form the critical enol ether linkage in 13. Removal of the protecting groups from 13 then gave rise 
to the racemic amino acid 15 in an overall yield of 11%.

Recently, a new type of a-amino acid has been found in 
nature.1-3 The members, 1, of this class of compounds are

RO-

NH,

•CO,H

H

la, R = CH3' 
b, R. = CHjCH^H,1

c, R =
c h 2

distinguished both by having a centrally located enol ether 
function in the molecule and by their ability to inhibit the 
production of ethylene in plant tissue.2-5 Since ethylene plays 
a vital role in controlling certain plant life processes, this ac
tivity is both intriguing and potentially economically impor
tant.6

We became interested in developing synthetic methods 
which would make these compounds and analogues of these 
compounds more readily available. One such sequence, de
scribed in the preceding paper, was used to make L-2- 
amino-4-methoxy-trans-but-3-enoic acid (la).7 The impor
tant steps of that synthesis are the generation of a hemiacetal 
ester followed by its pyrolysis to yield an enol ether. In this 
paper, we wish to describe a second route to these compounds 
and illustrate it with a synthesis of racemic 2-amino-4-(2- 
aminoethoxy)-trans-but-3-enoic acid (lb).

In our projected synthesis of lb, we intended to make the 
central enol ether function by isomerization of the double

NHCOR2 NHCOR2

2 3

bond in a dehydroamino acid derivative 2 to form the enol 
ether 3. The suggestion that this might be a fruitful approach 
comes from the studies of S. J. Rhoads and co-workers8 and 
J. Hine and co-workers.9 By studying the equilibration of 
methyl 4-methoxybutenoates 4, both groups demonstrated 
that the double bond is stabilized more effectively by the 
methoxy group than by the ester. Thus, at equilibrium Hine 
found the mixture of olefins to be 99% 4b, while Rhoads, under 
two different sets of equilibrating conditions, found the 
mixtures to be 92.5 and 96.9% 4b, respectively,

C H 30 C H 2C H = C H C 0 2 C H 3

4a

^  CH30CH=CHCH2C 02CH3 
4b

In order to make the enol ether by this method, we required 
an appropriately substituted dehydroamino acid derivative. 
A recent publication by Shin and co-workers describes the 
synthesis of such compounds by the elimination of acetic acid 
from an N.O-diacetylhydroxyamino acid derivative.10 This 
result suggested to us that dehydroamino acids could also be 
obtained by the elimination of HC1 from a suitably disposed

0022-3263/78/1943-3713$01.00/0 © 1978 American Chemical Society
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5a

NCOR2

5b

iV-chloroamide. Thus, we hoped to convert 5a to 2 via the acyl 
imine intermediate 5b. Sometime after the completion of our 
work demonstrating the utility of this method, Poisel and 
Schmidt published essentially the same route to dehydro
amino acids.11 Following is a description of our use of this 
sequence to make the dehydroamino acid derivative 12.

Alkylation of the sodium salt derived from diethyl aceta- 
midomalonate (7) to yield the 2-chloroethyl ether 8 was ac
complished in 85% yield by heating the salt at 60 °C in 
/V,.Y-dimethylformamide solution with an excess of bis(2- 
chloroethyl) ether (6) and a catalytic amount of sodium iodide 
(see Scheme I). Treatment of chloroethyl ether 8 with potas
sium phthalimide in iV,N-dimethylformamide solution at 100 
°C gave phthalimido ether 9 (65%), which was deethoxycar- 
bonylated by the method of Krapcho12 to give the 2-acet- 
amido-4-alkoxybutyrate 10 (76%). Oxidation of 10 with tert- 
butyl hypochlorite in methanol solution with borax buffer 
present gave an essentially quantitative yield of the IV-chlo- 
roamide 11 as judged by TLC analysis.

The elimination of HC1 from 11 followed by isomerization

Scheme I

( C l ^ M f  
6

O +
,C02Et

CO,Et 
NHCOCR,

7

N a H , N a l

D M F

■C02Et
CO,Et 

NHCOCH,,

.COoEt
CO, Et 

NHCOCH,,

H 20 ,  N a C l 

Me2SO , 170 °C

RO. CO,Et 

NHCOCH,,

E t 3N

C 5H 5N 
100 °C

RO.
f-B u O C l
C H .O H

5%  b o ra x  c i ^

li

10
CO.Et 

.NCOCH,

D abco
CC1,

CO.Et 

NHCOCH.,
12

I t
+

NHCOCH,
13

RO CO,,

RO NHCOCH,, 
14

(1 ) N H ,N H 2, C H .O H13 v------ !--- !--------- ,
(2 ) K O H , H 20
(3) H aO +

Scheme II

NHCOCH,,
14

(1 ) 85%  N H 2N H 2- H 20
----------------- — — -------------------15-HC1
( 2 ) io n  exchange ch rom ato graph y
(3) HC1, H 20

of the resultant acyl imine to give 12 (average yield 81%) was 
accomplished with l,4-diazabicyclo[2.2.2]octane (Dabco) in 
carbon tetrachloride solution. In preliminary studies on a 
model compound, we found the choice of base to be critically 
important to the success of this reaction. Dabco was by far the 
best reagent for this conversion. The assignment of Z stereo
chemistry to 12 is based on the comparison of its NMR spec
trum with a dehydroamino acid whose structure was secured 
by X-ray analysis.13

With the requisite substrate 12 in hand, we were set to at
tempt the deconjugation of the double bond to form the enol 
ether. A mixture consisting of the trans and cis enol ethers 13 
and 14 and starting material 12 was obtained by heating a 
solution of 12 in 1:1 triethylamine/pyridine (a combination 
which was found empirically) at 100 °C for 37 h. The trans 
compound 13 was the major product from the reaction, while 
a moderate amount of the cis compound 14 and only a minor 
amount of the dehydroamino acid 12 were present in the 
mixture. Following the removal of solvent, the trans enol ether 
13 was obtained in pure form (34%) by fractional crystalliza
tion of the reaction product. Mother liquors containing large 
amounts of the starting material 12 were recycled through the 
triethylamine/pyridine reaction conditions. Liquors con
taining major amounts of the cis isomer 14 were treated with 
iodine in glyme solution in order to effect equilibration be
tween the trans and the cis isomers.8 By following these pro
cedures and then using preparative high-pressure liquid 
chromatography and fractional crystallization to isolate the 
trans isomer, yields between 50 and 65% could be realized for 
13.

Deprotection of the amino acid 13 was accomplished in the 
manner depicted in Scheme II. The phthalimido group was 
removed by treatment with anhydrous hydrazine in methanol 
solution. The ester was subsequently hydrolyzed by heating 
with 1 N potassium hydroxide solution at 90 °C for 24 h to give 
the N-acetylamino acid 14. Lastly, the ,'V-acetyl group was 
taken off by heating with 85% hydrazine hydrate at 80 °C for 
40 h. After cation exchange chromatography, the racemic

NR,
15, X  = OH
16, X  = NHNH2

amino acid 15 was isolated as its hydrochloride salt by crys
tallization from water/methanol. The synthetic material was 
found to have solution IR and NMR spectra which are iden
tical with those of the natural product lb .2’14 In addition, the 
natural and synthetic material behave identically upon 
analysis with an amino acid analyzer.

The mother liquors from the crystallization contained a 
substance shown by amino acid analysis to be more basic than 
the amino acid 15. However, the NMR spectrum of this ma
terial is essentially identical with that of 15. Most likely this 
new substance is the hydrazide 16, possibly arising from hy- 
drazinolysis of the ester during removal of the phthalimido 
group. In any event, treatment of the new material with 1 N 
KOH at 90 °C gives the amino acid 15 which can be isolated 
as its hydrochloride salt following cation exchange chroma
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tography. The overall yield of 15’HC1 thus obtained from 13 
is 56%.

Experimental Section
General. Melting points were taken on a Kofler hot stage melting 

point apparatus (Reichert) and are uncorrected. Infrared spectra were 
obtained on a Perkin-Elmer 621 or a Beckman IR-9. Ultraviolet 
spectra were recorded on a Cary Model 16 spectrophotometer. Proton 
NMR spectra were obtained on Varian HA-100 and XL-100 instru
ments and are reported in parts per million downfield from internal 
or external tetramethylsilane.

A Waters Associates Prep LC/System 500 with a PrePAK-500 
compression chamber and PrePAK-500/silica cartridges was used for 
preparative high-pressure liquid chromatography.

Silica gel 60 (0.063-0.200 mm) and plates precoated with silica gel 
60 F-254 (both from E. Merck) were used for column and thin-layer 
chromatography, respectively.

Elemental analyses and amino acid analyses were carried out under 
the supervision of Dr. F. Scheidl of our Microanalytical Laborato
ries.

Ethyl 2-Acetam ido-4-(2-chloroethoxy)-2-ethoxycarbonyl- 
butyrate (8). Sodium hydride (30.9 g of a 50% oil dispersion; 0.65 mol) 
was placed in a dry three-neck flask equipped with a mechanical 
stirrer, an addition funnel, a reflux condenser, and an argon inlet. The 
hydride was washed with hexane and dried under a stream of argon. 
Dry A,A-dimethylformamide (500 mL) was added, and the suspen
sion was cooled to 5 °C in an ice bath. Diethyl acetamidomalonate (7; 
140 g, 0.65 mol) was added in portions with stirring at a rate which 
maintained a vigorous effervescence. After the addition was complete 
and the effervescence subsided, sodium iodide (9.66 g, 0.065 mol) was 
added in one portion and 460 g (3.2 mol) of bis(2-chloroethyl) ether
(6) was added rapidly through the addition funnel. The reaction 
mixture was then heated at 60 °C with stirring for 24 h. The mixture 
was transferred to a one-neck flask and concentrated in vacuo on a 
rotary evaporator (600-800 mL removed). The residue was subjected 
to steam distillation until the distillate was clear (2-2.5 L). The pot 
residue was taken up in 500 mL of ether, and the organic solution was 
washed five times with 100-mL portions of brine. The ether solution 
was dried over anhydrous sodium sulfate and concentrated in vacuo 
to yield 175.7 g (84.5%) of crude 8. This material is suitable for use in 
the next step.

A portion was purified by distillation to yield 8: bp 135-140 °C (0.1 
mm); IR (CHCla) 3400,1715,1655,1470 cm“ 1; NMR (CDClj) S 6.96 
(broad, 1 H, NH), 4.22 (q, 4 H, J = 6 Hz, 2CH3CH20 -) ,  3.5 (m, 6 H, 
C1CH2CH20CH 2-), 2.65 (t, 2 H, J = 6 Hz, -CH 2CH2C<), 2.03 (s, 3 
H, CH3CO-), 1.25 (t, 3 H, J  = 6 Hz, CH3CH20-); mass spectrum, m/e 
324 (M+ + H), 217, 93,63.

Anal. Calcd for Ci3H22C1N06: C, 48.23; H, 6.85; N, 4.33. Found: C, 
48.06; H, 6.71; N, 4.18.

Ethyl 2-Acetamido-2-ethoxycarbonyl-4-[2-(2-phthalimido)- 
ethoxyjbutyrate (9). A three-neck flask equipped with a mechanical 
stirrer, a reflux condenser, and an argon inlet was charged with 128.1 
g (0.396 mol) of the chloroacetamidomalonate 8, 109.9 g (0.59 mol) 
of potassium phthalimide, 6.57 g (0.04 mol) of potassium iodide, and 
600 mL of dry N.lV-dimethylformamide. The mixture was heated with 
stirring under argon at 100 °C for 18 h. The reaction mixture was al
lowed to cool and was divided into two equal portions which were 
processed as follows. Each was diluted with 2 L of ether, causing salts 
to precipitate. The solids were removed by filtration through dia- 
tomaceous earth, and the filtrates were concentrated in vacuo to re
move the ether and N,lV-dimethylformamide. The residues were each 
diluted with 1.5 L of ether and 100 mL of ethyl acetate. The organic 
phases were washed six times with water (300 mL) and once with brine 
(300 mL). The organic solutions were combined, dried with anhydrous 
sodium sulfate, and concentrated in vacuo until crystallization began. 
At that point, the mixture was heated on a steam bath until a clear 
solution was obtained. The solution was diluted with hexane until the 
cloud point and then set aside to crystallize. Pure 9 was collected in 
two crops (111.6 g, 65%); mp 101-103 °C; UV (EtOH) max 220 nm (t 
42 000), 240 infl (4300), 293 (920); IR (CHC13) 3410,1775,1738,1712, 
1678,1495 cm -1; NMR (CDC13) h 8.0 (broad, 1 H, NH), 7.88 (s, 4 H, 
aromatic), 4.13 (q, 4 H, J = 7 Hz, CH3CH20 -) ,  3.5 (m, 6 H, 
PhthNCH2CH2OCH2-), 2.45 (t, 2 H, J  = 6 Hz, -OCH2CH2C<), 2.03. 
(s, 3 H, CH3CO), 1.15 (t, 3 H, -7 = 7 Hz, CH3CH20 -); mass spectrum, 
m/e 389, 361, 319, 244, 217.

Anal. Calcd for C21H26N20 8: C, 58.06; H, 6.03; N, 6.45. Found: C, 
58.32; H, 5.79; N, 6.40.

Ethyl 2-Acetamido-4-[2-(2-phthalimido)ethoxy]butyrate (10).
A suspension consisting of 143.6 g (0.331 mol) of phthalimidoace-

tamidomalonate 9,11.9 g (0.66 mol) of water, 19.3 g (0.33 mol) of so
dium chloride, and 330 mL of dimethyl sulfoxide was heated with 
magnetic stirring at 170 °C under argon for 8 h. The reaction mixture 
was allowed to cool to room temperature, diluted with 1500 mL of 
ethyl acetate, and washed two times with 350-mL portions of water 
followed by six 100-mL water washes and two 300-mL brine washes. 
Each aqueous layer was backwashed with a small portion of ethyl 
acetate which was then added to the main organic phase. The ethyl 
acetate solution was dried over anhydrous sodium sulfate and con
centrated in vacuo to yield 91.7 g (77%) of a brown oil. This material 
was suitable for use in the next step.

An analytical sample was prepared by taking a portion of the oil 
in ether, treating the solution with charcoal, and filtering the mixture 
through diatomaceous earth. The filtrate was concentrated in vacuo 
and crystallized from ethyl acetate/petroleum ether to yield 10: mp 
90-90.5 °C; UV (EtOH) max 219 nm (e 40 600), 232 infl (13 400), 240 
(9400), 294 (1900), 300 infl (1800); IR (CHC13) 3300,1775,1730,1720, 
1640, 1555 cm-1; NMR (CDC13) 5 7.8 (m, 4 H, aromatic H), 6.73 
(broad, 1 H, NH), 4.64 (m, 1 H, -CH 2CH<), 4.08 (q, 2 H, J = 8 Hz, 
CH3CH20 -) ,  3.9-3.4 (m, 6 H, PhthNCH2CH2OCH2-), 2.07 (s, 3 H, 
CH3CO-), 2.02 (t, 2 H, J = 6 Hz, -OCH2CH2CH<), 1.17 (t, 3 H, J = 
8 Hz, CH3CH20 -) ;  mass spectrum, m/e 362 (M+), 317, 289,160.

Anal. Calcd for Ci8H22N20 6: C, 59.66; H, 6.12; N, 7.73. Found: C, 
59.80; H, 6.32; N, 7.75.

Ethyl 2-(lV-Chloroacetamido)-4-[2-(2-phthalimido)ethoxy]- 
butyrate (11). A solution consisting of 73.8 g (0.204 mol) of acetamide 
10,8.69 g (0.023 mol) of sodium tetraborate, and 224 mL of methanol 
was protected from light and cooled with an ice bath to 5 °C under 
an atmosphere of argon, tert-Butyl hypochlorite (37.1 mL, 0.31 mol) 
was added with magnetic stirring to the solution. The ice bath was 
removed after addition was complete. After 45 min, an aliquot was 
removed and TLC analysis [silica gel plates; CHC13/Et20  (8:1)] 
showed that some starting material was still present. More terf-butyl 
hypochlorite was added in portions until TLC analysis indicated that 
the reaction was complete. The reaction solution was then concen
trated in vacuo with protection from light to yield an oil which was 
taken up in carbon tetrachloride (350 mL), causing sodium salts to 
precipitate. The solids were removed by filtration, yielding a carbon 
tetrachloride solution of 11 which was used directly in the next 
step.

Ethyl (Z)-2-Acetam ido-4-[2-(2-phthalim ido)ethoxy]but-2- 
enoate (12). To the carbon tetrachloride solution of 11 obtained from 
the previous reaction was added 25.2 g (0.224 mol) of 1,4-diazabicy- 
clo[2.2.2]octane (Dabco). The resultant solution was stirred mag
netically for 15 h. A copious white precipitate formed after 2 h. Ethyl 
acetate (1 L) was added to the mixture to break up the precipitate. 
After allowing time for the solid to settle, the solution was decanted 
and the remaining precipitate washed twice with 500-mL portions 
of ethyl acetate. The combined organic solutions were filtered through 
diatomaceous earth, and the filtrate was concentrated in vacuo. The 
residue was taken up in chloroform and passed through a column (i.d. 
47 mm) of silica gel 60 (100 g) packed in chloroform. The column was 
developed with 2 L of chloroform, and the chloroform solution was 
concentrated in vacuo to yield an oil. Crystallization from ethyl ace- 
tate/ether/hexane yielded, in two crops, 68.1 g (92.9%) of butenoate 
12, mp 113-116 °C. The average yield of 12 obtained from several large 
scale preparations was 81%. An analytical sample was prepared by 
recrystallization from the same solvent: mp 120-122.5 °C; UV (EtOH) 
max 220 nm (c 49 200), 233 infl (21 000), 241 infl (15 700), 294 (1930), 
300 (1800); IR (CHC13) 3410,1775,1713,1695 infl, 1495 cm "1; NMR 
(CDC13) <5 7.80 (m, 4 H, aromatic H), 7.53 (broad, 1 H, NH), 6.51 (t, 
1 H, J  = 6 Hz, -OCH2CH=), 4.24 (q, 2 H, J = 8 Hz, CH3CH20 -), 4.18 
(d, 2 H, J = 6 Hz, -OCH2C H =), 3.93 and 3.74 (2 m, 2 H in each, 

NCH2CH20 -), 2.13 (s, 3 H, CH3CO-), 1.29 (t, 3 H, J = 8 Hz, 
CH3CH20); mass spectrum, m/e 360 (M+), 317, 314, 287,174, 160.

Anal. Calcd for Ci8H20N2O6: C, 59.99; H, 5.59; N, 7.77. Found: C, 
60.20; H, 5.56; N, 7.80.

Ethyl 2-Acetamido-4-[2-(2-phthalimido)ethoxy]-trans-but-
3-enoate (13) and Ethyl 2-Acetamido-4-[2-(2-phthalimido)eth- 
oxy]-cis-but-3-enoate (14). A solution consisting of 74.5 g (0.21 mol) 
of butenoate 12,487 mL of triethylamine, and 485 mL of pyridine was 
heated with stirring at reflux temperature under an atmosphere of 
argon for 37 h. The solution was allowed to cool and concentrated in 
vacuo. Ethyl acetate was added to the remaining oil, and the solution 
was concentrated again in vacuo. After repeating this process one more 
time, the dark brown residue was dissolved in ethyl acetate and the 
resultant solution was brought to the cloud point with hexane and set 
aside overnight to crystallize. The resultant light brown solid was 
collected and shown by NMR spectroscopy to consist mainly of the 
trans and cis enol ethers 13 and 14. The filtrate from this crystalli
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zation was concentrated in vacuo, yielding a dark oil which was pro
cessed as described in a subsequent paragraph.

The solid was dissolved in a minimum amount of ethyl acetate, and 
the resultant solution was applied to a column (i.d. 47 mm) of silica 
gel 60 (100 g) packed in ethyl acetate. The column was developed with 
ethyl acetate until all UV-absorbing material was eluted. The ethyl 
acetate solution was concentrated in vacuo. Ether was added until the 
cloud point was reached, and the solution was allowed to stand un
disturbed overnight while crystallization occurred • (occasionally 
scratching or seed crystals were used to induce crystallization). The 
crystals which were deposited were collected by filtration (30.2 g, 41%) 
and shown by NMR spectroscopy to be approximately an 85:15 
mixture of trans and cis enol ethers. A further crystallization from the 
same solvent system gave 25.5 g (34%) of 13: mp 95-96.5 °C; UV 
(EtOH) max 219 nm (t 49 400), 239 (11 200), 293 (2020), 300 (1860); 
IR (CHCI3) 3435,1778, 1717, 1678, 1504 cm“ 1; NMR (CDC13) 5 7.8 
(m, 4 H, aromatic H), 6.52 (d, 1 H, J  = 12 Hz, -O C H =C H -), 6.25 
(broad, 1 H, NH), 4.6-5.0 (m, 2 H, -OCH=CHCH), 4.16 (q, 2 H, J = 
8 Hz, CH3CH20 -), 3.94 (broad s, 4 H, >NCH2CH20 -), 1.97 (s, 3 H, 
CH3CO-), 1.24 (t, 3 H, J = 8 Hz, CH3CH20 -); mass spectrum, rale 
360 (M+), 317, 314, 287,174 (base), 160.

Anal. Calcd for C18H20N2O6: C, 59.99; H, 5.59; N, 7.77. Found: C, 
59.96; H, 5.41; N, 7.65.

The mother liquors from the crystallizations described above 
contained varying amounts of the starting material 12, trans enol ether 
13, and the cis enol ether 14. Liquors which contained a large amount 
of starting material 12 were resubjected to the reaction with trieth- 
ylamine and pyridine. Such material was processed as described above 
to yield further quantities of trans enol ether 13.

Mixtures consisting principally of the cis enol ether were treated 
with iodine (20 mg of I2/g of mixture) in dry peroxide-free glyme (10 
mL/g of mixture) at 40 °C for 40 h.8 The reaction mixture was con
centrated in vacuo, leaving a residue which was dissolved in ethyl 
acetate. The solution was washed with 10% sodium thiosulfate solu
tion and dried over anhydrous sodium sulfate. Concentration on a 
rotary evaporator yielded an oil consisting of a 3:2 mixture of trans 
and cis enol ethers, respectively, as determined from the NMR 
spectrum. This material was chromatographed in batches of 5 g each 
on a Waters Prep LC/System 500 with one PrePAK-500/silica car
tridge using ethyl acetate/hexane/methanol (10:10:1) as the eluent. 
Several recycles were required for complete separation of the isomers. 
The o,/3-unsaturated ester 12 was eluted first, followed by the trans 
enol ether 13 and then the cis enol ether 14. Concentration of the 
appropriate fractions followed by crystallization yielded approxi
mately 1 g of pure 13 for each 5 g of 3:2 mixture.

By diligently following these procedures, yields between 50 and 65% 
were realized for the trans enol ether 13. Concentration of the fractions 
containing the cis isomer followed by crystallization from ethyl ace- 
tate/petroleum ether gave 14: mp 88-90 °C; UV (EtOH) max 218 nm 
(e 42 800), 239 infl (9800), 292 (1870), 300 infl (1750); IR (CHC13) 3435, 
3410,1775,1735,1715,1670,1513 cm "1; NMR (CDC13) 6 7.8 (m, 4 H, 
aromatic H), 6.65 (broad, 1 H, NH), 6.07 (d, 1 H, J  = 6 Hz, 
-O C H =C H -), 5.07 (t, 1 H, J  = 8 Hz, -OCH =CH CH <), 4.61 (dd, 1 
H, J  = 6 and 8 Hz, -O C H =C H -), 4.0 (m, 6 H, CH3CH20 -  and 
>NCH2CH20 -), 2.06 (s, 3 H, CH3CO-), 1.17 (t, 3 H, J = 7 Hz, 
CH3CH20 -); mass spectrum, m/e 360 (M+), 317,314. 287,174 (base), 
160,147,130.

Anal. Calcd for C18H20N2O6: C, 59.99; H, 5.59; N, 7.77. Found: C, 
59.86; H, 5.41; N, 7.65.

DL-2-Amino-4-(2-aminoethoxy)-trans-but-3-enoic Acid (15).
The protecting groups were removed from 13 by the following mul
tistep procedure. A solution consisting of 3.5 g (0.0097 mol) of enol 
ether 13, 0.47 g (0.0146 mol) of anhydrous hydrazine, 10 mL of 
methanol, and 17 mL of ethanol was stirred magnetically under argon 
for 24 h. During this time, a copious white precipitate formed which 
stopped the stirring. The solid is most probably the salt which results 
from the reaction of the freed e amine with the newly formed 
phthalhydrazide.

At this point, 60 mL of 1 N KOH was added directly to the reaction 
flask, causing the solid to dissolve. The resultant solution was heated 
at 90 °C under argon for 24 h. The reaction mixture was allowed to 
cool to ambient temperature, concentrated in vacuo to approximately 
half of its original volume, and acidified with 1 N HC1 (3 N HC1 in 
larger scale runs) to pH 4. This caused the precipitation of 
phthalhydrazide, which was removed by filtration. The pH of the 
filtrate, which contains the iV-acetylamino acid 14, was adjusted to 
between 6 and 7, and the filtrate was then concentrated in vacuo. The 
residue was dissolved in 25 mL of 85% hydrazine hydrate and the 
solution heated at 80 °C for 40 h. After cooling to ambient tempera
ture, the reaction mixture was concentrated in vacuo to remove the 
hydrazine hydrate. The residue was dissolved in water and the pH

of the solution adjusted to between 9 and 10. The solution was con
centrated in vacuo, giving a yellow solid which was dried in vacuo over 
P2O5 for 4 h and then over concentrated H2SO4 (16 h).

The resultant yellow residue was taken up in water and applied to 
a cation exchange column (10-fold excess of AG 5, W-X4; 100-200 
mesh; H+ form). The column was washed with water and 10% aqueous 
pyridine. The amino acid 15 was eluted with 1.5 N NH4OH. The 
fraction was concentrated in vacuo and the residue dried for a short 
time at 0.1 mm. It was then dissolved in water and the pH of the so
lution adjusted to 3.6 with 1 N HC1. Concentration of the solution 
followed by crystallization of the resultant oil from water/methanol 
gave 0.658 g (35%) of the monohydrochloride salt of 15. An analytical 
sample was prepared by recrystallization: mp 187.5-189 °C dec; IR 
(KBr) 3500-2250 (broad), 1650,1600,1500; NMR (D20 ) 5 7.35 (d, 1 
H, J  = 12.4 Hz, -O CH =CH -), 5.53 (dd, 1 H, J = 10 and 12.4 Hz, 
-OCH=CHCH<), 4.71 (d, I H, J = 10 Hz, -OCH =CH CH <), 4.58 
(m, 2 H, -OCH2CH2N<), 3.85 (m, 2 H, -OCH2CH2N<).

Anal. Calcd for C6Hi2N20 3-HCl: C, 36.65; H, 6.66; N, 14.25. Found: 
C, 36.44; H, 6.57; N, 14.08.

The synthetic amino acid was found to have solution IR and NMR 
spectra which are identical with those of the natural L-amino acid lb. 
Furthermore, the two materials behaved identically when they were 
analyzed on the Beckman Model 121M amino acid analyzer.2’14

The mother liquors from the crystallization of the hydrochloride 
salt were found by analysis on the amino acid analyzer to contain a 
substance which was more basic than 15. This substance is most 
probably the hydrazide 16. Upon heating the mother liquors with 15 
mL of 1 N KOH at 90 °C for 40 h followed by ion exchange chroma
tography and crystallization, as described above, a further 0.402 g 
(21%) of the monohydrochloride salt 15 was obtained. Thus, the total 
yield of 15 from the protected amino acid was 56%.
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Condensation of 2-allyl-3,4,4-trimethoxycyclohexa-2,5-dienone (15) with (E)-isosafrole (2) in acetonitrile-meth
anol under the influence of trinitrobenzenesulfonic acid yielded a mixture of the dihydrobenzofuran 10 and the bi
cyclooctane 18. Bicyclooctane 18 was unstable toward acids and isomerized rapidly to the dihydrobenzofuran 9, the 
racemate of an Aniba terminalis constituent. Dehydrogenation with DDQ gave benzofuran 11, another naturally- 
occurring neolignan.

In a recent paper from this laboratory1 the total syntheses 
of the neolignans guianin (3)2 and burchellin (4),3 from

2

3

5

products formed in the acid-catalyzed condensation of the 
p-quinone ketal 1 with (E)-isosafrole (2), were described. 
Similarly, 2-epi-3a-ep!-burchellin (5)4 and futoenone (6)5 
were prepared starting from the same ketal 1 and (Z)-isosaf- 
role (2). To account for the products formed in these acid- 
induced condensations it was postulated that bicyclo[3.2.1]- 
octanes with endo oriented aryl groups were the initial prod
ucts resulting from concerted [2 + 4] cycloadditions. Subse
quent isomerization of the kinetic adducts could have led to 
the more stable hydrobenzofurans with configurations cor
responding to those present in the natural products 4 and 5. 
Alternatively, the bicyclooctanes could have isomerized to 
spiro[5.5]undecanes, and the intermediate derived from 
(Z)-isosafrole (2) was assumed to have undergone a further 
cyclization to a product with a futoenone skeleton.

Certain Aniba species4-6 produce the neolignans 7,8,9, and 
11, in addition to metabolites of the guianin (3) and burchellin 
(4 and 5) types. The possibility that 7,8, and 9 originate in vivo 
from the same eugenol-isoeugenol dimer by sequential Cope, 
retro-Claisen, and Claisen rearrangements is not unreasonable 
but awaits verification. It occurred to us that the dihydro
benzofuran 9 could also arise from a hitherto unknown bicy
clooctane 18, which in turn could be the outcome of a cy
cloaddition of p-quinone ketal 15 to (E)-isosafrole (2). The 
intermediate bicyclooctane 18 was anticipated to rearrange 
irreversibly to the Aniba constituent 9. We have reduced this

10, R =  CH:;

11

scheme to practice, and in this paper we report the synthesis 
of the two neolignans 9 and 11.

The tetrahydropyranyl ether 12 on metalation with n- 
butyllithium afforded the C2 lithio dervative 13. Alkylation 
of the corresponding cuprate with allyl bromide followed by 
hydrolytic removal of the protecting group furnished phenol
14.7 Oxidation to the p-benzoquinone ketal 15 was accom
plished with 2,3-dichloro-5,6-dicyano-l,4-benzoquinone 
(DDQ) in methanol solution.8 Ketal 15 was found to condense 
with (E)-isosafrole (2) in acetonitrile containing methanol and 
added 2,4,6-trinitrobenzenesulfonic acid to give an easily 
separable mixture of adducts consisting of the dihydroben
zofuran 10 (42% yield) and the bicyclooctane 18 (20% yield). 
In agreement with expectation, trifluoromethanesulfonic acid 
mediated isomerization of 18 gave the crystalline phenol 9. 
Comparison of its XH nuclear magnetic resonance spectrum 
with that of an oily mixture of both cis and trans isomers iso
lated from Aniba terminalis4 left no doubt that the synthesis 
produced the more stable trans isomer. Incidentally, this 
synthesis proves the relative positions of the hydroxy and 
methoxy groups and thus confirms the earlier conclusion 
based on nuclear magnetic resonance arguments.4 The for
mation of the two adducts is accommodated by a scheme in
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12, R =  H
13, R =  Li

0

17

18
which cation 16 and olefin 2 align themselves in a manner that 
favors bond formation between the most electrophilic C6 atom 
of the cation 16 and the terminal carbon atom of the elec
tron-rich olefin. A concerted [2 + 4] cycloaddition would 
create the oxonium ion 17, with an endo oriented aryl group, 
that is captured by methanol. Hydrolysis of the hypothetical 
ketal during workup would give the observed bicyclooctane
18. Alternatively, oxonium ion 17 once formed could isomerize 
to the benzylic cation 19, which in turn could cyclize to the 
dihydrobenzofuran 10. Ion 19 could also be the result of a 
process in which only one carbon-carbon bond was formed in 
the first step, but the stereoselective formation of a single 
bicyclooctane is in better agreement with a concerted rather 
than a stepwise process.

Finally, dehydrogenation of the dihydrobenzofuran 9 with 
DDQ afforded the benzofuran 11, identical according to 
melting point and NMR spectrum with the natural materi
al.4

Experimental Section
Melting points were determined on a Reichert hot stage microscope 

and are uncorrected. Infrared (IR) spectra were recorded on a Per- 
kin-Elmer 237B or 247 grating spectrophotometer and are reported 
in wavenumbers (cm-1)- Nuclear magnetic resonance (NMR) spectra 
were measured on a Varian T-60 or a Perkin-Elmer R-22 spectrometer 
and are given in parts per million (S) downfield from tetramethylsilane 
as an internal standard; the abbreviations s, d, and m refer to singlet, 
doublet, and multiplet, respectively. Ultraviolet (UV) spectra were 
determined on a Perkin-Elmer 200 spectrophotometer, and wave
lengths are reported in nanometers (nm). High-resolution mass 
spectra (HRMS) were measured on a DuPont CEC-110B instrument, 
and low-resolution mass spectra (MS) were determined on a Varian 
Mat 44 instrument. Elemental analyses were performed by Robertson 
Laboratory, Florham Park, N.J.

3,4-Dimethoxyphenol Tetrahydropyranyl Ether (12). The te- 
trahydropyranyl ether of 3,4-dimethoxyphenol was prepared in a 
standard fashion using p-toluenesulfonic acid monohydrate as cat
alyst in dichloromethane at room temperature for 2 h. Bulb-to-bulb 
distillation in a Biichi GKR-50 Kugelrohrapparat gave 12 as a color
less oil in 97% yield: bp 160 °C (0.02 mm); IR (CCI4) 2943,1511,1230,

1155,1122,1100,1031,1017 cm -1; NMR (CC14) 6 1.30-2.13 (m,6), 3.73 
(s, 3), 3.77 (s, 3), 3.30-4.10 (m, 2), 5.15-5.32 (m, 1), 6.17-6.77 (m, 3). 
Anal. Calcd for C13H180 4: 238.12051. Found: 238.12347.

2-Allyl-3,4-dimethoxyphenol (14). To a cooled (ice bath) and 
stirred solution of tetrahydropyranyl ether 12 (8.32 g, 35 mmol) in 
anhydrous THF (80 mL) under nitrogen was added dropwise via a 
syringe 21 mL of n-BuLi (2.45 M in hexane; 52 mmol). The ice bath 
was removed after the addition was completed, and the resulting so
lution was stirred for 30 min and then left at room temperature 
overnight. Copper iodide (6.70 g, 35 mmol) was added in small por
tions to the stirred solution which was continually stirred for 1 h at 
room temperature. The solution was cooled (ice bath) and allyl bro
mide (4.5 mL, 6.3 g, 52 mmol) added via a syringe. The ice bath was 
removed after addition was completed, and the solution was stirred 
at room temperature for 1 h and then heated to reflux for 2 h. The 
solution was cooled and water (80 mL) added. The contents were then 
filtered through a pad of Celite, and ether (1 X  300 mL and 1 X  200 
mL) was used to extract the filtrate. The combined ether extracts were 
washed with saturated aqueous ammonium chloride (1 X 100 mL) and 
then brine (1 X 100 mL), and the ethereal solution was concentrated 
in vacuo. The residue was dissolved in 135 mL of 90% aqueous 
methanol and 13.5 mL of 5% oxalic acid. The solution was stirred at 
room temperature for 1 h, followed by partitioning between water (100 
mL) and ether (300 mL). The aqueous phase was separated and ex
tracted further with ether (2 X 200 mL). The combined ether extracts 
were washed with water (2 X 100 mL), dried (MgS04), decolorized 
with charcoal, filtered, and concentrated in vacuo. The residue was 
then purified by column chromatography on silica gel eluting with 
hexane-EtOAc (4:1). Fractions judged to be identical by TLC were 
pooled and gave 4.18 g of 14 as a yellow oil (62% yield): IR (CC14) 3450, 
1500,1633,1267,1054,992, 908 cm“ 1; NMR (CC14) 5 3.42 (br d, 2, J 
= 6 Hz), 3.77 (s, 3), 3.80 (s, 3), 4.80-5.27 (m, 2), 5.68-6.30 (m, 1), 6.17 
(br s, 1), 6.43 (d, 1, J = 9 Hz), 6.65 (d, 1, J = 9 Hz).

2-Allyl-3,4,4-trimethoxycyclohexa-2,5-dienone (15). To a 
stirred solution of DDQ (0.267 g, 1.2 mmol) in a minimum amount of 
methanol at room temperature was added dropwise a solution of 14 
(0.190 g, 1.0 mmol) in methanol (98 mL). After addition was com
pleted, methanol was removed in vacuo and the residue was dissolved 
in ether. The ethereal solution was then washed with saturated 
NaHC03 solution and water, dried (MgS04), filtered, and concen
trated in vacuo. The residue was chromatographed on a 20 X 20 X 0.1 
cm silica gel plate using hexane-EtOAc (4:1 v/v) as solvent to give 
0.165 g of 15 as a yellow oil (75% yield; about 92% pure by NMR): IR 
(CC14) 1675,1639,1612 cm“ 1; NMR (CC14) b 3.03 (br d, 2, J = 6 Hz),
3.35 (s, 6), 4.15 (s, 3), 4.75-5.22 (m, 2), 5.45-6.07 (m, 1), 6.25 (d, 1, J 
= 10 Hz), 6.47 (d, 1, J = 10 Hz); UV (95% EtOH) 227 nm (sh, € 9100), 
315 (3900). Anal. Calcd for C12H160 4: 224.10486. Found: 224.10649.

trans-2,3-Dihydro-7-allyI-5,6-dimethoxy-3-methyl-2-(3,4- 
methylenedioxyphenyl)benzofuran (10) and l-A llyl-3-m e- 
thoxy-6-exo-methyl-7-efldo-(3,4-methylenedioxyphenyl)bi- 
cyclo[3.2.1]oct-3-ene-2,8-dione (18). A solution of 15 (68 mg, 0.3 
mmol; about 92% pure) and isosafrole (90 pL, 101 mg, 0.6 mmol) in 
anhydrous acetonitrile (3 mL) containing 25 pL of methanol (18 mg, 
0.6 mmol) was cooled in a dry ice-3-pentanone bath under nitrogen. 
A catalytic amount of trinitrobenzenesulfonic acid was then added, 
and the solution was stirred for 30 min. The cooling bath was removed 
and saturated NaHCC>3 solution added. The contents were transferred 
to a separatory funnel and extracted twice with ether. The combined 
ether extracts were washed with water twice, dried (MgS04), filtered, 
and concentrated. The residue was chromatographed on a 20 X  20 X 
0.1 cm silica gel plate using hexane-EtOAc (3:1 v/v) as solvent to give 
38 mg of 10 (42%) and 17 mg of 18 (20%).

Dihydrobenzofuran 10: mp 67-69 °C (hexane); IR (CC14) 1468, 
1251,1043 cm“ 1; NMR (CC14) 5 1.37 (d, 3, J = 7 Hz), 3.33 (br d, 2, J 
= 6 Hz), 3.08-3.47 (m, 1), 3.78 (s, 6), 4.87-5.20 (m, 2), 4.97 (d, 1, J = 
9 Hz), 5.96 (s, 2), 5.76-6.20 (m, 1), 6.52 (br s, 1), 6.74-6.93 (m, 3); MS 
m/e (relative intensity, %) 354 (M+, 100). Anal. (C21H22O5) C, H.

Bicyclooctane 18: mp 117-119 °C (methanol); IR (CC14) 1766, 
1695,1612 cm -1; NMR (CDC13) b 1.14 (d, 3, J = 7 Hz), 2.18-2.69 (m,
3), 2.80-3.07 (m, 2), 3.66 (s, 3), 5.04-5.36 (m, 2), 5.86 (s, 2), 5.56-6.13 
(m, 1), 6.29-6.73 (m, 4); MS m/e (relative intensity, %) 340 (M+, 5), 
178 (69), 162 (100). Anal. (C20H20O5) C, H.

trans-2,3-Dihydro-7-allyl-6-hydroxy-5-methoxy-3-methyl- 
2-(3,4-methylenedioxyphenyl)benzofuran (9). A solution of 18 
(32.5 mg) in dry acetonitrile (1 mL) was cooled in an ice bath. One 
drop of trifluoromethanesulfonic acid was added, and the solution 
was stirred for 30 min. Saturated NaHC03 solution was added, and 
the contents were extracted with ether. The ether solution was dried 
(MgS04), filtered, and concentrated. The residue was chromato
graphed on a 20 X 20 X 0.05 cm silica gel plate using hexane-EtOAc 
(4:1 v/v) as solvent to give 17.3 mg (53%) of 9: mp 79-80 °C (hexane);



3-Oxodihydroisoindoles J. Org. Chem., Vol. 43, No. 19,1978 3719

IR (CHCla) 3546, 1466, 1334,1243, 1031 cm“ 1; NMR (CDC13) h 1.36 
(d, 3, J = 7 Hz), 3.40 (br d, 2, J = 6 Hz), 2.90-3.53 (m, 1), 3.85 (s, 3), 
4.83-5.30 (m, 2), 5.01 (d, 1, J  = 9 Hz), 5.68 (s, 1), 5.95 (s, 2), 5.47-6.40 
(m, 1), 6.53 (br s, 1), 6.72-7.00 (m, 3); MS mfe (relative intensity, %) 
340 (M+, 100).

7-Allyl-6-hydroxy-5-methoxy-3-methyl-2-(3,4-methylenedi- 
oxyphenyl)benzofuran ( 11). Starting with 107 mg (0.3 mmol) of 18, 
98 mg of crude dihydrobenzofuran 9 was obtained using the conditions 
described above. The crude dihydrobenzofuran 9 was then dissolved 
in THF (1 mL) and cooled in an ice bath while a solution of DDQ (65 
mg, 0.3 mmol) in THF (1 mL) was added dropwise to it. After 10 min, 
the contents were diluted with ether and then washed with water. The 
aqueous washing was back extracted with ether, and the combined 
ether extracts were washed with saturated NaCl solution, dried 
(MgSOd, filtered, and concentrated. The residue was chromato
graphed on a 20 X 20 X 0.1 cm silica gel plate using hexane-EtOAc 
(6:1 v/v) as solvent to give 45 mg (42%) of 11: mp 123-124 °C (hex
ane-diethyl ether); IR (CHC13) 3567, 1475, 1350, 1258, 1046 cm "1; 
NMR (CDCI3) a 2.38 (s, 3), 3.72 (br d, 2, J = 7 Hz), 3.94 (s, 3). 4.98-5.33 
(m, 2), 5.83 (s, 1), 6.01 (s, 2), 5.89-6.40 (m, 1), 6.80 (s, 1), 6.91 (d, 1, J 
= 8 Hz), 7.18-7.36 (m, 2); UV (95% EtOH) 254 nm(log e 3.92), 290(sh,
4.16), 328 (4.51 );9 MS m/e (relative intensity, %) 338 (M+, 100).
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A useful one-step conversion of o-acylbenzoic acids (3) to 3-oxodihydroisoindoles (4) has been developed. Thus, 
reductive amination of 3 with a primary amine, the amine hydrochloride, and sodium cyanoborohydride or sodium 
borohydride in acetonitrile effected the conversion of 3 to 4. The success of this method is dependent on the initial 
formation in acetonitrile of a l-alkyl-l-(alkylamino)dihydroisobenzofuran-3-one, a “ ring tautomer” such as 7, 
which on protonation is reduced rapidly to 4 by these metal hydrides. Other nucleophiles (CH3NH2 and CN_ ) were 
substituted for the metal hydrides to synthesize 1-substituted analogues of 4 such as l,2-dimethyl-l-cyano-3-oxo- 
dihydroisoindole (6).

In the preparation of isoindoles1 as well as the elaboration 
of certain natural products,2'3 3-oxodihydroisoindoles have 
served as important synthetic intermediates. Routes of limited 
utility to these lactams have been described.4’5 In addition, 
Danishefsky has reported a useful two-step method to convert 
methyl o-toluate to Al-methyl-3-oxodihydroisoindole (eq l).2 
What we believe to be an equally attractive route to 3-oxo- 
dihydroisoindoles in general and a better route from o-acyl
benzoic acids to 1,2-disubstituted analogues specifically is set 
forth below (eq 2).

These lactams (4) were required as intermediates for the 
synthesis of 1,2,3-trisubstituted isoindoles, a class of com
pounds which has received very limited attention in the lit
erature.6 Initially, commercially available o-acetylbenzoic acid 
(3a) was hydrogenated to o-ethylbenzoic acid, and this acid 
was carried through the three-step process of eq 1 with me- 
thylamine as the base to provide 4a. Although this approach 
was successful with several other primary amines, it was ap
parent that an alternate direct route (eq 2) from o-acylbenzoic 
acids 3 to the desired lactams 4 offered certain advantages. 
Thus, the acids 3 are more readily available either commer
cially7 or by synthesis8 than the corresponding o-alkylbenzoic 
acids which, in fact, frequently are prepared from 3. Fur
thermore, this synthesis in comparison with that of eq 1 in-

0

3a, R =  CH3
b, R =  CH
c, r = «-c ,h7
d, R =  H
e, R =  C6H.

R

4a, R =  R7 =  CH„
b, R =  CHa; R' =  C2H5
c, R =  CHa, R' =  r t-r jl7
d, R =  CH,¿ R' =  — O

Ü)

(2)

e, R =  CH:i; R' =  C U  CII,
f, R =  C A ;  R' =  CH3
g, R =  n-C3H7; R' =  CHa
h, R =  H; R' =  CH3
i, R =  CH3; R' =  CH(CH3)2

volved fewer operational steps and avoided the handling of 
the intermediate bromo esters which are potent lachryma-
tors.
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Table 1 .13C N M R Chem ical Shifts* (ppm ) in CDCI3

Compound no.
Assignment 5 3a 7 7 HC1 4a 12 13 13 HC1

C-CH3 20.4 26.7 27.0 25.1 17.9 23.0 22.8 21.8
N-CH3 (exo) 28.8 32.3 28.3 25.06
N-CH3 (ring) 26.9 23.4 25.2 25.6fc
Benzylic 77.7 d 107 d 57.6 88.3 78.8 78.2
Aromatic 121.7 122.7 122.5 125.1 121.8 121.6 121.7 123.3
Aromatic 125.6 126.3 125.6 127.5 123.4 122.9 123.2 124.0
Aromatic 125.8 126.3 128.4 129.8 128.0 129.1 128.8 131.2
Aromatic 129.1 130.4 130.0 131.7 132.0 130.2 132.0 131.4
Aromatic 134.1 134.5 134.0 134.4 133.3 132.1 132.5 133.6
Aromatic 151.3C 148.9 148.6 137.3 146.8 148.4 147.4 140.6
Carbonyl 170.4 168.9 169.2 166.5 168.0 166.9 167.2 167.3

a Relative to internal (CH3)4Si. 6 These assignments may be reversed. c Chemical shifts in this row are for the aromatic carbon 
adjacent to the benzylic carbon of the “ ring tautomers” . d This carbon atom was not observed due to broadening caused by intercon
version of “ ring and chain tautomers” .

Reductive amination with a primary amine and sodium 
cyanoborohydride9 (NaCNBH3), a reagent with high selec
tivity for carbon-nitrogen double bonds, was assumed to be 
the ideal method for a one-step conversion of 3 to 4 since the 
concentration of intermediate imine would be expected to be 
low with an aromatic ketone. In practice, however, addition 
of NaCNBH3 to a methanol solution of o-acetylbenzoic acid 
(3a) and methylamine hydrochloride gave only the lactone 5 
(eq 3). The desired lactam 4a was obtained on treatment of 

CH3

CHJ1H/HC1 

NaCKBH, “
CHjOH

0
5

NaCNBHj
c r ,;n h ; -hci

Na0H.,
CH:)OH

(3)

3a or the sodium salt of 3a with methylamine, methylamine 
hydrochloride, and NaCNBHs; however, it was contaminated 
with 15-20% of a byproduct 6.

The probability that cyanide (derived hydrolytically from 
the NaCNBHg in this reaction medium) was adding to the 
imine intermediate to form 6 prompted a solvent change to 
acetonitrile. Thus, a solution of 3a in acetonitrile was treated 
with anhydrous methylamine followed by addition of me
thylamine hydrochloride and NaCNBH3. These conditions 
effected the conversion of 3a to 4a in high yield with no de
tectable contamination by either 5 or 6. Surprisingly, substi
tution of sodium borohydride (NaBH4) for NaCNBH3 gave 
the same result in this case.

The generality of this method was tested using 3a with 
NaCNBH3 and the following primary amines: ethyl-, n-pro- 
pyl-, 2-propyl-, cyclopropyl-, benzyl-, and ferf-butylamines. 
High yield conversions to the corresponding lactams 4 were 
observed except with 2-propyl-10 and tert-butylamines. In 
these cases, the only product isolated was the lactone 5. This 
method was further tested using methylamine and either 
NaBH4 or NaCNBH3 with the following o-acylbenzoic acids:
o-propionyl- (3b), o-butyryl- (3c), o-formyl- (3d), and 0- 
benzoylbenzoic acids (3e). Good yields of the lactams were 
obtained with the exception of 3e, which gave only a lactone 
product.

In order to examine this reaction in more detail, a solution 
of 3a in acetonitrile was saturated with anhydrous methyl-

amine and then evaporated. The resulting crystalline white 
solid exhibited spectral properties (see Experimental Section 
and Table I) totally consistent with the ring tautomer 7. The 
JH NMR chemical shifts for the C-CH3 and N-CH3 groups 
of 7 remain constant in Me2SO-d6, CDC13, and CD3CN, while 
the NMR spectra of systems such as 3a, which may exist as 
ring and chain tautomers, are solvent dependent.11 When the 
reaction of 3a with methylamine was monitored by XH NMR 
spectroscopy, the conversion of 3a to 7 was so rapid that the 
intermediate carbinolamine and imine were not observed.

The ring tautomer 7 was hydrolyzed readily to 3a on ex
posure to dilute aqueous acid. Solutions of 7 in aprotic sol
vents, however, were remarkably stable. Thus, recrystalliza
tion of 7 from hot hexane could be carried out with minimal 
loss, and 7 could be recovered from acetonitrile solution to 
which either methylamine, methylamine hydrochloride, or 
NaCNBH3 had been added. The conversion of 7 to 4a oc
curred only when the latter two reagents (methylamine hy
drochloride and NaCNBH3) were both present in the reaction 
medium. However, 7 underwent reduction to a mixture of 
products including 5 and 4a when NaBH4 alone was added. 
Again, the combination of NaBH4 and methylamine hydro
chloride was required for smooth conversion of 7 to 4a in ac
etonitrile.

These results suggested that protonation of 7 was instru
mental in the reduction process. Thus, addition of methyl
amine hydrochloride could effect conversion of 7 to the pro- 
tonated ring chain tautomers 8 and 9, which should exhibit 
enhanced reactivity toward metal hydride reducing agents and 
other added nucleophiles. To test this concept, sodium cya
nide (NaCN) was added to an acetonitrile solution of 7. After 
3 h, conversion of 7 to the cyanide adduct 6 could not be de
tected (TLC). The subsequent addition of methylamine hy
drochloride to this solution, however, resulted in the rapid 
efficient conversion of 7 to 6. That the amine hydrochloride 
was serving solely as a proton source was supported by the 
observation that substitution of ethylamine hydrochloride for 
methylamine hydrochloride did not change the product 
composition in either this reaction or the hydride reduction 
of 7 to 4a. Furthermore, while 7 was recovered after standing 
for 24 h in acetonitrile containing methylamine, the addition 
of methylamine hydrochloride to this solution slowly (24 h) 
transformed 7 to a mixture of 12 and 13. These results are il
lustrated in Scheme I.

That 12 and 13 have the ring tautomer structure was clearly 
evident both from their 13C NMR spectra and from the fact 
that they could be recovered from acetonitrile solution after 
treatment with NaBH4 and methylamine hydrochloride. The 
lactam 13 also was stable in aqueous hydrochloric acid and 
could be isolated as a hydrochloride. The lactam 12 on similar
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Scheme I

j .

10 4a, X =  H
6, X =  CN

treatment gave the unstable dehydration product 14.
Thus, 7 on protonation is transformed to the ring and chain 

tautomers 8 and 9, which are converted to products by added 
nucleophiles. Although this process was not observable di
rectly by 'H NMR spectroscopy due to the low concentration 
(~1%) of 8 and 9 under the reaction conditions, a comparison 
of the 13C NMR spectra (Table I) of 7 and 7 HC1 supported 
this concept. Thus, the resonance (107 ppm) for the benzylic 
carbon atom in 7 disappears in the spectrum of 7 HC1 due to 
line broadening as a consequence of the equilibrium 8 9.
The benzylic carbon atom also is not observed in 3a, which is 
a mixture of ring and chain tautomers. Furthermore, the 
chemical shift for the comparable carbon atom in 13 is not 
changed appreciably by protonation of the nitrogen consistent 
with the view that both species are ring tautomers. In addition, 
the aromatic ring carbon adjacent to this center exhibits a 
much larger (11.3 ppm) upfield shift on protonation of the 
nitrogen in 7 than is observed for protonation of 13 (6.8 
ppm).12 Lastly, the product compositions outlined in Scheme 
I are best understood in terms of the equilibrium 8 «=: 9.

In conclusion, a useful one-step method for converting o- 
acylbenzoic acids to 1,2-disubstituted 3-oxodihydroisoindoles

has been described. This transformation passes through a 
1 -alkyl-l-(alkylamino)isobenzofuran-3-one intermediate 
which is subsequently protonated and reduced by metal hy
drides. The only limitations to this method are its failure with 
highly hindered amines (rert-butylamine) and aromatic ke
tones (o-benzoylbenzoic acid).

Experimental Section
Melting points (Thomas-Hoover melting point apparatus) and 

boiling points are uncorrected. Spectra were obtained as follows: IR 
spectra on a Perkin-Elmer 237; mass spectra on an AEI MS 902 by 
direct insertion; : H NMR spectra on a Varian T-60 or EM 390 spec
trometer using (CH3)4Si as an internal standard; and 13C NMR 
spectra on a Varian CFT-20. GLC was performed on a Hewlett- 
Packard Model 5700A/3370B GLC using a glass column (6 ft X 2 mm) 
packed with 1% OV-17 on 100 N 120 mesh Gas-Chrom Q with a heli
um flow rate of 32 mL/min.

l,2-Dimethyl-3-oxodihydroisoindole (4a). To a solution of 
methylamine (1.8 g, 0.06 mol) in acetonitrile (150 mL) was added 3a 
(4.1 g, 6.025 mol) followed after 15 min by methylamine hydrochloride 
(3.4 g, 0.05 mol) and NaCNBH3 (2.0 g, 0.03 mol). The reaction mixture 
was stirred for 3 h. The solvent was removed under reduced pressure 
and the residue slurried with H20. The pH was adjusted to 4 with 
concentrated HC1, and the resulting solution was extracted with 
chloroform (3 X 100 mL). The combined extracts were dried over 
anhydrous Na2S04 and filtered, and the filtrate was concentrated 
under reduced pressure. Distillation of the concentrate gave 3.5 g 
(87%) of 4a: bp 95-97 °C (0.3 Torr); XH NMR (CDC13) 5 1.5 (d, 3 H, 
CCH3, J  = 7 Hz), 3.1 (s, 3 H, NCH3), 4.4 (q, 1 H, benzylic, J = 7 Hz),
7.4-7.9 (m, 4 H, aromatic); IR (neat) 1685 (C = 0 ) cm-1; MS m/e (%) 
161 (33, M+), 146 (100, M+ — CH3); GLC (99%), retention time 2.8 min 
(130 °C).

Anal. Calcd for Ci0Hu NO: C, 74.53; H, 6.83; N, 8.69. Found: C, 
74.91; H, 6.95; N.8.41.

l-M ethyl-2-ethyl-3-oxodihydroisoindole (4b). Compound 4b 
was prepared from 3a (3.3 g, 0.02 mol), ethylamine (4.5 g, 0.1 mol), 
ethylamine hydrochloride (4.05 g, 0.05 mol), and NaCNBH3 (2.0 g, 
0.03 mol) in acetonitrile (150 mL) as described for the synthesis of 4a. 
Distillation gave 2.8 g (86%) of 4b: bp 98-102 °C (0.1 Torr); 'H  NMR 
(CDCI3) 6 1.0 (t, 3 H, NCH2CH3, J = 7 Hz), 1.2 (d, 3 H, CCH3, J  = 7 
Hz), 3.3 (m, 1 H, NCH2), 3.7 (m, 1 H, NCH2), 4.8 (q, 1 H, benzylic, J 
= 7 Hz), 7.4-8.0 (m, 4 H, aromatic); IR (neat) 1690 (0 = 0 )  cm-1; MS 
m/e (%) 177 (11, M+), 162 (100, M+ -  CH3); GLC (99%), retention 
time 7.5 min (130 °C).

Anal. Calcd for Cn H13NO: C, 75.43; H, 7.43; N, 8.00. Found: C, 
75.15; H, 7.09; N, 7.91.

l-M ethyl-2-n-propyl-3-oxodihydroisoindole (4c). Compound 
4c was prepared from 3a (3.3 g, 0.02 mol), n-propylamine (5.9 g, 0.1 
mol), n-propylamine hydrochloride (4.8 g, 0.05 mol), and NaCNBH3 
(2.0 g, 0.03 mol) as described for 4a. Distillation gave 3.3 g (88%) of 
4c: bp 98-102 °C (0.1 Torr); ’ H NMR (CDC13) 5 0.95 (t, 3 H, 
N(CH2)2CH3, J = 7 Hz), 1.4 (d, 3 H, CCH3, =7 = 7 Hz), 1.6-2.0 (m, 2 
H, NCH2CH2), 3.2 (m, 1 H, NCH2), 3.9 (m, 1 H, NCH2), 4.5 (q, 1 H, 
benzylic, J  = 7 Hz), 7.4-8.0 (m, 4 H, aromatic); IR (neat) 1690 (0 = 0 ), 
cm -1; MS m/e (%) 189 (6, M+), 174 (100, M + -  CH3), 160 (30, M+ -  
C3H7); GLC (99.3%), retention time 7.7 min (130 °C).

Anal. Calcd for Ci2HisNO: C, 76.19; H, 7.93; N, 7.40. Found: C, 
75.90; H, 8.19; N, 7.12.

l-Methyl-2-cyclopropyl-3-oxodihydroisoindole (4d). A solution 
of 3a (3.3 g, 0.02 mol) and cyclopropylamine (5.7 g, 0.1 mol) was stirred 
overnight. To this solution was added cyclopropylamine hydrochlo
ride (4.7 g, 0.05 mol) followed by the portionwise addition (six equal 
portions over 60 min) of NaBH4 (1.2 g, 0.03 mol). The solvent was 
removed under reduced pressure, the residue slurried with H20  (75 
mL), the pH adjusted to 4 with concentrated HC1, and the resulting 
solution extracted with chloroform (4 X 75 mL). The combined ex
tracts were dried over Na2S04, filtered, and concentrated under re
duced pressure. Distillation of the concentrate gave 3.0 g (80%) of 4d: 
bp 131-133 °C (0.1 Torr); ‘ H NMR (CDC13) <5 0.6-1.2 (m, 4 H, meth
ylene), 1.6 (d, 3 H, CH3, J = 7 Hz), 2.7 (m, 1 H, NCH), 4.5 (q, 1 H, 
benzylic, J = 7 Hz), 7.2-8.0 (m, 4 H, aromatic); IR (neat) 1675 (C = 0 ) 
cm "1; MS m/e (%) 187 (77, M+), 172 (100, M+ -  CH3); GLC (92%), 
retention time 6.0 min (130 °C). An analytical sample was obtained 
from a center cut of the distillate.

Anal. Calcd for C12H13NO: C, 77.00; H, 6.95; N, 7.49. Found: C, 
77.41; H, 6.91; N, 7.30.

l-Methyl-2-benzyl-3-oxodihydroisoindole (4e). Compound 4e 
was prepared from 3a (32.8 g, 0.2 mol), benzylamine (64.3 g, 0.6 mol), 
benzylamine hydrochloride (57 g, 0.4 mol), and NaBH4 (5.3 g, 0.14
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mol) in acetonitrile (1000 mL) as described for 4d. Distillation gave 
29 g (61%) of 4e: bp 158-162 °C (0.1 Torr); iH NMR (CDClg) 5 1.4 (d,
3 H, CCH3, J = 7 Hz), 4.2 (d, 1 H, C6H5CH2, J = 15 Hz), 4.3 (q, 1 H, 
benzylic, J = 7 Hz), 5.3 (d, 1 H, C6H5CH2, J = 15 Hz), 7.2-8.0 (m, 4 
H, aromatic); IR (neat) 1670 (0 = 0 )  cm-1; MS m/e 237 (M+), 222 (M+ 
— CH3), 147 (M+ — C7H7) GLC (98.8%), retention time 10.6 min (160 
°C).

Anal. Calcd for C16H15NO: C, 81.01; H, 6.33; N, 5.90. Found: C, 
80.71; H, 6.17; N, 6.11.

l-Ethyl-2-methyl-3-oxodihydroisoindole (4f). Compound 4f 
was synthesized from 3b (3.5 g, 0.02 mol), methylamine (3.1 g, 0.1 mol), 
methylamine hydrochloride (6.75 g, 0.1 mol), and NaCNBH3 (2.0 g, 
0.03 mol) in acetonitrile as described for 4a. Distillation gave 3.0 g 
(86%) of 4f: bp 100-103 °C (0.3 Torr); JH NMR (CDC13) 8 0.6 (t, 3 H, 
CCH3, J  = 6 Hz), 2.0 (m, 2 H, CCH2), 3.1 (s, 3 H, NCH3), 4.5 (t, 1 H, 
CH, J = 4 Hz), 7.4-8.0 (m, 4 H, aromatic); IR (neat) 1690 (C = 0 ) 
cm“ 1; MS m/e (%) 175 (7, M+), 146 (100, M+ -  C2H6); GLC (98.8%), 
retention time 4.9 min (130 °C).

Anal. Calcd for Cn H13NO: C, 75.43; H, 7.43; N, 8.00. Found: C, 
75.08; H, 7.19; N, 8.13.

1- Propyl-2-methyl-3-oxodihydroisoindole (4g). Compound 4g 
was prepared from 3c (3.8 g, 0.02 mol), methylamine (3.1 g, 0.1 mol), 
methylamine hydrochloride (6.75 g, 0.1 mol), and NaBH4 (1.2 g, 0.03 
mol) in acetonitrile (150 mL) as described for 4d. Distillation gave 2.8 
g (80%) of 4g: bp 102-106 °C (0.4 Torr); XH NMR (CDC13) 8 0.8-2.0 
(m, 7 H, CH2CH2CH3), 3.0 (s, 3 H, NCH3), 4.4 (t, 1 H, benzylic, J =
4 Hz), 7.2-7.9 (m, 4 H, aromatic); IR (neat) 1690 (C = 0 ) cm-1; MS 
m/e (%) 189 (5, M+), 146 (100, M+ — C3H7); GLC (96%), retention 
time 5.1 min (130 °C). A center cut of the distillate was used as an 
analytical sample.

Anal. Calcd for Ci2H15NO: C, 76.19; H, 7.94; N, 7.41. Found: C, 
76.41; H, 8.11; N, 7.13.

2- Methyl-3-oxodihydroisoindole (4h). Compound 4h was pre
pared from 3d (3.0 g, 0.02 mol) as described for 4g. Distillation gave 
2.0 g of 4h, bp 135-140 °C (2 Torr), which crystallized. Recrystalli
zation from cyclohexane gave 1.4 g (46%) of 4h: mp 116-118 °C (lit.13 
mp 116.5 °C); 'H  NMR (CDCI3) 8 3.1 (s, 3 H, NCH3), 4.2 (s, 2 H, 
NCH2), 7.3-7.9 (m, 4 H, aromatic); IR (Nujol) 1675 (C = 0 ) cm-1.

Anal. Calcd for C9H9NO: C, 73.32; H, 6.11; N, 9.50. Found: C, 73.41; 
H, 5.94; N, 9.89.

l-M ethyl-2-(2-propyl)-3-oxodihydroisoindole (4i). A solution 
of 3a (3.3 g, 0.02 mol) and 2-propylamine (5.9 g, 0.1 mol) in acetonitrile 
(200 mL) was heated under reflux for 18 h. The solvent was evapo
rated and the residue extracted into hot hexane. Cooling gave 3.3 g 
of crystalline l-methyl-l-(2-propylamino)isobenzofuran-3-one: mp
80-82 °C; 'l l  NMR (CDC13) 8 1.05 (d, 6 H, CCH3, J = 6 Hz), 1.9 (s, 
3 H, CCH3), 2.8 (m, 2 H, CH and NH), 7.4-8.0 (m, 4 H, aromatic); IR 
(Nujol) 1740 cm-1.

This compound was dissolved in acetonitrile (100 mL) to which was 
added anhydrous HC1 (0.7 g) and NaBH4 (0.76 g, 0.02 mol). After 
stirring overnight, the solvent was evaporated and the residue slurried 
with 0.1 M aqueous HC1. The pH was adjusted to 8 with concentrated 
aqueous NH3 and the mixture extracted with chloroform (3 X 100 
mL). The combined extracts were dried over anhydrous Na2S 04, 
filtered, and concentrated under reduced pressure. Distillation of the 
concentrate gave 2.6 g (70%) of 4i: bp 88-91 °C (0.1 Torr); XH NMR 
(CDClg) 8 1.0 and 1.09 (dd, 6 H, CH(CH3)2, J = 6 Hz), 1.25 (d, 3 H, 
CCH3, J = 6 Hz), 4.0 (p, 1 H, CH(CH3)2, J = 6 Hz), 4.25 (q, 1 H, 
benzylic, J = 6 Hz), 7-7.8 (m, 4 H, aromatic); IR (neat) 1685, 1230, 
760,720,690 cm -1; MS m/e (%) 189 (18, M+), 174 (100, M+ -  CH3), 
132 (32), 131 (28), 103 (13).

Anal. Calcd for Ci2Hi5NO: C, 76.19; H, 7.93; N, 7.40. Found: C, 
76.11; H, 7.98; N, 7.31.

l-Methyl-l-(methyIamino)isobenzofuran-3-one (7). Anhydrous 
methylamine (1.6 g, 0.05 mol) was introduced through a gas inlet tube 
into a solution of 3a (1.64 g, 0.01 mol) in acetonitrile (100 mL). After 
stirring for 15 min, the solution was concentrated to dryness under 
reduced pressure and the residue was recrystallized from hexane to 
yield 1.5 g (85%) of 7: mp 110-113 °C; XH NMR (CDC13) 8 1.8 (s, 3 H, 
CCH3), 2.2 (s, 3 H, NCH3), 2.5 (s, 1 H, NH), 7.3-7.9 (m, 4 H, aromatic); 
MS m/e (%) 177 (6, M+), 162 (77), 147 (100), 132 (78); IR (Nujol) 3340 
(NH), 1740 (C = 0 ), 1030, 860, 730, 710 cm“ 1; pKa(H20) = 8.5.

Anal. Calcd for C10H „N O 2: C, 67.77; H, 6.26; N, 7.90. Found: C, 
67.84; H, 6.26; N, 8.06.

Conversion of 7 to 7 Hydrochloride. A solution of 7 in CHC13 was 
treated with anhydrous HC1 and then filtered and concentrated to 
dryness under reduced pressure. Recrystallization of the residue from 
CHCl3-hexane gave 7 hydrochloride: mp 135-137 °C; JH NMR 
(CDCI3) 8 2.52 (s, 3 H) and 2.78 (s, 3 H) (CCH3 and NCH3), 7.4-8.2 
(m, 6 H, aromatic and 2 H exchanged by D20); IR (Nujol) 2700,2580, 
2460,1695 (C = 0 ) cm -1.

Anal. Calcd for Ci0H12C1NO2: C, 56.23; H, 5.66; N, 6.55. Found: C, 
55.91; H, 5.72; N, 6.61.

Reaction o f 7 with Methylamine Hydrochloride and NaCN.
A solution of 3a (2.5 g, 0.015 mol) and methylamine (2.3 g, 0.075 mol) 
in acetonitrile (100 mL) was slurried with methylamine hydrochloride 
(5.1 g, 0.075 mol) for 20 min and then treated with NaCN (1.8 g). After 
stirring for 18 h, the solvent was evaporated, water added, the pH 
adjusted to 3 with concentrated HC1, and the reaction mixture ex
tracted with HCC13 (3 X 100 mL). The combined extracts were dried 
over anhydrous Na2S04, filtered, and evaporated. Recrystallization 
of the solid residue from cyclohexane gave 2.0 g (71%) of 6, mp 101-103 
°C. The spectral properties of this sample were identical with those 
of the sample prepared below.

l,2-D im ethyl-3-oxodihydroisoindol-l-ol (12) and 1,2-Di- 
methyl-l-methylamino-3-oxodihydroisoindole (13). A solution 
of 3a (3.28 g, 0.02 mol), anhydrous methylamine (3.1 g, 0.1 mol), and 
methylamine hydrochloride (1.35 g, 0.02 mol) in acetonitrile (300 mL) 
was stirred for 48 h and filtered, and the filtrate was evaporated under 
reduced pressure. The residue was extracted with chloroform (100 
mL) and filtered, and the filtrate was concentrated to dryness under 
reduced pressure. The residue was chromatographed on silica gel with 
ethyl acetate containing 2% methanol as eluent. Eluted first was 12: 
mp 127-129 °C (lit.14 mp 128-130 °C); 4H NMR (CDC13) 8 1.55 (s, 3 
H, CCH3), 2.65 (s, 3 H, NCH3), 4.8 (br s, 1 H, OH), 7.2-7.6 (m, 4 H, 
aromatic); IR (Nujol) 3240,1675 cm-1.

Anal. Calcd for CioHnN02: C, 67.78; H, 6.25; N, 7.90. Found: C, 
67.61; H, 6.36; N, 7.68.

Eluted second was 13: mp 104-107 °C; 4H NMR (CDC13) 8 1.51 (s, 
3 H, CCH3), 1.77 (s, 3 H, NHCH3), 2.53 (s, 1 H, NH), 2.93 (s, 3 H, 
NCH3), 7.3-7.8 (m, 4 H, aromatic); MS m/e (%) 190 (1, M +), 175 (2, 
M+ -  CH3), 160 (100, M+ -  NHCH3); IR (Nujol) 3300,1670 (C = 0 ), 
1170, 790, 700 cm "1.

Anal. Calcd for CnHi4N20; C, 69.47; H, 7.36; N, 14.74. Found: C, 
69.67; H, 7.66; N, 14.87.

Conversion of 13 to 13 Hydrochloride. A solution of 13 in chlo
roform was treated with anhydrous HC1 and filtered, and the filtrate 
was evaporated to dryness. The residue was recrystallized from hex
ane-chloroform to yield 13 hydrochloride: mp 150-152 °C; JH NMR 
(CDC13) 8 2.1 (s, 3 H) and 2.2 (s, 3 H) (NHCH3 and CCH3), 3.27 (s, 3 
H, NCH3), 7.3-8.2 (m, 5 H, aromatic and NH2); IR (Nujol) 2660,2520, 
2500, 2480,1715 (C = 0 ), 1585,1080,1110, 700, 770 cm“ 1.

Anal. Calcd for CnHi5ClN20 : C, 58.27; H, 6.67; N, 12.35. Found: 
C, 58.20; H, 6.56; N, 12.30.

Reaction o f 3a with Methylamine H ydrochloride and 
NaCNBHj in Methanol. A solution of 3a (16.4 g, 0.1 mol), methyl
amine hydrochloride (13.5 g, 0.2 mol), and NaCNBH3 (6.5 g, 0.1 mol) 
in methanol (200 mL) was stirred for 24 h. The solvent was removed 
under reduced pressure, and the residue was slurried with 1.5 N 
aqueous HC1 (300 mL) and extracted with chloroform (4 X 75 mL). 
The combined extracts were dried over Na2S04 and filtered, and the 
filtrate was evaporated to yield 13.6 g (92%) of 5: JH NMR (CDC13) 
8 1.6 (d, 3 H, CCH3, J  = 7.5 Hz), 5.55 (q, 1 H, benzylic, J  = 7.5 Hz),
7.2-7.9 (m, 4 H, aromatic); MS m/e 148 (M+), 133 (M+ -  CH3) 105 
(C6H5CO+); GLC 99%. These spectral properties were identical with 
those of 5 from independent synthesis.5,16

Reaction of 3a with Methylamine Hydrochloride, NaOH, and 
NaCNBH3 in Methanol. To a solution of 3a (24.6 g, 0.15 mol) in 
methanol (300 mL) was added NaOH (6 g, 0.15 mol) followed by 
methylamine hydrochloride (68 g, 1.0 mol) and NaCNBH3 (9.75 g, 
0.15 mol). After stirring for 24 h, the solvent was removed under re
duced pressure and the residue slurried with 3 N aqueous HC1 (500 
mL). The pH was adjusted to 8.5 (aqueous NH3) and the solution 
extracted with chloroform (4 X 100 mL). The combined extracts were 
dried over Na2S04 and filtered, and the filtrate was evaporated to 
yield a liquid (28.9 g). GLC analysis indicated two components (4a 
and 6) in a 70:30 ratio. Fractional distillation (0.25 Torr) separated 
10 g of 4a (bp 100-103 °C) and gave a fraction (10 g) containing a 
mixture of 4a and 6. The pot residue (5.35 g) crystallized and was 
recrystallized from cyclohexane to yield 3.7 g of 6: mp 101-104 °C; XH 
NMR (CDC13) 5 1.8 (s, 3 H, CCH3), 3.2 (s, 3 H, NCH3), 8.0 (m, 4 H, 
aromatic); MS m/e 186 (M+); IR (KBr) 2200 (0 = N ), 1690 (C = 0 ) 
cm "1.

Anal. Calcd for Cu H10N2O; C, 70.67; H, 5.78; N, 14.99. Found: C, 
71.00 H, 5.55; N, 14.96.

Hydrolysis of 12. A solution of 12 (0.88 g, 0.005 mol) in 6 N aqueous 
HC1 (20 mL) was warmed to 80 °C for 45 min, cooled, and extracted 
with chloroform (4 X 20 mL). The combined extracts were dried over 
Na2S04 and filtered, and the filtrate was concentrated under reduced 
pressure. TLC (silica gel; benzene-dioxane-acetic acid, 25:5:1) 
demonstrated this to be a six component mixture containing 12, 3a, 
and 14. Column chromatography on silica gel eluting with ethyl ace



tate gave 0.18 g of 14: JH NMR (CDC13) 5 3.23 (s, 3 H, NCH3), 4.81 (d, 
1 H, vinyl, J  = 3 Hz), 5.17 (d, 1 H, vinyl, J = 3 Hz), 7.4-7.9 (m, 4 H, 
aromatic); MS m/e 161 (M+), 104, 78,66; IR (heat) 1700 (0 = 0 ) , 770, 
700 cm-1.

Hydrolysis o f 7. A solution of 7 (1.77 g, 0.01 mol) in 0.1 N aqueous 
HC1 (15 mL) on standing overnight deposited crystalline 3a (1.5 g). 
A solution of 7 (0.88 g, 0.005 mol) in 6 N aqueous HC1 (20 mL) was 
warmed to 80 °C, cooled, and extracted with chloroform (4 X 20 mL). 
The combined extracts were dried over Na2S0 4 and filtered, and the 
filtrate was concentrated under reduced pressure. The 'H NMR and 
TLC characteristics of the concentrate (0.7 g) were qualitatively 
identical with those of the crude reaction mixture obtained on hy
drolysis of 12: Chromatography on silica gel eluting with ethyl acetate 
gave 0.15 g of 14.
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Fries rearrangement of trimethylhydroquinone diacetate (lb ) (AICI3, 220 °C) leads to l-(2,6-dihydroxy-3,4,5-tri- 
methylphenyl)ethanone (4) and not the expected (and previously reported) l-(2,5-dihydroxy-3,4,6-trimethyl- 
phenyl)ethanone (2a). Resorcinol 4 arises via secondary rearrangements of the normal products 2a and 2b. A mech
anistic rationale is proposed.

While pursuing synthetic studies aimed at (2R,4'R,8'R)- 
a-tocopherol (vitamin E),1 we recently required dihydroxy- 
trimethylacetophenone 2a as a starting material. A search of 
the literature revealed two apparent preparations of this 
substance; however, the reported melting points were not in 
agreement. In 1938, von Werder and Jung2 described 2a as a 
yellow solid, mp 152 °C, prepared by Fries rearrangement of 
trimethylhydroquinone diacetate (lb ) using aluminum 
chloride at 220 °C. On the other hand, Manecke and Bourwieg, 
in 1962, claimed that treatment of trimethylhydroquinone 
(la) with boron trifluoride-acetic acid complex at 100 °C 
produced the monoacetate 2b which, upon saponification, 
yielded 2a obtained as a yellow solid, mp 111 DC. We have 
reinvestigated these transformations and now wish to report 
that while the latter material is, in fact, 2a, the dihydroxy- 
acetophenone isolated from high temperature aluminum 
chloride treatment of lb  is the resorcinol 4.

Results
Repetition of the boron trifluoride-acetic acid treatment 

of la3 smoothly gave 2b which, in turn, yielded the acetyl 
hydroquinone 2a, mp 107-108 °C, after exposure to metha- 
nolic sodium hydroxide. The spectral properties of this ace
tophenone as well as the derived diacetate 3 were in accord

with the proposed structural arrangement (see below and 
Experimental Section).

In contrast, treatment of lb  with aluminum chloride at 220 
°C2 led to a mixture of products which, although complex, was 
amenable to analysis by GC and GC-MS. While the major 
component was, in fact, a dihydroxytrimethylacetophenone 
(mol wt 194), its retention time was clearly different from that 
of 2a, of which substance only trace amounts were detectable. 
In addition, two chromones were produced whose structures 
were subsequently proven to be 5a and 5b as proposed origi
nally by von Werder and Jung.2

On a preparative scale, these three components could be 
isolated in quite pure form by column chromatography. The 
dihydroxyacetophenone so obtained was recrystallized several 
times yielding a yellow solid, mp 136-145 °C, which despite 
the broad melting range appeared homogeneous on GC 
analysis. For reasons that are not apparent, we were unable 
to obtain a sharp melting point for this substance through 
further recrystallization; nonetheless, we assume it is identical 
with the product for which von Werder and Jung reported mp 
152 °C.

The 1H NMR spectrum of this acetophenone was revealing 
in its relative simplicity (four singlets in a ratio of 2:3:3:6) 
which, in contrast to that of 2a (six singlets in a ratio of 1:1:

0022-3263/78/1943-3723$01.00/0 © 1978 American Chemical Society
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Figure 1 .13C NMR of 3 and 6 taken from the wide-band ^-decoupled spectra measured in CDCI3. Chemical shifts are in ppm relative to Me4Si 
as an internal standard.

Scheme I

I 0 , R= H 20  ; R = H
I b , R= Ac 2 b  ; R = Ac

l 5 a ; R=H 
5 b  i R= Ac

OAc

6

3
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3:3:3:3), suggested the presence of a highly symmetrical 
structural arrangement. Of the six isomeric dihydroxytri- 
methylacetophenones, only two are symmetrical, namely 4 
and 7. However, the latter possibility was eliminated when it 
was noted that the observed product exhibited a carbonyl 
absorbtion at 1625 cm-1 compatible only with an H-bonded 
acetophenone. Furthermore, the 'H NMR band due to the 
phenolic protons occurred at relatively low field (5 10.45 ppm) 
again indicating the presence of intramolecular H bonding 
possible in 4, but not in 7. Final confirmation of structure 4 
for the acetophenone derived from AICI3 rearrangement of 
lb  was achieved by 13C NMR spectroscopy. The proton de
coupled 13C NMR spectra of the derived diacetate 6 and the 
isomer 3 are summarized in Figure 1. Whereas 3 exhibits 14 
distinct resonances, 6, possessing mirror plane symmetry, 
gives rise to only nine, in agreement with the proposed 
structure.

Chromones 5a and 5b were prepared by independent syn
thesis for comparison purposes. Thus 2a was treated with 
sodium hydride-ethyl acetate producing a d-di ketone which 
was directly cyclized with HC1 in acetic acid.4'5 This gave 5b

(44%) which upon mild alkaline hydrolysis furnished the hy
droxy chromone 5a. These materials were identical with those 
produced in the AICI3 rearrangement of lb. Spectral exami
nation (IR, NMR) of 5a indicated the absence of intramo
lecular H bonding. In this manner it was established that the 
chromones derived from the Fries rearrangement originated 
from 2a or 2b and not from 4 in which case a 5-hydroxychro- 
mone (8) would have resulted.6

Further scrutiny of the Fries rearrangement (AICI3) of lb  
revealed that at temperatures below 220 °C (120-160 °C), 
mixtures containing both 2a and 4 were obtained; the more 
vigorous the conditions, the more 4 was produced. In fact, we 
were unable to effect conversion of lb to 2a or 2b without the 
concomitant formation of substantial amounts of 4 using 
aluminum chloride. Since it appeared that 4 had arisen by 
further rearrangement of either 2a or 2b, we subjected both 
of the latter compounds to the reaction conditions. The results 
of these experiments as well as those involving lb  are pre
sented in Table I and clearly show that 4 is, in fact, derived 
from rearrangement of both 2a and 2b. The mixture obtained 
starting from lb  and that from 2b were similar in that 4 ,5a, 
and 5b comprised 88% of the crude product. On the other 
hand, the mixture arising from 2a was much more complex 
and contained a substantial amount (28%) of trimethylhy- 
droquinone (la) in addition to 4,5a, and 5b. It should be noted 
that in all three experiments, several unidentified minor 
products were observed. One of these exhibited a molecular 
weight of 194 and is, therefore, assumed to be a third isomeric 
dihydroxytrimethylacetophenone. Because this substance was 
usually produced in very small quantities, its structure elu
cidation was not pursued.

Discussion
The migration of alkyl groups during the Fries rearrange

ment of phenolic esters with aluminum chloride is a well- 
known phenomenon.7 In general, if the newly introduced acyl 
moiety encounters an ortho alkyl substituent, the alkyl group 
migrates to a meta position in order to relieve steric strain.7b 
The transformations of 2a and 2b to 4 represent additional 
examples of this type of rearrangement; however, the simul
taneous 1,2 migration of an hydroxyl (or acetoxyl) group ap
pears to be unprecedented and constitutes the rather re
markable conversion of a hydroquinone to a resorcinol.

A possible mechanistic rationale for this secondary rear
rangement is delineated in Scheme II. Thus one might envi-
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Scheme II

9 10

Me
migration

_______________ Table I. A1C13 Isom erizations"_______________

starting registry product distribution, %b
material________ no.________ 4c-i 5 a ^  5bg';

lb  7479-28-9 62.9 (61.0‘ ) 8.4 16.8/
2a 64794-45-2 33.9 (28.9') 4.1 2.6«
2b 66901-79-9 54.6 (52.7') 14.1 19.2h

a 220 °C, 30 min. b Percentage o f crude reaction product de
termined by GC analysis, Hewlett-Packard 5710A; 3 m X 4 mm 
(i.d.) column, 10% OV-101 on GCQ 100/120; temperature program 
for 80-260 °C, 2 °C/min; He carrier gas flow rate 30 mL/min. 
c Retention time 73 min; observed mol wt 194 (GC-M S). d Re
tention time 88 min; observed mol wt 218 (GC-M S). e Retention 
time 93 min; observed mol wt 260 (GC-M S). / Eight unidentified 
minor components present; 2a (retention time 71 min) absent. 
« 27.6% la  present (retention time 56 min, observed mol wt 152 
(G C-M S)) and 11 unidentified minor components; 2a absent. 
h Six unidentified minor components present; 2a absent. ‘ Yield 
based on weight of crude product and percentage composition. 
1 Registry no. 66842-24-8. k Registry no. 66842-25-9. 1 Registry 
no. 66842-26-0.

sion complex 9 (derived from lb via the initially formed 2b) 
undergoing an intramolecular conjugate addition as shown, 
promoted by chelation with aluminum and leading to the 
zwitterionic enolate species 10. Regeneration of the ketone 
moiety can then occur with methyl migration producing 11 
in which the original o-methyl and m-acetoxyl substituents 
have been transposed. Deacetylation then yields complex 12 
which on hydrolysis provides the observed resorcinol 4. Al
ternatively, 12 could be derived from hydroquinone 2a via 
intermediates 13 and 14 which are analogous to 9 and 10, re
spectively. It should be noted, however, that the ring strain 
associated with epoxide 14 would render such an intermediate 
far less favorable than 10. This may explain why the yield of 
4 is substantially higher starting from lb or 2b than from 2a 
since, in the latter case, the relatively slow rate of formation 
of 14 could lead to the intervention of competitive reaction 
pathways such as the observed deacylation to give la.

Two factors appear responsible for the propensity of hy- 
droquinones 2a,b to rearrange into resorcinol 4. The first, and 
probably most significant, involves steric considerations. In 
complexes 9 and 13, a severe steric interaction results from the 
proximity of the methyl substituent attached to the ketone 
moiety and that protruding from the ortho position of the 
aromatic ring (C-6). This unfavorable compression is relieved 
by the rearrangement to 12. Secondly, the formation of 12 
gives rise to a species having enhanced chelation ability by 
virtue of the 2,6-dihydroxy substitution pattern. With regard 
to the chromones 5a,b, it should be recognized that the for
mation of these heterocycles like the deacetylation process (2a 
— la) represents an alternative pathway by which the unfa
vorable steric interactions present in 9 and 13 can be alle
viated.8

The failure to observe compounds 4 ,5a, or 5b in the product 
derived from the boron trifluoride-acetic acid procedure3 is 
probably due to the relatively mild conditions employed 
which, although sufficient to bring about the Fries rear
rangement, are not capable of promoting the further rear
rangements noted with neat aluminum chloride.

As a synthetic method for preparing resorcinols such as 4, 
the aluminum chloride treatment of hydroquinone diacetates 
elucidated herein would appear to be severely limited in scope 
by the steric requirements mentioned above and, therefore, 
we have not pursued this line of investigation. However, we 
have encountered other examples of rather unusual chemistry 
associated with the congested nature of acetophenones 2a,b 
and related compounds.9 These studies will be reported in due 
course.

Experimental Section
All reactions were carried out under an atmosphere of argon. 

Melting points were determined in open capillaries and are uncor
rected. The “usual work-up” involves dilution with water or saturated 
brine followed by three extractions with the specified solvent. The 
organic extracts were then combined, washed with saturated brine, 
dried over anhydrous magnesium sulfate, filtered, and concentrated 
at 40-50 °C under water aspirator pressure using a rotary evaporator. 
The residue was dried to constant weight under high vacuum. Column 
chromatography was performed using EM Silica Gel 60, 0.063-0.2 
mm. Thin-layer chromatography was performed using EM 60F-254 
precoated silica gel plates developed with either 1:1 hexane-ether or 
1:1 toluene-ethyl acetate. Spots were detected with UV light and 
phosphomolybdic acid spray followed by heating. Infrared spectra 
were measured in chloroform solution and ultraviolet spectra in 95% 
ethanol. A Varian XL-100 instrument was used to obtain the NMR 
spectra. Chemical shifts are reported relative to tetramethylsilane 
as an internal standard. Low resolution mass spectral and GC-MS 
determinations were carried out using an electron energy of 70 V. 
Conditions for the GC separations are described in Table I.

l-(2,5-Dihydroxy-3,4,6-trimethylphenyl)ethanone (2a). Tri
methylhydroquinone (la) was converted into the monoacetate 2b in 
90% yield, using boron trifluoride-acetic acid complex as described 
previously.3 Saponification of this material with methanolic sodium 
hydroxide gave 2a in 71% yield, as a yellow solid, mp 107-108 °C (lit.3 
mp 111 °C), after recrystallization from carbon tetrachloride. In an
other experiment, a sample, mp 107-108.5 °C (from chloroform- 
hexane), exhibited: IR 3620 (OH), 1623 cm-1 (H-bonded C = 0 ); 
UVmax 277 (i 6650), 365 (2000), 215 (12 600) (sh), 240 nm (4600) (sh); 
NMR (CDCI3) 6 11.59 (s, 1, bonded OH), 4.54 (s, 1, OH), 2.57 (s, 3, 
CH3C = 0 ), 2.39, 2.20, 2.15 (3s, 9, ArCH3); NMR (Me2SO-d6) 6 8.53 
(s, 1, bonded OH), 7.57 (s, 1, OH), 2.35 (s, 3, CH3C = 0 ), 2.04,1.99,1.96 
(3s, 9, ArCH3); MS, m/e 194 (M+); TLC, Rf 0.26 (1:1 hexane- 
ether).

l-(2,5-Dihydroxy-3,4,6-trimethylphenyl)ethanone Diacetate
(3). A solution of 0.2 g (1.03 mmol) of 2a in 4 mL of pyridine and 3 mL 
of acetic anhydride was stirred at room temperature for 17 h then 
evaporated in vacuo. The residue was dissolved in diehloromethane 
and the solution was washed with saturated aqueous sodium bicar
bonate then processed in the usual manner giving 0.28 g (96.1%) of 
3 as a yellow solid. Recrystallization from ethanol afforded a tan solid: 
mp 116-118.5 °C (lit.3 mp 123 °C); IR 1763 (ester C = 0 ) 1698 cm“ 1 
(ketone C = 0 ); NMR (CDC13) 5 2.41 (s, 3, CH3COAr>, 2.32 (s, 3, 
CH3C 02Ar), 2.24 (s, 3, CH3C 02Ar), 2.07, 2.02 (2s, 9, ArCH3); UV 210 
(< 16 700) (sh), 243 (3500) (sh), 280 nm (800) (sh); MS, m/e 278 
(M+).

Aluminum Chloride Rearrangements, a. Trimethylhydro
quinone Diacetate (lb ). An intimately ground mixture of 1.18 g (5 
mmol) of trimethylhydroquinone diacetate (lb) and 1.76 g (13.1 
mmol) of anhydrous aluminum chloride was heated at 220 °C for 30 
min.2 After cooling, the dark reaction mixture was treated with dilute 
aqueous hydrochloric acid and diehloromethane and the resulting 
mixture was stirred for 30 min at room temperature. Work-up with 
diehloromethane in the usual manner gave 0.94 g of a yellow-green 
solid (see Table I for GC analysis). This material was chromato
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graphed on 100 g of silica gel. Elution with 4:1 and 2:1 hexane-ether 
afforded 0.563 g of l-(2,6-dihydroxy-3,4,5-trimethylphenyl)ethanone
(4) (TLC, Rf 0.34,1:1 hexane-ether) as a yellow solid, mp 124-140 °C, 
which was 86.6% pure by GC analysis (see Table I for conditions). 
Three crystallizations from ligroin (bp 60-90 °C) gave a yellow solid, 
mp 136-145 °C (lit.2 mp 152 °C), which was 100% pure as determined 
by GC analysis: IR 3605 (OH), 1625 cm“ 1 (H-bonded C = 0 ); UVmax 
280 (14 900), 360 (2800), 210 (16 900) (sh), 224 nm (10 960) (sh) (lit.2 
UVmax 279,360 nm); NMR (Me2SO-d6) 5 10.45 (s, 2, bonded OH), 2.70 
(s, 3, CH3C = 0 ), 2.17 (s, 3, C-4 ArCH3), 2.07 (s, 6, C-3, C-5 ArCH3); 
MS, m/e 194 (M+).

Further elution with pure ether gave 98 mg of acetoxy chromone 
5b as a tan solid (TLC, Rf 0.12), 93 mg of a mixture of chromones 5a 
and 5b, and 36 mg of hydroxychromone 5a (R/ 0.07).

b. Dihydroxyacetophenone 2a. A 0.97-g (5 mmol) sample of 2a 
was pyrolyzed with aluminum chloride (1.76 g) as described in part
а. A 0.76-g portion of the crude brown solid product (0.827 g; GC 
analysis in Table I) was chromatographed on 100 g of silica gel. Elution 
with 2:1 hexane-ether gave 266 mg of a yellow-brown solid, mp 
108-140 °C, composed mainly of resorcinol 4. GC analysis revealed 
a purity of 78%.

c. Hydroxyacetoxyacetophenone 2b. A 1.18-g (5 mmol) sample 
of 2b was pyrolyzed with aluminum chloride (1.76 g) as described in 
part a. The crude green solid product (0.937 g; GC analysis in Table 
I) was chromatographed on 100 g of silica gel. Elution with 4:1 and 2:1 
hexane-ether gave 0.411 g of resorcinol 4 as a yellow solid, mp 126-136 
°C, which was 91.5% pure as determined by GC analysis. Further 
elution with pure ether furnished 0.246 g of a solid mixture of chro
mones 5a and 5b.

l-(2,6-Dihydroxy-3,4,5-trimethylpheny])ethanone Diacetate 
(6). A 0.1-g (0.52 mmol) sample of resorcinol 4 was acetylated as de
scribed above for the isomer 2a. The crude product was recrystallized 
from ethanol giving 91 mg (63.6%) of diacetate 6 as a pale-yellow solid: 
mp 95-98 °C; IR 1765 (ester 0 = 0 ) ,  1696 cm-1 (ketone C = 0 ); UVmax 
247 (t 5650), 209 (19 200) (sh), 285 nm (1250) (sh); NMR (CDCI3) & 
2.40 (s, 3, CH3COAr), 2.26 (s, 6, Ar(OCOCH3)2), 2.24 (s, 3, ArCH3),
2.06 (s, 6, Ar(CH3)2); MS, m/e 278 (M+).

Anal. Calcd for C15H180 5: C, 64.74; H, 6.52. Found: C, 64.94; H,
б. 68.

6-Acetyloxy-2,5,7,8-tetramethyl-4Jf-l-benzopyran-4-one (5b).
A 0.476-g (11.3 mmol) portion of 57% sodium hydride-oil dispersion 
was washed three times with hexane to remove the oil and then treated 
with ca. 10 drops of a solution of 0.5 g (2.58 mmol) of hydroquinone 
2a in 10 mL of dry ethyl acetate. An exothermic reaction began and 
the remainder of the solution was added dropwise with stirring, 
keeping the internal temperature below 30 °C. After stirring at room 
temperature for 20 min, the dark mixture was refluxed for 2 h then 
cooled and poured into 50 mL of ice-water containing 6 mL of glacial 
acetic acid. Work-up with ether in the usual manner gave a dark solid 
which was immediately treated with 15 mL of glacial acetic acid and 
1 mL of concentrated hydrochloric acid. The mixture was refluxed 
for 30 min then cooled and concentrated under high vacuum. The 
residue was dissolved in dichloromethane and the solution was washed 
with saturated aqueous sodium bicarbonate solution then processed 
in the usual manner giving 0.5 g of a dark, solid residue. This material 
was chromatographed on 50 g of silica gel. Elution with 4:1 and 2:1 
toluene-ethyl acetate afforded 300 mg (44.7%) of chromone 5b as a

tan solid, mp 162-171 °C. Recrystallization from ethanol yielded 230 
mg (34.3%) of a colorless solid, mp 172-173.5 °C (lit.2 mp 172 °C): IR 
1760 (ester C = 0 ), 1653 (chromone C = 0 ), 1622 cm“ 1 (C=C); UVmax 
228 (e 24 600), 234 (24 750), 308 (6150), 246 (14 350) (sh), 252 (13 900) 
(sh), 265 (7900) (sh), 275 nm (5400) (sh); NMR (CDCI3) 6 6.01 (s, 1, 
-C H = ), 2.63 (s, 3, =C (0 )C H 3), 2.36 (s, 3, OCOCH3), 2.30, 2.31 (2s, 
6, ArCH3), 2.15 (s, 3, ArCH3); MS, m/e 260 (M+). This material was 
identical by TLC and NMR comparisons with the acetoxy chromone 
produced in the A1C13 rearrangements above.

fi-Hydroxy-2,5,7,8-tetramethyl-4ii-l-benzopyran-4-one (5a). 
A solution of 0.325 g (1.25 mmol) of acetoxy chromone 5b prepared 
as in the preceding experiment and 0.345 g of potassium carbonate 
in 6 mL of methanol and 1 mL of water was stirred and refluxed for 
1 h. The reaction mixture was cooled, diluted with water, and acidified 
with 1 N aqueous hydrochloric acid. The precipitated solid was fil
tered, washed with water, and dried giving 0.24 g (88%) of chromone 
5a as a colorless solid, mp 220-224 °C (lit.2 mp 224 °C). Recrystalli
zation from chloroform gave a colorless solid: mp 220-222 °C; IR 3620 
(OH), 1652 (ketone C = 0 ), 1620 cm“ 1 (C=C); UVmax 206 (« 22 650), 
238 (18 100), 330 (5480), 253 nm (14 650) (sh); NMR (CDC13) 6 6.03 
(s, 1, = C H -), 5.04 (br s, 1, OH), 2.77 (s, 3, =C (0 )C H 3), 2.34,2.31 (2s, 
9, ArCH3); MS, m/e 218 (M+).
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Pyrrole and dimethyl acetylenedicarboxylate gave the 1:2 adduct tetramethyl 3a,7a-dihydroindole-2,3,3a,4-te- 
tracarboxylate, which has a structure similar to the known 1:2 adduct obtained from 1-methylpyrrole. The signifi
cant differences in the chemistry between the two adducts are described.

The reaction of pyrroles with common dienophiles seems 
to follow two different pathways, that is, [4 + 2] cycloaddition 
or a Michael-type addition at the a position of pyrroles.1 
Pyrroles which have aryl or electron-withdrawing substituents 
on the nitrogen gave 1:1 adducts of type 2 with dimethyl 
acetylenedicarboxylate (DMAD). With an IV-alkyl group, the 
1:1 adduct of type 2 reacted further with DMAD to give a 1:2

RI
E N  E

6

adduct of type 3.2 On the other hand, pyrrole (la) itself was 
reported to give a Michael-type 1:1 adduct 5, though the 
structure was not throughly established.3 The purpose of this 
paper is to report that pyrrole (la) also gave the 1:2 adduct 3a 
when refluxed with DMAD in ether for 4 days and that the 
chemistry of the compound 3a was found to be quite different 
from that of the IV-methyl analogue 3b.

Results and Discussion
Although the adduct 3a began to form after 2 days, the yield 

increased to 6% in 4 days and could be improved to 10% by 
removing the product and refluxing for a longer period of time 
(7 days). The yield of 3b was more than 80% under identical 
conditions. Compound 3b formed in 70% yield after 2 days at 
room temperature without solvent, but 3a could not be ob
tained by stirring a solution of la  and DMAD at room tem
perature for 4 days. Instead, Michael-type adducts 4 and 5 
together with adduct 6, in which the Michael-type addition 
took place on the nitrogen, were isolated under these condi
tions.

The adducts 3a and 3b behaved quite differently. Com
pound 3b gave the oxidized product 8b (see Scheme I) upon 
treatment with bromine in methanol,2 but the 1-bromo de
rivative 3c resulted when bromine was added to a suspension 
of 3a in methanol at 0 °C. When the reaction of 3a with bro
mine was done at room temperature, the tribromo compound 
10 was formed. The same compound could also be obtained 
from 3c under identical conditions. The initial reaction of 
bromine with 3 seems to involve the formation of an N-Br 
bond (cf. compound 7). Loss of HBr from 7b and subsequent

7a, R = H
b, R = ch3

loss of a 3a-methoxycarbonyl group would give the fully aro
matized indole derivative 8b. In order to form 3c from 7b, a 
methyl carbonium ion would have to be eliminated, but this 
is very unlikely. On the other hand, the proton on the nitrogen 
in 7a could be lost readily to give 3c, and in fact, this process 
took place. Compound 3c could be isolated almost quantita
tively and recrystallized from methanol, but it gave trimethyl 
indole-2,3,4-tricarboxylate (8a) upon refluxing for 24 h in 
methanol. When 3c was refluxed in toluene for 24 h, an imine 
derivative 9 was obtained in 47% yield. Since benzyl bromide 
was isolated from the reaction, we believe that the formation 
of 9 involves a radical process similar to the reaction of N- 
bromosuccinimide.4 The imine was quite stable and did not 
tautomerize to the enamine form 3a when refluxed in an 
AcOH MeOH solution or in an AcOH-xylene solution.

In addition to similarities in spectra, the conversion of 8a 
to 8b (KOH/Me2SO and CH3I) provides the definite evidence 
that pyrrole, like 1-substituted pyrroles, undergoes initial 
Diels-Alder addition. However, the report that pyrrole (la) 
gave a Michael-type 1:1 adduct with DMAD3 and our result 
that a similar type of 1:2 adduct 3a formed from the reaction

0022-3263/78/1943-3727101.00/0 © 1978 American Chemical Society
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raised a suspicion of the structures of them. Although the 
NMR spectra and chemical degradation products are well 
consistent with Acheson’s structure 3b, it seemed to need an 
unambiguous proof. Thus, 8b was reduced to 1,2,3,4-tetra- 
methylindole (lib ), which in turn was prepared by the 
méthylation of 2,3,4-trimethylindole (11a).5

Compound 3a could be converted to 8a by sodium meth- 
oxide in methanol at room temperature. Quite to the contrary, 
3b did not react under identical conditions, but it gave 12 
when the solution was refluxed for 24 h. It is interesting that 
both aromatization and rearrangement of a 3a-ester group to 
the 5 position took place. The mechanisms of both reactions 
are currently under investigation in our laboratory.

Compound 3b was reported to isomerize to the indoline 
derivative 13b in 4% yield upon heating at 180 °C for 6 h in the

13a, R • H
b, R *  CHj

presence of 5% palladium-charcoal.6 The isomerization could 
be carried out as efficiently as 74% by refluxing 3b in xylene 
for 24 h. On the other hand, 3a did not give a similar reaction 
under these conditions. However, when 3a was refluxed in 
pyridine for 20 min, the rearrangement took place and 13a was 
isolated in 24%.

Experimental Section
Melting points were determined on a Thomas-Hoover capillary 

melting point apparatus and are uncorrected. IR spectra were re
corded on a Beckman IR-18A or a Perkin-Elmer Model 257 spectro
photometer. UV and visible spectra were recorded on a Cary Model 
11 or a Shimadzu double-beam spectrophotometer. NMR spectra 
were recorded on a Varian T-60 spectrometer in CDCL containing 
Me4Si as an internal reference. Mass spectra were obtained using an 
Associated Electrical Industries, Scientific Apparatus, Inc., AEI 
MS-30 double-beam, double focusing mass spectrometer with an AEI 
DS-30 data system at 70 eV and 200 °C. Elemental analyses were 
performed by M-H-W Laboratories, Garden City, Mich. Thin-layer 
chromatography was conducted on 20 X 20 cm X 1 mm silica gel 
PF-254 TLC plates. Compounds were isolated from the silica gel by 
extraction in a Soxhlet apparatus with chloroform.

Starting Materials. Commercial pyrroles (la  and lb) and DM AD 
were distilled before use. Compounds 3b, 8b, 11a, and 12 were pre
pared by following literature methods.2’5'6

Tetramethyl 3a,7a-Dihydroindole-2,3,3a,4-tetracarboxylate 
(3a). A solution of pyrrole (3.35 g, 50.0 mmol) and DMAD (14.21 g, 
100.0 mmol) in ether (60 mL) was refluxed for 96 h, during which time 
some white precipitate formed. The precipitate was collected, washed 
with ether, and then recrystallized from methanol, giving 3a as col
orless prisms (1.16 g, 6%): mp 162-165 °C; IR (KBr) 1745,1715, and 
1693 (C = 0 ), 1602 (C=C), 1337,1225, and 1130 (C-O) cm "1; NMR 
(CDCI3) 5 3.66 (s, 3 H), 3.77 (s, 3 H), 3.80 (s, 3 H), and 3.85 (s, 3 H, all 
COOCH3), 4.73 (d, 1 H, N-H, Jx 7a = 1.2 Hz), 5.18 (dd, 1 H, 7a-H, J 7a 7 
= 5.4 Hz, Jw  = 1.2 Hz), 6.24 (dd, 1 H, 6-H, J6 5 = 6.0 Hz, J 6 7 = 9.5 
Hz), 6.51 (dd, 1 H, 7-H, J 7 6 =. 9.5 Hz, J17a = 5.4 Hz), 7.20 (d, 1 H, 5-H, 
J5,6 = 6.0 Hz); UV (MeOH) nm (log A) 272 (4.10), 300 infl (3.76); MS 
m/e (%) 351 (1.5, M +), 260 (100), 228 (44), 216 (21).

Anal. Calcd for C16H17N 08: C, 54.70; H, 4.88; N, 3.99. Found: C, 
54.86; H, 4.91; N, 3.99.

Tetramethyl l-Bromo-3a,7a-dihydroindole-2,3,3a,4-tetra- 
carboxylate (3c). Bromine (0.83 g, 5.20 mmol) was added to a sus

pension of 3a (1.83 g, 5.20 mmol) in methanol (35 mL) at 0 °C. The 
mixture became a clear solution, and a white precipitate formed wi
thin 1 min. The mixture was stirred at 0 °C for 48 h. The solid was 
collected, washed with cold methanol, and then recrystallized from 
methanol, giving 3c as colorless prisms (1.68 g, 75%): mp 106-107 °C; 
IR (KBr) 1740 and 1718 (C = 0 ), 1275,1195, and 1134 (C-O) cm“ 1; 
NMR (CDCI3) 5 3.72 (s, 3 H), 3.80 (s, 3 H), 3.83 (s, 3 H), and 3.95 (s, 
3 H, all COOCH3), 5.60 (m, 1 H, 7a-H), 6.15 (m, 2 H, 6- and 7-H), 7.22 
(m, 1 H, 5-H); UV (MeOH) nm (log A) 287 (3.75); MS m/e (%) 349 
(16), 318 (24), 260 (90), 228 (60), 44 (100).

Anal. Calcd for C16H16BrN08: C, 44.67; H, 3.75; Br, 18.57; N, 3.25. 
Found: C, 44.62; H, 4.00; Br, 18.31; N, 3.12.

Dimethyl (Z )- and ( E)-Pyrrol-2-ylbutcnedioate (4 and 5) and 
Dimethyl (E )-Pyrrol-l-ylbutenedioate (6). A solution of pyrrole 
(0.67 g, 10.0 mmol) and DMAD (1.42 g, 10.0 mmol) was stirred under 
nitrogen for 90 h. The brown solution was chromatographed on a 
column (2.5 X 60 cm) of silica gel, eluting with the following: (1) pe
troleum ether (bp 60-70 °C), 0.5 L; (2) petroleum ether, 1.00 L; (3) 
petroleum ether-benzene (2:1), 1.00 L; (4) petroleum ether-benzene 
(1:1) 0.40 L; (5) petroleum ether-benzene (1:2), 0.75 L; (6) benzene, 
0.50 L; (7) benzene-chloroform (2:1), 0.50 L; (8) benzene-chloroform 
(1:1), 1.25 L; and (9) chloroform, 0.75 L. Fraction 1 gave no organic 
material. Fraction 2 gave 4 as a yellow oil (0.87 g, 42%): IR (neat) 3260 
(N-H), 1735 and 1690 (C = 0 ), 1582 (C=C), 1291,1234,1212,1100, 
and 1042 (C-O), 755 cm "1; NMR (CDC13) 5 3.73 (s, 3 H) and 3.83 (s, 
3 H, both COOCH3), 5.92 (s, 1 H, vinyl H), 6.27 (m, 1 H, 4-H), 6.72 (m, 
1 H, 3-H), 6.98 (m, 1 H, 5-H), 12.61 (broad s, 1 H, N-H); UV (MeOH) 
nm (log A) 346 (4.17); MS m/e (%) 210 (11, M+ + 1), 209 (100, M+), 
178 (18, M+ -  CH30), 177 (44, M+ -  CH3OH), 151 (12), 150 (47, M+ 
-  CH3OCO), 119 (10), 118 (57), 91 (65).

Anal. Calcd for C10H11NO4: C, 57.41; H, 5.30; N, 6.69. Found: C, 
57.40; H, 5.28; N, 6.49.

Fraction 3 gave 6 as a yellow oil (0.12 g, 6%): IR (neat) 1747 and 1715 
(C = 0 ), 1630 (C=C), 1238,1197,1169,1116, and 1055 (C-O) cm“ 1; 
NMR (CDCI3) 5 3.73 (s, 3 H) and 3.97 (s, 3 H, both COOCH3), 5.88 (s, 
1 H, vinyl H), 6.28 (dd, 2 H, 3- and 4-H, J = 2.5 Hz), 6.83 (dd, 2 H, 2- 
and 5-H, J = 2.5 Hz); UV (MeOH) nm (log A) 283 (4.17), 328 infl 
(3.17); MS m/e (%) 210 (11, M+ + 1), 209 (100, M +), 178 (19, M+ -  
CH30), 151 (17), 150 (30, M+ -  CH3OCO), 149 (13), 94 (12).

Anal. Calcd for Ci0H „N O 4: C, 57.41; H, 5.30; N, 6.69. Found: C, 
57.24; H, 5.48; N, 6.47.

Fractions 4-6 gave a trace amount of a mixture of 5 and 6. Fractions
7-9 gave 5 as a deep yellow oil (0.53 g, 25%): IR (neat) 3350 (N-H), 
1740 and 1712 (0 = 0 ) , 1602 (C=C), 1234,1200, an 1170 (C-O), 732 
c m '1; NMR (CDCla) & 3.68 (s, 3 H) and 3.90 (s, 3 H, both COOCH3),
5.97 (s, 1 H, vinyl H), 6.17 (m, 1 H, 4-H), 6.42 (m, 1 H, 3-H), 6.82 (m, 
1 H, 5-H), 9.03 (broad s, 1 H, N-H); UV (MeOH) nm (log A) 335
(4.06); MS m/e (%) 210 (12, M+ + 1), 209 (100, M+), 178 (24, M+ -  
CH3O), 177 (45, M + -  CH3OH), 151 (12), 150 (M+ -  CH3OCO), 119 
(12), 118 (55), 91 (68).

Anal. Calcd for C10H „N O 4: C, 57.41; H, 5.30; N, 6.69. Found: C, 
57.41; H, 5.24; N, 6.49.

Trimethyl Indole-2,3,4-tricarboxylate (8a). A. From 3a. A so
lution of sodium methoxide (0.16 g, 3.00 mmol) in methanol (15 mL) 
was added to a solution of 3a (1.03 g, 2.90 mmol) in methanol (40 mL). 
As soon as a drop of sodium methoxide solution was added, the so
lution of the ester developed a deep blue color which persisted during 
the addition (10 min), and then the solution turned dark brown. The 
solution was stirred at room temperature for 1.5 h, and the methanol 
was distilled off under aspirator pressure without applying heat, 
leaving a black gummy material. This was dissolved in chloroform (60 
mL), and the solution was washed with an acetic acid-water (1:40 v/v) 
solution (20 mL) and then with a saturated sodium chloride solution 
(20 mL). The chloroform solution was dried over sodium sulfate and 
evaporated to dryness, leaving a brown oil. The oil was chromato
graphed on a preparative silica gel TLC plate, eluting with benzene 
to give two bands: (1) Rf 0.12-0.23; (2) Rf 0.06-0.12. Each band was 
extracted with chloroform using a Soxhlet extractor. Fraction 1 gave 
a trace of yellow oil which could not be characterized. Fraction 2 gave 
8a as colorless prisms (0.32 g, 38%), mp 160-162 °C, having IR (KBr) 
and NMR (CDC13) spectra identical with those of the compound 
obtained below.

B. From 3c. A solution of 3c (0.20 g, 0.48 mmol) in methanol (10 
mL) was refluxed for 24 h. The solution was evaporated to dryness 
to give a pale yellow gummy material which was triturated with pe
troleum ether and then recrystallized from methanol, giving colorless 
prisms (0.08 g, 61%): mp 162.5-164 °C; IR (KBr) 3310 (N-H), 1733, 
1720, and 1682 (C = 0 ), 1286,1250,1203,1195,1173, and 1145 (C-O), 
746 cm "1; NMR (CDC13) 5 3.93 (s, 6 H) and 4.02 (s, 3 H, both 
COOCH3), 7.33 (dd, 1 H, 6-H, J6 7 = 8.5 Hz, J 6 5 = 7.0 Hz), 7.63 (dd, 
1 H, 7-H, J 7,5 = 1.5 Hz, -1~ 6 = 8.5 Hz), 7.87 (dd, 1 H, 5-H, Jb 7 = 1.5
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Hz, J 5>6 = 7.0 Hz), 9.53 (broad s, 1 H, N-H); UV (MeOH) nm (log A) 
224 (4.42), 245 infl (3.86), 252 infl (3.76), 314 (4.25); MS mle (%) 291 
(42, M+), 260 (49, M+ -  CH30), 259 (34, M+ -  CH3OH), 229 (11), 228
(64), 201 (31).

Anal. Calcd for C14H13NO6: C, 57.73; H, 4.50; N, 4.81. Found: C, 
57.64; H, 4.58; N, 4.81.

Trimethyl l-Methylindole-2,3,4-tricarboxylate (8b). A mixture 
of freshly crushed potassium hydroxide (0.10 g, 1.75 mmol) and 
Me2SO (10 mL) was stirred for 10 min. Compound 8a (0.15 g, 0.52 
mmol) was added, and the mixture was stirred for 1 h. Methyl iodide 
(0.80 g, 5.83 mmol) was added and the stirring continued for an ad
ditional 2 h, giving a yellow solution. Water (20 mL) was added, and 
the solution was extracted with chloroform (2 X 20 mL). The chlo
roform extract was dried over sodium sulfate. The dried extract was 
evaporated to about 5 mL, and the solution was kept in a refrigerator 
overnight, during which time some white solid formed. The solid was 
collected and recrystallized from methanol to give 8b as white prisms 
(0.13 g, 80%), mp and mmp 122-123 °C (lit.2 124 °C), having IR (KBr) 
and NMR (C D C I3) spectra identical with those of an authentic sam
ple.

Tetram ethyl 3a,7a-D ihydro-3if-indole-2,3,3a,4-tetracar- 
boxylate (9). A mixture of 3c (0.51 g, 1.18 mmol) and toluene (10 mL) 
was refluxed for 24 h. The resulting solution was reduced to dryness 
in vacuo at room temperature. The residual yellow gummy oil was 
suspended in ether (5 mL) for 10 min. The ethereal layer was de
canted, and the undissolved gummy material was dissolved in hot 
methanol (2 mL). Upon cooling, crystals formed which were recrys
tallized from methanol to give 9 as colorless crystals (0.20 g, 47%): mp
129-129.5 °C; IR (KBr) 1735,1724, and 1708 (C = 0), 1287,1233,1198, 
and 1118 (C-O) cm "1; NMR (CDC13) 5 3.57 (s, 3 H), 3.73 (s, 3 H), 3.78 
(s, 3 H), and 3.92 (s, 3 H, all COOCHg), 5.03 (s, 1 H, 3-H), 5.50 (m, 1 
H, 7a-H), 6.12 (m, 2 H, 6- and 7-H), 7.13 (m, 1 H, 5-H); UV (MeOH) 
nm (log A) 293 (3.77), 333 diffuse infl (3.13); MS m/e (%) 351 (0.1, 
M+), 320 (5), 261 (14), 260 (100), 228 (65).

Anal. Calcd for Ci6Hi7N 0 8: C, 54.70; H, 4.88; N, 3.99. Found: C, 
54.54; H, 5.08; N, 3.87.

The ethereal layer was evaporated to dryness, leaving a yellow 
viscous oil. The IR (neat) and NMR (CDC13) spectra of the oil showed 
it to be a mixture of benzyl bromide and the ester 9. The oil was 
chromatographed by preparative TLC in benzene, and the resulting 
bands were extracted with chloroform: (1) R/ 0.38; (2) R/ 0.09. Fraction 
1 was benzyl bromide (0.01 g, 20%), having IR (neat)8 and NMR 
(CDCI3)9 spectra identical with those reported in the literature. 
Fraction 2 was the ester 9 (total 0.29 g, 70%).

Tetram ethyl l,6,7-Tribrom o-3a,6,7,7a-tetrahydroindole- 
2,3,3a,4-tetracarboxylate (10). A. From 3a. Bromine (0.50 g, 3.10 
mmol) was added to a suspension of 3a (0.50 g, 1.40 mmol) in meth
anol (20 mL) at room temperature. The mixture became a clear so
lution, and a white precipitate formed within 1 min. The mixture was 
stirred for 3 h, and then the solid was collected, washed with methanol, 
and recrystallized from methanol to give 10 as white leaflets (0.71 g, 
86%): mp 172-175 °C; IR (KBr) 1739 and 1725 (C = 0 ), 1320, 1244, 
1197, and 1134 (C-O) cm "1; NMR (CDCI3) 6 3.73 (s, 3 H), 3.80 (s, 3 
H), 3.88 (s, 3 H), and 3.93 (s, 3 H, all COOCH3), 4.38 (dd, 1 H, 7-H, J 7,e 
= 3.5 Hz, J 77a = 12 Hz), 4.90 (dd, 1 H, 6-H, Jgj = 3.5 Hz,Jgg = 7 Hz),
5.47 Id, 1 Hi7a-H, J 7a,7 = 12H z),7.20 (d, 1 H, 5-H, J 6,6 = 7 Hz);UV 
(MeOH) nm (log A) 220 (4.04; rising end absorption); MS m/e (%) 512
(1.2), 510 (2.0), and 508 (1.0, all M+ -  Br), 480 (1.7), 478 (2.8), and 476 
[1.4, all M+ -  (HBr, CH30)], 429 (1.3) and 427 (1.1, M+ -  2HBr), 350 
(11), 340 (11), 338 (11), 260 (100), 228 (57).

Anal. Calcd for CisH16Br3N 08: C, 32.57; H, 2.73; Br, 40.63; N, 2.37. 
Found: C, 32.45; H, 2.87; Br, 40.34; N, 2.21.

B. From 3c. Bromine (2 drops) was added to a suspension of 3c (90 
mg, 0.21 mmol) in methanol (2 mL) at room temperature. The mixture 
became a clear solution, but a precipitate did not form immediately. 
The solution was stirred at room temperature for 12 h. A white pre
cipitate formed upon scratching the flask, and this was recrystallized 
from methanol to give 10 as white leaflets (56 mg, 45%), mp and mmp 
173-175 °C, having an IR spectrum (KBr) identical with that of the 
sample prepared by the bromination of 3a.

1,2,3,4-Tetramethylmdole ( l ib ) . A mixture of lithium aluminum 
hydride (6.03 g, 160 mmol) and anhydrous ether (200 mL) was re
fluxed for 2 h under nitrogen and cooled to room temperature. A so

lution of 8b (4.77 g, 15.6 mmol) in tetrahydrofuran (100 mL) was 
added slowly to the mixture so that the mixture boiled gently for 2 
h. The mixture was refluxed for 5 days and cooled to 0 °C in an ice 
bath. A precooled solution of aluminum chloride (12.5 g, 93.7 mmol) 
in anhydrous ether (100 mL) was added slowly over 1 h. Then the 
mixture was refluxed for 2 days. After cooling in an ice bath, water 
(5 mL) and a 15% sodium hydroxide solution (15 mL) were added 
carefully. The mixture was filtered through a sintered glass funnel, 
and the solid was washed with ether (100 mL). The filtrate and 
ethereal wash were combined and dried over sodium sulfate overnight. 
The dried solution was evaporated, and the resulting brown oil was 
chromatographed on preparative TLC plates eluting with benzene. 
The band at Rf 0.76 was extracted with chloroform using a Soxhlet 
extractor. The extract gave a white powder which was recrystallized 
from methanol-water (7:3 v/v) to give white prisms (0.24 g, 11%): mp
77-79 °C; IR (KBr) 2920 (CH3), 1618 and 1580 (C=C), 1470 (CH3), 
750 (—CH) cm“ 1; NMR (CDC13) b 2.20 (s, 3 H, 3-CH3), 2.40 (s, 3 H, 
2-CH3), 2.67 (s, 3 H, 4-CHg), 3.43 (s, 3 H, N-CH3), 6.67-7.03 (m, 3 H,
5-, 6-, and 7-H); UV (MeOH) nm (log A) 232 (4.51), 282 infl (3.79), 289 
(3.82), 297 infl (3.77); MS m/e (%) 174 (12, M+ + 1), 173 (94, M+), 172 
(100, M+ -  H), 158 (55, M+ -  CH3), 157 (10), 115 (14), 86 (15).

Anal. Calcd for C12H16N: C, 83.19; H, 8.73; N, 8.08. Found: C, 83.09; 
H, 8.70; N, 8.13.

Compound lib  could be obtained from 11a6 in 70% yield by fol
lowing the similar procedure for methylation of 8a.

Tetramethyl l-Methylindole-2,3,4,5-tetraearboxylate (12). 
A solution of 3b (1.04 g, 2.68 mmol) and sodium methoxide (0.17 g, 
3.00 mmol) in methanol (55 mL) was refluxed for 24 h. The methanol 
was evaporated to reduce the volume of the solution to about 20 mL, 
and the solution was kept in a refrigerator overnight, causing a white 
precipitate to form. The precipitate was collected and crystallized 
from methanol, giving 12 as white needles (0.15 g, 14%), mp 197-198 
°C (lit.6 mp 200 °C). The structure was determined by comparison 
of the NMR (CDC13) and UV (MeOH) spectra with the corresponding 
spectra in the literature.7

Tetramethyl Indoline-2,3,3,4-tetracarboxylate (13a). A solution 
of 3a (0.36 g, 1.00 mmol) in pyridine (25 mL) was refluxed for 20 min. 
The pyridine was distilled off under aspirator pressure, and the re
sidual brown oil was dissolved in methanol, decolorized with charcoal, 
and kept in a refrigerator overnight, giving pale yellow prisms. The 
prisms were collected and recrystallized fiom methanol to give 13a 
as pale yellow prisms (87 mg, 24%): mp 120 °C; IR (KBr) 3420 (N-H), 
1722 and 1680 (0 = 0 ) , 1301,1277,1262,1195, and 1016 (C-O) cm -1; 
NMR (CDC13) 6 3.62 (s, 3 H), 3.70 (s, 3 H), 3.83 (s, 3 H), and 3.88 (s, 
3 H, all COOCH3), 5:52 (s, 1 H, 2-H), 6.70-7.50 (m, 3 H, 5-, 6-, and
7-H), 10.00 (broad s, 1 H, N-H); UV (MeOH) nm (log A) 220 (4.23), 
321 (4.20); MS m/e (%) 351 (21, M+), 319 (23), 292 (27, M+ -  
CH3OCO), 260 (74), 228 (100).

Anal. Calcd for Ci6H17N 08: C, 54.70; H, 4.88; N, 3.99. Found: C, 
54.57; H, 4.76; N, 3.80.
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The reactions of azibenzil (1) with thiobenzophenone (2) and thiofluorenone (6) were investigated. In the reac
tion of 1 with 2, the 1,3-oxathiole 3 and/or the 1:1 adduct 4 of diarylketene and 2 were isolated, while a-keto episul
fide 7 was obtained in the reaction of 1 with 6.

The reaction of diazo alkanes with thioketones has been 
extensively studied and is useful for olefin synthesis. The in
termediate episulfides were often isolated, and recently even 
the unstable initial adducts, A3-l,3,4- and/or A2-l,2,3- 
thiadiazolines, have been isolated.2'3

N=N N=N
> = N 2 +  > = S  —*■ and/or

^  - i  > - <

The reaction of a-diazo ketones and «-diazo esters with 
thiocarbonyls is considered to proceed similarly, and the 
«,/3-unsaturated carbonyl compounds were obtained;4 how
ever, the intermediate a-keto episulfide has not been isolat
ed.

Recently, the thermal conversion of trans- 1,2-dibenzoyl-
1,2-diphenyl episulfide into the corresponding 1,3-oxathiole 
was reported to take place smoothly and quantitatively.5

i ) h C O x / P h  re flu x in g  xyle ne  ^  ^

P h ^ C O P h  '  30 m in  “  p h A o ^ P h

It seems curious that no paper deals with 1,3-oxathiole 
formation by the reaction of a-diazo compounds with thio
carbonyls except that of Huisgen et al; the 1,3-dipolar addi
tion of ketocarbene generated thermally and photochemically 
from a-diazo compounds to phenyl isothiocyanate, carbon 
disulfide, and o-ethyl thiobenzoate gave the corresponding
1,3-oxathioles.6

We now report the isolation of 1,3-oxathiole 3 and a-keto 
episulfide 7 in the reaction of azibenzil (1) with thiobenzo
phenone (2) and thiofluorenone (6).

Results and Discussion
An equimolecular mixture of azibenzil (la) and 2 in benzene 

was heated at reflux for 30 min. After removal of the solvent 
in vacuo, the residue was column chromatographed on alu
mina using benzene as an eluent to give 2,2,4,5-tetraphenyl-
1,3-oxathiole (3) and the 1:1 adduct 4a of diphenylketene and 
2 in 31 and 8% yields, respectively. The reaction of 4,4'-di-

p-RC6H4v̂ , 0

j f  +

la, R = H 2
b, R = CH30

+ (p- RC6H4 IîC—^  
Ph— J-S

Ph
4a, R = H 
b, R = CH30

methoxyazibenzil (lb) with 2 under the same reaction con
ditions gave only 4b, and no 1,3-oxathiole was isolated.

When anhydrous cuprous sulfate was added to the mixture 
of la  and 2 in order to surpress the Wolff rearrangement of 
la, vigorous gas evolution was observed even at room tem
perature. The oxathiole 3 was not observed, and only a large 
amount of intractable resinous materials was obtained. This 
suggests that not ketocarbene but la itself might participate 
in the formation of 3.

The structure of 3 was deduced on the basis of analysis and 
spectral data, as well as from its chemical conversions. Com
parison of the 13C NMR spectrum of 3 with those of 1,3-oxa
thioles5 known heretofore was especially helpful. Hydrolysis 
gave benzophenone, and hydrogen peroxide oxidation in acetic 
acid afforded the corresponding S-oxide 5 at room tempera
ture in 43% yield.

coned HC1—E tO H  
re flu x , 1  h

30%  H 20 2- A c 0 H  
room  tem p, 24 h

o
5

When benzene solutions of la -d  were added at room tem
perature in one portion to a benzene solution of thiofluorenone

d, R = Cl

7a, R = H
b, R = CH30
c, R = CH,
d, R = Cl

(6), the initial deep color of 1 and 6 disappeared immediately 
with evolution of nitrogen. This observation is a further in
dication that the reaction of 1 with 6 also does not proceed via

0022-3263/78/1943-3730$01.00/0 © 1978 American Chemical Society
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Table I. l-Aryl-l-aroyl-2,2-fluorenyIidene Episulfide (7)

13C NMR, h
Compd Yield, % Mp, °C Ci c 2 C = 0 c h 3

7a 35 131-133 63.9 55.9 193.0
55.2
55.4

7b 82 159-160 63.5 56.1 191.6

7c 20 182-184 63.9 55.9 192.7 21.1
21.6

7d 86 211-213 62.9 56.1 191.7

the carbene. Then the reaction mixture was heated at reflux 
for 30 min for the completion of the reaction. The residue 
obtained by removal of the solvent in vacuo was subjected to 
trituration with solvent and/or to silica gel column chroma
tography to give colorless prisms (7a-d) in the yields shown 
in Table I. The yields of 7a and 7c are very low compared with 
those of 7b and 7d; however, the reason for this is not clear.

The empirical formula of 7 agreed with those of 1,3-oxa- 
thioles; however, the presence of a carbonyl group was dis
closed by the IR and 13C NMR spectra. Reduction of 7d with 
NaBH4 gave the alcohol 8. The structure of 7 was determined 
to be l-aryl-l-aroyl-2,2-fluorenylidene episulfide.

As mentioned earlier, trans-1,2-dibenzoyl-1,2-diphenyl 
episulfide was easily converted into the corresponding 1,3- 
oxathiole quantitatively.5 Thus, the pyrolysis of 7d was 
studied. The compound 7d was found to be thermally rather 
stable, and after being refluxed in xylene for 24 h still 9% of 
7d was recovered with the corresponding o,/l-unsaturated 
ketone 9; however, the corresponding 1,3-oxathiole was not 
isolated.7

The formation of 1,3-oxathiole 3 and episulfide 7 is inter
preted by the terms of the ambident electrophilic character 
of the thiocarbonyl group and also the ambident nucleophilic 
character of the diazocarbonyl function. The cyclopenta- 
dienide might be responsible for the “ anomalous” behavior 
of thiofluorenone.

Experimental Section
All melting points are uncorrected. IR spectra were measured on 

a Nippon Bunko IR-A spectrometer as KBr pellets. 13C NMR speetra 
were determined with a Nihon Denshi Jeol FT-100 spectrometer with 
Me4Si as an internal standard in CDCI3. Mass spectra were obtained 
on a Hitachi R-4 mass spectrometer at 70 eV using a direct inlet. UV 
spectra were measured on a Hitachi 124 spectrophotometer in etha
nol.

Reaction o f Azibenzil (la ) with Thiobenzophenone8 (2). An
equimolecular mixture of la (1.00 g) and 2 (0.90 g) in benzene (20 mL) 
was heated at reflux for 0.5 h. The reaction mixture was condensed 
to half of its volume and subjected to column chromatography on silica 
gel (Wako gel C-300) using benzene as an eluent to afford 3 (0.59 g, 
31%) and 4a9 (0.15 g, 8%). Recrystallization of 3 from ethanol gave pale 
yellow prisms of mp 146-146.5 °C: IR 1610 (C=C), 1220 (C=C—0-) 
cm-1; UV Amax 343 nm (t 7550); MS m/e (relative intensity) 392 (M+, 
51), 360 (M+ -  S, 100); 13C NMR 5 99.7 (C2), 111.4 (C4), 143.8 (C5). 
Anal. Calcd for C27H20OS: C, 82.63; H, 5.14. Found: C, 82.47; H, 
5.12.

Reaction o f 4,4'-Dimethoxyazibenzil (lb ) with Thiobenzo
phenone (2). An equimolecular mixture (3.55 mmol) of lb  and 2 in 
benzene (15 mL) was heated at reflux for 30 min. Evaporation of the 
solvent in vacuo and trituration of the residue with ethanol afforded 
4b in 44% yield as colorless needles from ethanol: mp 177-179 °C dec; 
IR 1738 (C = 0 ) cm -1. Anal. Calcd for C29H240 3S: C, 76.97; H, 5.35. 
Found: C, 76.81; H, 5.32.

Oxidation of 2,2,4,5-Tetraphenyl-l,3-oxathiole (3) with Hy
drogen Peroxide. A mixture of 130 mg of 3 and 0.5 mL of a 30% 
aqueous H2O2 solution in 4 mL of acetic acid was stirred at room 
temperature for 24 h. The reaction mixture was poured into water, 
and white precipitate was collected by filtration and then washed with 
ethanol. The ethanol washings were evaporated in vacuo, and the 
residue was triturated with a small amount of ethanol to give 58 mg 
(43%) of 5 as colorless prisms from hexane-ethanol: mp 192-193 °C; 
IR 1070 (S-O) cm-1. Anal. Calcd for C27H20O2S: C, 79.39; H, 4.94. 
Found: C, 79.42; H, 4.96.

Reaction o f la with Thiofluorenone (6).10 A benzene solution 
(25 mL) of 6 (1.65 g, 8.45 mmol) was added at room temperature to 
a benzene solution (25 mL) of la (1.86 g, 8.45 mmol). Immediately the 
deep color of the starting materials faded away with evolution of ni
trogen. The reaction mixture was heated at reflux for 0.5 h for the 
completion of the reaction. After being cooled to room temperature, 
the residue was treated with ether to give 545 mg of 7a. The ether 
filtrate was column chromatographed on silica gel (Wako gel C-300) 
using benzene as an eluent to give 601 mg of 7a as colorless prisms 
from ethanol; IR 1660 (C = 0 ) cm-1. Anal. Calcd for C27H10OS: C, 
83.06; H, 4.64. Found: C, 83.01; H, 4.58.

Reaction of lb with 6. A benzene solution (10 mL) of 6 (0.32 g, 1.6 
mmol) was added at room temperature to a benzene solution (10 mL) 
of lb  (0.46 g, 1.6 mmol), and the mixture was heated at reflux for 0.5 
b. The reaction mixture was condensed to half of its volume in vacuo 
and column chromatographed on silica gel (Wako gel C-300) using 
benzene as an eluent to give 602 mg of 7b as colorless prisms from 
ethanol; IR 1660 (C = 0 ) cm-1. Anal. Calcd for C29H2203S: C, 77.32; 
H, 4.92. Found: C, 76.96; H, 4.85.

Reaction o f lc  with 6. A benzene solution (15 mL) of 6 (814 mg,
3.26 mmol) was added at room temperature to a benzene solution (15 
mL) of lc  (637 mg, 3.26 mmol), and the reaction mixture was heated 
at reflux for 0.5 h. The reaction mixture was evaporated, and the 
residue was column chromatographed on silica gel (Wako gel C-300) 
using benzene as an eluent to give 277 mg of 7c as colorless prisms
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from ethanol; IR 1660 (C = 0 ) cm L Anal. Calcd for C29H22OS: C, 
83.22; H, 5.29. Found: C, 83.02; H, 5.17.

Reaction of Id with 6. A benzene solution (25 mL) of 6 (1.44 g, 6.87 
mmol) was added at room temperature to a benzene solution (25 mL) 
of Id (2.00 g, 6.87 mmol), and the reaction mixture was heated at re
flux for 0.5 h. The reaction mixture was evaporated in vacuo, and the 
resultant residue was triturated with a mixture of ethanol and hexane 
to give 2.72 g of 7d as colorless prisms from ethanol-benzene; IR 1670 
(C = 0 ) cm-1. Anal. Calcd for C27H16OCI2S: C, 70.59; H, 3.48. Found; 
C, 70.68; H, 3.50.

Reduction o f 7d with NaBH4. A mixture of 7d (310 mg) and a 
large excess of NaBH4 in ethanol (20 mL) was stirred at room tem
perature overnight, and ice-cold water was added to the mixture. The 
precipitate was collected by filtration to give 195 mg of 8 as pale yellow 
prisms from hexane-benzene: mp 212-213 °C; IR 3550 (OH) c m '1. 
Anal. Calcd for C27H18OCl2; C, 75.52; H, 4.19. Found: C, 75.54; H,
4.27.

Pyrolysis of 7d. A xylene solution (10 mL) of 7d (425 mg) was 
heated at reflux for 24 h. After being cooled to room temperature, the 
reaction mixture was evaporated in vacuo and the resultant residue 
was triturated with a mixture of ether and hexane to give 38 mg (9%) 
of unreacted 7d. The filtrate was chilled with dry ice-acetone to give 
240 mg of 9 as pale yellow needles from benzene; mp 176-177 °C; IR

1660 (C = 0 ) cm-1. Anal. Calcd for C27H16OCI2: C, 75.88; H, 3.74. 
Found: C, 75.76; H, 3.82.

Registry No.— la, 3469-17-8; lb, 18627-14-0; lc , 67069-91-4; Id, 
67069-90-3; 2,1450-31-3; 3,64801-82-7; 4a, 67069-87-8; 4b, 67069-86-7; 
5, 64801-83-8; 6, 830-72-8; 7a, 67069-82-3; 7b, 67069-83-4; 7c, 
67069-81-2; 7d, 67069-80-1; 8, 67069-85-6; 9, 67069-84-5.
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gem-Dicyano epoxides undergo ready reaction under neutral conditions with N-monosubstituted thioamides to 
provide a new, convenient synthesis of the anhydro-4-hydroxythiazolium hydroxide system. The epoxides act as 
potential 1,2-bielectrophiles, while the N-monosubstituted thioamides act as 1,3-binucleophiles, and in most cases 
excellent yields of products are obtained. The mechanism of this reaction is discussed.

The increasing interest in the field of mesoionic com
pounds is evident from several recent reviews dealing with this 
subject.1' 3 Monocyclic anhydro-4-hydroxythiazolium hy
droxides have been prepared by S-alkylation of rhoda- 
mines,4' 6 or by S-alkylation of N-substituted thioamides with 
an a-halo acid, followed by cyclodehydration of the resulting 
acid,7' 9 and recent studies have shown that this last reaction 
can lead to numerous mesoionic compounds when the a-halo 
acid is replaced by its acid chloride.10 In a preliminary com
munication we described the reaction of N-substituted 
thioamides with gem-dicyano epoxides 1 as a new route to the 
anhydro-4-hydroxythiazolium hydroxide system11 and in this 
paper elaborate further on this very useful and versatile ap
proach to this ring system.

The reaction of the gerrc-dicyano epoxides 1 with the thio- 
carbonyl compounds 2 was generally carried out under neutral 
conditions at room temperature in acetone as solvent. The

P-XC6H4CH— C(CN)2 RjCNHR,

V  '  +  110  s
1 2

p -x c 6H. O-
c - c r

- /X . N\

V  \ n

R,

mesoionic thiazoles obtained are described in Table I, which 
illustrates the general nature of the reaction and the excellent 
yields obtained.13

The mesoionic compounds 3 were generally deep red or

violet in color and were characterized by IR carbonyl ab
sorptions at 1650 cm-1. The mesoionic thiazoles 3 (X = NO2, 
Cl; Ri = CN; R2 = Ph) showed an intense nitrile absorption 
at 2200 cm-1 consistent with that described earlier for the 
mesoionic thiazole 3 (Ri = CN; R2 = Ph; X  = H).10 The 
presence of the strongly conjugated nitrile group in these 
representations of 3 is most likely indicative of a significant 
contribution of the resonance form B.

p-XC6H4. ß ~
' ' o = c /

Ph

CN

p -x c 6h 4

^ c - c  
. // \
V N\ Ph

cII
N"

B
It is interesting to note that compound 3 (X = Cl; R4 = CH3; 

R2 = Ph) shows two carbonyl bands in solution in CC14 (1628,
P-C1QH, (T  

T -C T
p-C iC A  0  

CH—C//' + '\ 
S '- I 'NT '- ' \

1 Ph

1 '
—  V N\II Ph

CH,CE,

5 2.48 (s, CH3) 5 4.34 (AB system, CH2)
50% 5 5.18 (s, CH)

50%
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Table I. Anhydro-4-hydroxythiazolium Hydroxide 
Derivatives (3)'

p -x c gh 4

/, '7 'A
S'C '> N\x c

Ri

substituents
registry

no. X Ri R2
mp,
°C

%
yield

18100-80-6 H Ph Ph 270“ 92
59208-06-9 Cl Ph Ph 300 94
66702-52-1 MeO Ph Ph 250 90
59208-07-0 N02 Ph Ph 273 95
66702-53-2 Cl pN02C6H4 Ph 242 60
66702-54-3 N02 pN02C6H4 Ph 260 65
13288-65-8 H Ph PhCH2 164 b 60
59208-08-1 Cl Ph PhCH2 170 65
59208-09-2 n o 2 Ph PhCH2 210 71
59208-10-5 Cl CH3 Ph 180 30
59208-11-6 N0 2 c h 3 Ph 280 60
66702-55-4 Cl Ph Et 174 50
66702-56-5 N02 Ph Et 204 60
66702-57-6 n o 2 NMe2 Ph 287 96
66702-58-7 n o 2 SPh Ph 210 60
66702-59-8 Cl CN Ph 248 40
66702-60-1 N02 CN Ph 258 80
66702-61-2 i>ClC6H 278 14

“ Lit. mp 270 °C.7 b mp 164 °C.7

1716 cm-1), whereas the solid (Nujol mull) shows only one 
band, at 1628 cm-1. Its NMR spectrum (CDClg) shows the 
existence of the following tautomeric equilibrium.

The CH3, CH2, and CH signals are not observed when a 
drop of CD3CO2D is added in the CDCI3 solution, but these 
signals are recovered when an excess of CH3CO2H is added.

The main mass fragmentations observed for the mesoionic 
thiazoles 3 are consistent with those described12 (Scheme
i).

The mesoionic thiazoles 3 were accompanied by a small 
quantity of a secondary product assigned the 2-cyanothiazo-

Scheme I. Mass Fragmentations o f  M esoionic Thiazoles

3

( a ) .
/-p X C 6HJ,C=C=0

2

Table II. 2-Cyano-4-Thiazolidinones 4
p -x c 6h 4 0

CH -C '
/  \

Sv  .N

/  \  ^
CN R

registry
no. X

substituents
Ri R2

mp,
°C

%
yield

66702-62-3 H Ph Ph a 1
66702-63-4 Cl Ph Ph 191 1
66702-45-2 Cl Ph PhCH2 158 13
66702-46-3 Cl c h 3 Ph 174 15
66702-47-4 N02 c h 3 Ph 198 12

0 Not purified.

lidinone (4) structure on the basis of their spectral charac
teristics (Table II).13 The NMR spectra of the crude product 
(4, X  = Cl; Ri = Me; R2 = Ph) showed signals which may be 
attributed to the presence of two diastereoisomers, but only 
one of the diastereoisomers was isolated by successive re
crystallizations. The relative configuration of the carbons 2 
and 5 has not been determined.

The thiazolidinone 4 (X = Cl; Ri = Me; R2 = Ph) reacted 
with sulfuric acid to give the thiazolidinone 5, characterized 
by its IR, NMR, and mass spectrum [IR (Nujol) 3395, 2380, 
1702,1654 cm-1; NMR (CDC13 + CF3C 02H) 7.6-7 (m, 9, Ar), 
5.48 (s, 1, CH), 1.82 (s, 3, Me); M+- calcd" 346.054272, found 
346.0540].

Mechanism o f the Reaction of the Thiocarbonyl 
Compounds 2 with the Epoxides 1. When the reaction of 1 
(X = Cl) with 2 (Ri = Ra = Ph) was carried out in the presence 
of 4 (X  = Cl; Ri = Me; R2 = Ph), a mixture containing exclu
sively 3 (X = Cl; Ri = R2 = Ph) and unchanged 4 (X  = Cl; Ri 
= Me; R2 = Ph) was observed by NMR and TLC. This indi
cates that the thiazolidinone 4 was not a precursor of the 
mesoionic thiazole 3. We have also shown that the mesoionic 
thiazoles 3 were stable under the reaction conditions and that 
they did not give the thiazolidinones 4. Thus compounds 3 and 
4 must arise from two different pathways.

Scheme II provides a rational mechanism for the formation 
of 3 and 4. The first step, a nucleophilic opening of the epoxide 
1 by the thiocarbonyl compound 2, leads to the oxathiolane 
intermediate 6. This first step is reminiscent of the well-doc
umented ring opening of epoxides by thiourea or alkaline 
thiocyanate, leading to episulfide formation via an oxathio
lane.14 The intermediate 6 does not lead to an episulfide. 
Successive hydrocyanic acid eliminations lead first to the 
oxathiole 7 and then to the ketene 8 (path a) or alternatively 
to the a-keto nitrile 9 (path b).

Evidence in favor of the formation of the intermediate 7 
comes from the isolation of 2-Af-acyliminooxathioles 10 when 
the epoxides 1 were treated with KSCN in acetic anhydride.15 
We were also able to trap the intermediate 7 as its acetylated

P-C1C„H, .0
CH— C/5 4 \
Si UN.
XC/  Ph

Me/ Y o NH

5
derivative 11 by reacting the epoxide 1 (X = Cl) and 
thiobenzanilide (2, Ri = R2 = Ph) in acetic anhydride. The 
compound 11 decomposed rapidly at 50 °C and gave the me
soionic thiazole 3 (X = Cl; R4 = R2 = Ph).

The loss of a hydrocyanic acid molecule from 7 can lead to
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Scheme II. Mechanism o f  the Reaction o f  the Thiocarbonyl 
Com pounds 2 with the Epoxides 1

A r  —Q H—,C(CN)2 r . -C S -N H R ,

A r ,
'p H —Ç

CN

'^ C N  O

/  \
R1 NHR2

A r A roIIuII/u

C H - C O - C N
/ /

5 S
\ \V, II 2 1 XI to 1 \ 0 II z 1 D N>

1

the ketene 8 (path a). However, such a ketene was not trapped 
by water or alcohol even when the reaction was carried out in 
methanol as solvent. If formed, the intermediate 8 must cyclize

XC6H4CH— C(CN)2 k s c n

p-XC6 H,

\ /
0

CN

Ac,0 Y
N— Ac

10
rapidly to 3 or react with the cyanide ion present in the me
dium to give 4. The alternative pathway b, involving the re
arrangement of 7 into the a-keto nitrile 9, cannot be definitely 
excluded and 9 can also be an intermediate leading to the 
mesoionic thiazole 3 and to the thiazolidinone 4.

1 (X  =  Cl)
P h C S N H P h

Ac^O

P- C1C6H„ CN
'V'C = C // \ s. o v<v

Ac Ph 
11

50 °C
-------V 3 (X  = C l; R, = R 2 = Ph)

It is interesting to note that the mesoionic thiazole 3 (Ri = 
CN; R2 = Ph) was obtained from O-phenyl phenylcarbam-

Scheme III. Formation o f  3 (R , = CN; R , = Ph)

pXCôH^-CH— CfCNlz + PhO —-CS — NHPh

5 ^  O

CN

PhO NHPh

.CNpXC6H4

V
,N

Ph

c = o

N— Ph

14 i
PXC6H4 \ _ / ° '

i'Z\\

'P h

pXC6H4

OPh

¿ ¿ R . p O P h ,  R 2= P h )

w O '

\ Ph

CN
3  , ( R.|=CN , R2=Ph )

othioate (2 )  (Ri = OPh; R2 = Ph) and epoxide 1, whereas this 
same mesoionic thiazole 3 (Ri = CN; R2 = Ph) was not isolated 
from the action of thiocyananilide with epoxide 1. The par
ticular reaction of epoxide 1 and O-phenyl phenylcarbam- 
othioate gives a mixture of 2-iV-phenyliminooxathiole (14) 
and mesoionic thiazole 3 (Ri = CN; R2 = Ph). This unexpected 
result can be explained by the formation of an oxathiole 7 (Rj 
= OPh) as described in Scheme II. The formation of this in
termediate 7 (Rj = OPh) is linked to the presence of the 
leaving group, Ri = OPh, as 7 can be an intermediate giving 
either 2-AT-phenyliminooxathiole (14) by the loss of phenol, 
or the ketene 8 by the loss of hydrocyanic acid (Scheme III). 
It has been shown that 2-alkoxy-substituted mesoionic thia- 
zoles are unstable systems10 and we postulate that the me
soionic thiazoles 3 (Ri = CN; R2 = Ph) obtained arise from the 
reaction of the cyanide ions present in the medium with the 
mesoionic thiazoles 3 (Ri = OPh; R2 = Ph) (Scheme III).

It is of interest to note that when the reaction of 1 and 0 -  
phenyl phenylcarbamothioate ( 2 ,  Ri = OPh; R2 = Ph) is 
carried out in the presence of phenol the yield of 14 is lowered, 
while the yield of mesoionic thiazole 3 (Ri = CN; R2 = Ph) is 
considerably increased. In agreement with Scheme III, this 
can be explained by a reversible loss of phenol from the in-
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termediate 7. Indeed, whereas 14 is thermally stable, it is 
partially transformed into 3 (Ri = CN) when it is heated with 
phenol.

Experimental Section
General. IR spectra were measured in CC14 on a Perkin-Elmer 225 

spectrophotometer. *H NMR spectra were recorded on a Jeolco JNM 
MH 100 spectrometer using a chloroform-d solvent and Me4Si as 
internal standard; chemical shifts are reported in 6 (ppm) units. Mass 
spectral data were obtained on Varian Mat 311 spectrometer.

Preparation o f gem-Dicyano Epoxides 1. The gem-dicyano 
epoxides were prepared according to a known synthetic method16 and 
improvements of this procedure are detailed below. The NaCIO used 
was a 2.5 M commercial bleach solution, diluted with water (540 mL 
of the 2.5 M solution and 460 mL of water).

1 (X = H). The olefin (6 g, 0.032 mol) was dissolved in 50 mL of 
acetonitrile and 2 mL of 2 N H 2SO4 was added. The solution was 
stirred vigorously and 5 mL of the NaCIO solution was added and 
immediately the pH of the reaction mixture was adjusted to about 
pH 5 with 2 N H 2SO4. A total of 85 mL of the NaCIO solution was 
added in this way during 10 min and, after this addition, vigorous 
stirring was continued for 10 min at pH 5. After adding 1000 mL of 
water and cooling, 4.8 g of the epoxide (X  = H) was obtained (more 
or less rapidly). Generally the product, washed with water, is pure 
enough to he used without further recrystallization-, mp 52-53 °C.

1 (X = Cl). The olefin (20.0 g, 0.11 mol) was dissolved in 200 mL 
of CH3CN (the suspension must be warmed) and 4 mL of 2 N H2SO4, 
followed by 200 mL of the diluted bleach solution, was added in about 
10 min. During the addition the pH was maintained at 5 by adding 
2 N H2SO4. The epoxide 1 (X  = Cl) Teadily separated on dilution of 
the reaction mixture with water: mp 128-129 °C (quantitative).

1 (X = NO2). The olefin (20.0 g, 0.10 mol) was dissolved in 200 mL 
of CH3CN and 7 mL of 2 N H2S04, followed by 120 mL of the NaCIO 
solution, was added rapidly. The pH was maintained at 5 by adding 
2 N H2S 04. The epoxide 1 (X  =  N 0 2) -was obtained by dilution of the 
reaction mixture with water: mp 183-184 °C.

1 (X = MeO). The olefin (20.0 g, 0.10 mol) was dissolved in 200 mL 
of CH3CN and 200 mL of NaCIO solution was added in 50-mL por
tions, the pH of the reaction mixture being maintained at 5 by adding 
2 N H2SO4. After 5 min of stirring and dilution with water the epoxide 
precipitated: mp 86-87 °C.

Thiocarbonyl Compounds 2. Thioacetanilide 2 (Rj = CH3; R2 = 
Ph), thiobenzanilide 2 (Rt = R2 = Ph), and 2-imidazolidinethione 
were commercial products. The other carbonyl compounds 2 were 
prepared according to procedures described in the following refer
ences.

Ri R2 ref Ri r2 ref
p -N 02C6H4 Ph 17 N(Me)2 Ph 20

Ph PhCH2 18 SPh Ph 21
Ph Et 19 OPh Ph 22

General Procedure for the Reaction of N-Monosubstituted 
Thioamides with Epoxides. The epoxide 1 (0.005 mol) and the 
thioamide (0.005 mol) were dissolved in 20 mL of acetone and after 
24 h at room temperature, the precipitate was separated by filtration. 
The mesoionic compounds 3 were recrystallized from ethanol (Table 
I).13

Modification of the above procedure for the preparation of 
the following mesoionic thiazoles 3: 3 (X  = N 02; Ri = R2 = Ph), 
30 mL of acetone was used; 3 (X = N 02; Ri = Ph; R2 = PhCH2), 40 
mL of acetone was used and the time of reaction was 160 h; 3 (X = H; 
Rr = Ph; R2 = PhCH2), 3 (X  = Cl; Ri = Ph; R2 = Et), 3 (X  = N 0 2; Ri 
= Ph; R2 = Et), the time of reaction was 72,72, and 96 h, respectively; 
3 (X = Cl; Ri = p-NOoC6H4; R2 = Ph), boiling acetone; 3 (X = Cl; Ri 
= Ph; R2 = PhCH2), 3 (X = Cl; Rj = CH3; R2 = Ph), 40 and 20 mL of 
methanol was used, respectively (instead of acetone), and the time 
of reaction was 72 and 24 h; 3 (X  = N 02; Ri = SPh; R2 = Ph), the 
epoxide 1 (X = N 02) and the dithiocarbamate 2 (Ri = SPh, R2 = Ph) 
were heated at 180 °C for 5 min without solvent; 3 (X  = Cl; Ri, R2 = 
-N =C H C H =C H -) was prepared by reacting the epoxide 1 (X = Cl) 
(0.005 mol) and 2(lH)-pyrimidinethione (0.005 mol) in solution in 
20 mL of DMF for 15 min at room temperature.

2-Cyano-4-thiazolidinones 4 were obtained by refluxing the epox
ides 1 (0.005 mol) and the thioamides 2 (0.005 mol) in acetone (20 mL) 
for 24 h. The mesoionic compounds 3 were filtered and removal of the 
solvent under reduced pressure and trituration of the resultant residue 
with ether afforded the colorless crystals of 4 (Table II).13

Hydrolysis o f 2-(Cyanom ethyl)-5-p-chlorophenyl-3-phe- 
nyl-4-thiazoldinone (4). The thiazolidinone (4, Ri = CH3; R2 = Ph)

Table III. Oxathioles 14

registry
no. X mp, °C % yield

62501-56-8 H 112 50
66702-48-5 Cl 120 60
66702-49-6 MeO 112 50
62501-57-9 N 0 2 82 56

(0.5 g, 0.0015 mol) was added to 8 mL of H2S04. After 3 h of stirring 
the compound 5 precipitated on dilution with water: 0.4 g (80%); mp 
282 °C after crystallization from EtOH.

Stability o f Mesoionic Thiazoles 3. Epoxide 1 (X = Cl) (0.005 
mol), thiobenzanilide (0.005 mol), and 3 (X  = Cl; Ri = Ph; R2 = 
PhCH2) (0.001 mol) were dissolved in acetone (40 mL). After 27 h the 
solvent was removed. IR, NMR, and TLC data show that the mixture 
consisted of 3 (X = Cl; Ri = R2 = Ph), 3 (X  = Cl; Ri = Ph; R2 = 
PhCH2), and 4 (X = Cl; Ri = R2 = Ph). The formation of 4 (X = Cl; 
Ri = Ph; R2 = PhCH2) was not observed.

Stability o f 2-Cyano-4-thiazolidinones 4. Epoxide 1 (X = Cl) 
(0.005 mol), thiobenzanilide (0.005 mol), and 4 (X = Cl; Ri = CH3; 
R2 = Ph) (0.001 mol) were dissolved in acetone (20 mL). After 24 h 
the solvent was removed. IR, NMR, and TLC data show that the 
mixture consisted of 3 (X  = Cl; Ri = R2 = Ph>, 4 (X  = Cl; Ri = R2 = 
Ph), and 4 (X = Cl; Ri = CH3; R2 = Ph). The formation of 3 (X  = Cl; 
Ri = CH3; R2 = Ph) was not observed.

Preparation o f 2-JV-Acyliminooxathiole 10 (X = H). Epoxide 
1 (X = H) (0.005 mol) and KSCN (0.005 mol) were dissolved in acetic 
anhydride (6 mL). After 3 h at room temperature the mixture was 
cooled and the 2-lV-acyliminooxathiole was filtered and washed with 
water (to eliminate CH3C02K). The compound was crystallized from 
EtOH: mp 100 °C; yield 42%; JH NMR (CDC13) & 2.42 (s, 3, CH3); IR 
(CC14) 2229 (rc n ), 1668 cm“ 1 (rco)- Anal. Calcd for C12H8N20 2S: C, 
59.00; H, 3.30; N, 11.47.Found: C, 58.58; H, 3.34; N, 11.49.

Preparation o f the Oxathiole 11. Epoxide 1 (X = Cl) (0.005 mol) 
and thiobenzanilide (0.005 mol) were dissolved in acetic anhydride 
(10 mL). After 24 h, successive fractions of 3 (Ri = R2 = Ph) were 
filtered and characterized by IR. After 48 h, a colorless precipitate 
was isolated. The compound crystallized rapidly from EtOH: mp 150 
°C; IR (CC14) 2224 (C=N ), 1722 cm“ 1 (C = 0 ); NMR (CDC13) <5 2.54 
(s, 3, CH3).

Compound 11 decomposed on electron impact. The observed 
spectrum was the same as that of the corresponding mesoionic thiazole 
3 (R4 = R2 = Ph).

Preparation o f the Mesoionic Thiazoles 3 (Ri = CN; R2 = Ph)
and o f the Oxathioles 14. When epoxides 1 (0.005 mol) and O-phenyl 
phenylcarbamothioate were heated together a mixture of the com
pounds 3 (Ri = CN; R2 = Ph) and 14 was obtained. The relative yield 
of these two compounds was very dependent of the reaction condi
tions.

Preparation of 3 (X = NO2, Cl; Ri = CN; R2 = Ph). Epoxides 1 
(X = N 02, Cl) (0.005 mol), O-phenyl phenylcarbamothioate (0.005 
mol), and phenol (0.02 mol) were heated at 180 °C for 5 min (oil bath). 
The mixture was then dissolved in the minimum volume of acetone 
and the mesoionic compound 3 (Ri = CN; R2 = Ph) precipitated on 
addition of ether (Table I).13

Preparation o f 14 (X = H, Cl, MeO). Oxathioles 14 were obtained 
by fusion of epoxides 1 and O-phenyl phenylcarbamothioate. The 
mixture was purified by column chromatography (alumina, ether as 
eluent) (Table III).13

Preparation of 14 (X  = N 0 2). When X = N 02, the best yield of 
oxathiole 14 was obtained when epoxide 1 (0.005 mol) and O-phenyl 
phenylcarbamothioate (0.005 mol) in dioxane (20 mL) were heated 
for 24 h. Removal of the solvent and column chromatography (alu
mina, ether as eluant) of the residue give the oxathiole 14 (X = N 02) 
(Table III).13
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E v i d e n c e  is  r e p o r t e d  f o r  p r o d u c t i o n  o f  n i t r i l e  s u l f i d e s  a s  r e a c t i v e  i n t e r m e d i a t e s  in  t h e  t h e r m o l y s i s  o f  1 , 3 , 4 - o x a t h i -  

a z o l - 2 - o n e s .  T h e  n i t r i l e  s u l f i d e s  w e r e  t r a p p e d  w i t h  d i m e t h y l  a c e t y l e n e d i c a r b o x y l a t e  t o  g i v e  g o o d  y i e l d s  o f  d i m e t h y l

3 - s u b s t i t u t e d - 4 , 5 - i s o t h i a z o l e d i c a r b o x y l a t e s  6a-t. T h e  d i a c i d s  7a-r w e r e  r e a d i l y  c o n v e r t e d  t o  3 - s u b s t i t u t e d - 4 - i s o -  

t h i a z o l e c a r b o x y l i c  a c i d s  8a-r b y  t h e r m a l  d e c a r b o x y l a t i o n .  3 - A r y l - 4 - i s o t h i a z o l e c a r b o x y l a t e s  9a,j,u-w a n d  3 - a r y l - 5 -  

i s o t h i a z o l e c a r b o x y l a t e s  10a,j, u-w w e r e  o b t a i n e d  in  n e a r l y  e q u i v a l e n t  a m o u n t s  f r o m  n i t r i l e  s u l f i d e s  a n d  e t h y l  p r o 

p i n i a t e .  T h e r m o l y s i s  o f  5 - m e t h y l -  a n d  5 - p h e n y l - l , 3 , 4 - o x a t h i a z o l - 2 - o n e s  in  e x c e s s  e t h y l  2 - b u t y n o a t e  a n d  o f  5 -  

m e t h y l - l , 3 , 4 - o x a t h i a z o l - 2 - o n e  in  e x c e s s  e t h y l  p h e n y l p r o p i o l a t e  r e s u l t e d  in  e x c e s s i v e  b y p r o d u c t  f o r m a t i o n  a n d  lo w  

y i e l d s  o f  i s o t h i a z o l e s .  T h e r m o l y s i s  o f  5 - ( a , a , a - t r i f l u o r o - m - t o l y l ) - l , 3 , 4 - o x a t h i a z o l - 2 - o n e  (5u) in  t h e  p r e s e n c e  o f  e x 

c e s s  e t h y l  p h e n y l p r o p i o l a t e  g a v e  a  p r o d u c t  m i x t u r e  w h i c h  c o n t a i n e d  e t h y l  3 - ( a , a , a - t r i f l u o r o - m - t o l y l ) - 5 - p h e n y l - 4 -  

i s o t h i a z o l e c a r b o x y l a t e  (18) ( 4 7 %  y i e l d  b y  GC) a n d  e t h y l  3 - ( a , a , a - t r i f l u o r o - m - t o l y l ) - 4 - p h e n y l - 5 - i s o t h i a z o l e c a r b o x y -  

l a t e  (19) (9.5% y i e l d  b y  GC).

N itrile  ylides (1), nitrile  ¡mines (2), and n itrile  oxides (3) 
all have been utilized in 1,3-dipolar cycloaddition reactions 
to form heterocycles.1 U n til very recently,2*6 n itrile  sulfides
(4) were conspicuously missing from this series of 1,3-dipoles.

R C = N +—C“ R 'R " R C = N +— N _R'
1 2

R C = N —O R C = N *-S
3 4

We report here evidence for the production of n itrile sulfides 
as reactive intermediates in the thermolysis of 1,3,4-oxathi- 
azol-2-ones and reaction of the n itrile sulfides with acetylenic 
esters to form isothiazolecarboxylates in preparatively sig
nificant reactions.7

A report8 that thermolysis of 5-phenyl-l,3,4-oxathiazol- 
2-one (5a) produced benzonitrile and sulfur suggested to us 
that benzonitrile sulfide 4a was a possible intermediate in this 
reaction. Thermolysis of 5a in the presence of dimethyl 
acetylenedicarboxylate (DMAD), in an experiment designed 
to trap the nitrile sulfide, resulted in isothiazoledicarboxylate 
6a (>90% yield); similarly, thermolysis of 5a in the presence 
of ethyl propiolate gave isothiazolecarboxylates 9a and 10a.2 
These reactions now have been extended to a large variety of
5-substituted-l,3,4-oxathiazol-2-ones to produce the products 
outlined in Scheme I.

Formation of nearly equivalent amounts of 9 and 10 from

ethyl propiolate and the various oxathiazolones is consistent 
only w ith a 1,3-dipolar cycloaddition reaction9 (e.g., path A 
or path B, Scheme II). An alternative mechanism, path C, 
involving heterolysis of a bond of 5 to produce an ionic species 
12, followed by Michael addition of 12 to ethyl propiolate to 
give 13 and eventually 9, is contrary to the observed formation 
of both 9 and 10. Path C, as well as a similar homolytic 
mechanism, should produce 9 exclusively.10

A choice between path A and path B, which involves adduct
(11) formation prior to loss of carbon dioxide, was made pos
sible by the kinetic studies summarized in Table I. These 
studies, performed with varied concentrations of DMAD as 
the trapping agent, show that the rate of disappearance of 5a 
is independent of the concentration of DMAD and is firs t 
order. Furthermore, the rate constants for formation of iso- 
thiazole and benzonitrile are both first order and equal to the 
rate constant for disappearance of 5a. In the absence of 
DMAD, 5a gave benzonitrile in 100% yield. These results rule 
out path B as a possible reaction mechanism and thus provide 
support for path A and benzonitrile sulfide as the reactive 
intermediate.

The order of rates of thermolysis of several 5-substituted-
l,3,4-oxathiazol-2-ones is 5 -CH3 »  5 -CICH9 > 5-Et02C and 
5-o-CH3C6H 4, 5-m-CH3C6H 4, 5-p-CH3C6H 4 > 5-C6H 6 > 5- 
m-ClC6H 4 >  5-m-CF3C6H 4 >  5-[3,5-(CF3)2C6H 3], 5-p- 
NCC6H 4,5 -p -02NC6H4, indicative of development of a partial 
positive charge at the 5 position in the transition state for

OO22-3263/78/1943-3736$Ol.OO/0 © 1978 American Chemical Society
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Scheme I
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b ,  R  =  2 - F C 6H 4

c ,  R  =  2 - C H 3 C 6 H 4

d ,  R =  2 - C F 3 C 6 H 4

e ,  R  =  2 , 6 - C l 2 C 6H 3

f ,  R  =  3 - C H 3 C 6 H 4

g, R = 3 - C l C 6 H 4

h ,  R  =  3 - 0 2 N C 6H 4

i ,  R  =  4 - C H 3 C 6 H 4

j ,  R  =  4 - C l C 6 H 4

k ,  R  =  4 - 0 2 N C 6H 4

l ,  R  =  3 , 4 - ( M e O ) 2 C 6H 3

m ,  R  =  3 , 4 - ( C H 2 0 2 ) C 6 H 3

n ,  R  =  3 , 4 - C l 2 C 6H 3

o ,  R  =  3 , 5 - ( C F 3 ) 2 C 6 H 3

p ,  R  =  C H 3

q ,  R  =  i - C 4 H 9

r ,  R  =  c y c l o h e x y l

s ,  R  =  C 1 C H 2

t ,  R  =  E t 0 2C

u ,  R =  3 - C F 3 C 6 H 4

v ,  R  =  4 - N C C 6 H 4

w ,  R  =  3 , 5 - ( C H 3 0 ) 2 C 6 H 3

decarboxylation. Also, 5-(2,6-dichlorophenyl)-l,3,4-oxathi- 
azol-2-one thermolyzes slightly faster than 5-phenyl-1,3,4- 
oxathiazol-2-one, indicative of relief of steric strain in  the 
decarboxylation and consistent w ith a transition state for the 
thermolysis that approaches the structure of the nitrile sulfide. 
The decarboxylation proceeds by a thermally allowed „2S + 
„2S + T2a process.

Decarboxylation could also occur by a photochemically 
allowed „2s + „2S +  x2a process. Irradiation of 5a and 1 equiv 
of DMAD in ethyl acetate solution at 253.7 nm produced 
benzonitrile and sulfur but no isothiazolediearboxylate. I r 
radiation of the reactants at 300 or 360 nm (in the presence 
or absence of the tr ip le t sensitizer benzophenone) did not 
result in an appreciable rate of decomposition of 5a. Holm et 
al., however, reported that photolysis through Pyrex of 5a in 
neat DMAD for 88 h gave isothiazole 6a in 22% yield (based 
on the amount of starting material consumed).11 In any event, 
photolysis of 5a does not lead to preparatively significant 
yields of isothiazoles.

In addition to thermolysis and photolysis of 5-phenyl-
l,3,4-oxathiazol-3-one, benzonitrile sulfide appears to have 
been generated by four other routes. Photolysis at 404-408 nm 
of 4-phenyl-l,3,2-oxathiazolium-5-olate (14) in a large excess 
of dimethyl acetylenedicarboxylate gave 6a in 10% yield;6

Table I. First-Order Rate Constants“ for Thermolysis of 
_______ 0.103 M 5a in Chlorobenzene at 125.0 ±  0,1 °C_______

[DMAD], M 6 fes, 10s s-1 &BN; 105 s-1 k$, 105 s-1

0 2.77 ± 0.1 2.48 ± 0.1c
0.103 2.61 ± 0.12 2.63 ±  0.04d
0.515 2.84 ± 0.08 2.62 ±  0.09e

“ Determined by gas chromatography, using least-squares 
method. k5 = rate constant for disappearance of 5a; &bn = rate 
constant for appearance of benzonitrile; ke = rate constant for 
appearance of 6a. b In itial concentration. c 100% yield of benzo
nitrile. d 90.5% yield of 6a. e 94.7% yield of 6a.

Scheme II
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photolysis of 14 at 420 nm at 85 °K  resulted in new UV ab
sorption bands attributed to benzonitrile sulfide.11 Ther
molysis of (Af-benzylimino)sulfur difluoride (15) in the 
presence of DMAD and sodium fluoride gave HF and 6a in 
65% yield.6 Decomposition of 16 at room temperature gave

(C6HAS=N CAr
1 7

fluorenone, benzonitrile, and sulfur,12 possibly via benzonitrile 
sulfide. Thermolysis of IV-thiocarbonylsulfimides 17 at 50 °C 
in the presence of DMAD gave 3-arylisothiazoledicarboxy- 
lates in 27-34% yields, apparently via nitrile  sulfide in ter
mediates.13

Aliphatic nitrile sulfides also may be generated and trapped 
in synthetically useful reactions, as shown by thermolysis of
5-methyl- (5p), 5-tert-butyl- (5q), and 5-cyclohexyl-l,3,4- 
oxathiazol-2-one (5r) in 2 equiv of DMAD to give 6p, 6q, and
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Table II. Thermolysis of Oxathiazolones in the Presence of 4 Equiv of Ethyl Propiolate in o-Diehlorobenzene at 150 °C

5
registry

no. 9, % yield“
registry

no. 1 0 , % yield0

registry
no.

a, R = CfíHs 5852-49-3 40 (29) 67049-00-7 43 (31)6 27545-57-9
j, R = 4-ClC6H4 17452-79-8 44 (18) 67048-37-7 45 (26) 67048-96-8
u, R = 3-CF3 C6H4 57459-15-1 46 (34) 67048-99-1 39 (29) 67048-95-7
v, R = 4-NCC6H4 67048-87-7 44 (32) 67048-98-0 46 (10) 67048-94-6
w, R = 3,5-(CH30 )2C6H3 67048-85-5 35 (25) 67048-97-9 37 (32) 67048-93-5

° Yields determined by GC. Yields in parentheses are for pure isolated products. b Isolated as the acid.

6r  in 58, 39, and 59% yields (GC analyses), respectively 
(Scheme I). Thermolysis of 5-aryloxathiazolones in 2 equiv 
of DMAD gave, with few exceptions, isothiazoledicarboxylates 
in >90% yields (GC analyses). The requisite oxathiazolones 
5 are readily prepared from amides and chlorocarbonylsul- 
fenyl chloride. 1 4  This route provides a particularly convenient 
synthesis of a wide range of 3-substituted-4,5-isothiazoledi- 
carboxylates and thus the 3-substituted-4-isothiazolecar- 
boxylates.

Thermolysis of the oxathiazolones in the presence of ethyl 
propiolate provides a quick route to samples of 3-substi- 
tuted-5-isothiazolecarboxylates, as well as 3-substituted-4- 
isothiazolecarboxylates. Table II gives yield data for reactions 
in which 4 equiv of ethyl propiolate were employed. The iso
mers generally are readily separable by column chromatog
raphy. The 4-carboxylates are easily distinguished from the
5-carboxylates by NMR spectroscopy; 1 5  the 5-H of 3-aryl-

150 °c C 6H 5C = C C 0 2Et
"

4-isothiazolecarboxylates appears at 5 9.2-9.4, whereas the 4-H 
of 3-aryl-5-isothiazolecarboxylates appears at 5 8.0-8.2. 
Generally, the 5-carboxylates have longer retention times 
upon GC on SE-30 columns, elute faster on silica gel with 
benzene, have higher melting points, and are less soluble in 
ethanol than the corresponding 4-carboxylates.

Thermolysis of 5-methyl-l,3,4-oxathiazol-2-one at 125 °C 
in 10 equiv of ethyl 2 -butynoate gave, based on GC-MS 
analyses, a complex mixture that contained a very small 
amount of a dimethylisothiazolecarboxylate ( m / e  185) and 
larger amounts of thiophenedicarboxylates { m / e  256). The 
latter apparently arise from reaction of sulfur (from decom
position of the nitrile sulfide) with the acetylenic ester. 
Thermolysis of 5-methyl-l,3,4-oxathiazol-2-one at 125 °C in 
1 0  equiv of ethyl phenylpropiolate gave a mixture of ethyl 
3-methyl-5-phenyl-4-isothiazolecarboxylate and ethyl 3- 
methyl-4-phenyl-5-isothiazolecarboxylate, as well as ethyl 
phenylpropiolate dimer (m/e 348) and a mixture of diphen- 
ylthiophenedicarboxylates (m/e 380). The yield of isothiazoles 
appeared to be greater in the reaction with the phenylpro
piolate than with the butynoate. Thermolysis of 5-phenyl-
l,3,4-oxathiazol-2-one in 1 0  equiv of ethyl 2 -butynoate gave 
an exceedingly complex mixture in which the isothiazolecar- 
boxylates were minor components (GC-MS analyses).

Thermolysis of 5-(a,a,«-trifluoro-m-tolyl)-l,3,4-oxathia- 
zol-2 -one in 1 0  equiv of ethyl phenylpropiolate gave reason
able yields of isothiazolecarboxylates 18 and 19 (47 and 9.5%, 
respectively, GC and MS analyses), but isolation of these 
materials in pure form was extremely difficult due to problems 
in separation from large amounts of side products that in
cluded ethyl phenylpropiolate dimer and diphenylthio- 
phenedicarboxylates; separation of a mixture of 18 and 19 was 
also difficult. Pure 20 (14%) was isolated by hydrolysis of the 
mixture of 18 and 19, followed by selective decarboxylation 
of the 5-carboxylic acid and separation of 20 from 21 by 
crystallization.

Frontier orbital theory has been employed extensively re
cently to explain a wide variety of 1,3-dipolar cycloaddition 
data. 1 6 - 1 8  Since sulfur is only slightly more electronegative 
than carbon, nitrile sulfides should have LUMO and HOMO 
energy levels just slightly lower than those of nitrile ylides. 
From the reported16  LUMO, HOMO energy levels for phen- 
ylnitrile ylide (0.6, —6.4 eV) and 1,3-diphenylnitrile imine 
(—0.5, —7.5 eV), LUMO and HOMO values of ~0 and —7 eV 
are to be expected for benzonitrile sulfide. Acetylenic esters 
should have LUMO and HOMO levels at 1  and —11 eV, 
respectively. 16  Based on these estimates and experimental 
results with nitrile ylides, 16  nitrile sulfides should react readily

- S  R C = C C 0 2R '

L U M O

H O M O

- 1 1  e V2 0 21
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with the electron-deficient, conjugated acetylenic esters in 
dipole HOMO-controlled reactions, and the reaction rate 
should increase as the dipolarophile LUMO energy level is 
decreased. Qualitatively, the acetylenic ester LUMO levels 
should lie in the order ethyl 2 -butynoate > ethyl propiolate 
> ethyl phenylpropiolate > dimethyl acetylenedicarboxylate. 
The observed order of reactivity of the acetylenic esters with 
nitrile sulfides, dimethyl acetylenedicarboxylate > ethyl 
propiolate > ethyl phenylpropiolate > ethyl 2 -butynoate, is 
consistent with the LUMO energy level order with a super
imposed rate-retarding steric effect in the case of ethyl 
phenylpropiolate.

The yields of isothiazoles from nitrile sulfides depend on 
the relative rates of decomposition and cycloaddition of the 
nitrile sulfides. Alkanecarbonitrile sulfides have higher 
HOMO levels than arenecarbonitrile sulfides and should react 
faster in cycloaddition reactions with acetylenes. The lower 
yields of isothiazoles from alkanecarbonitrile sulfides thus 
indicates that they decompose more rapidly than arenecar
bonitrile sulfides. The regioselectivity found for cycloaddition 
of benzonitrile sulfide to ethyl propiolate is less than that 
observed9 for the corresponding cycloaddition of benzonitrile 
oxide, due undoubtedly in part to the higher reaction tem
perature used for the nitrile sulfide reaction.

The substituent effects observed on yields of 1,2,4-thiadi- 
azoles formed by cycloaddition of nitrile sulfides with nitriles4 

can similarly be explained on the basis of frontier orbital 
theory with reinforcement by coulombic effects. This reaction 
also should be dipole HOMO controlled, 16  so that lowering of 
the nitrile LUMO level by electronegative substituents should 
result in a faster rate of cycloaddition and higher yield of 
thiadiazole, as observed.4 The yield of thiadiazole also depends 
on the competition between cycloaddition of the nitrile sulfide 
to nitrile and decomposition of the nitrile sulfide; electro
negative substituents in the nitrile sulfide should lower the 
dipole LUMO and HOMO levels, slowing a dipole HOMO- 
controlled cycloaddition. Since electronegative substituents 
in the nitrile sulfide were observed to increase the yield,4 3  it 
appears that such substituents slow the nitrile sulfide de
composition to a greater extent.

E x p e r im e n ta l  S e c t io n

M e l t i n g  p o i n t s  w e r e  t a k e n  in  o p e n  c a p i l l a r i e s  in  a  M e l - T e m p  a p 

p a r a t u s  a n d  a r e  c o r r e c t e d .  B o i l i n g  p o i n t s  a r e  u n c o r r e c t e d .

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

e r a t u r e  p r o c e d u r e 14  a n d  w a s  e m p lo y e d  w i t h o u t  p u r i f i c a t i o n .  A m i d e s ,  

w h e n  n o t  a v a i l a b l e  c o m m e r c i a l l y ,  w e r e  p r e p a r e d  b y  a d d i t i o n  o f  a c i d  

h a l i d e s  t o  c o ld  s o l u t i o n s  o f  a m m o n i a  in  T H F .

General Procedure for l,3,4-Oxathiazol-2-ones (5). T h e  a m id e  

a n d  1 . 2 5 - 1 . 5 0  e q u i v  o f  c h lo r o c a r b o n y ls u l f e n y l  c h lo r id e  in  t o lu e n e  w e r e  

s t i r r e d  a t  1 0 0  ° C  u n t i l  g a s  e v o l u t i o n  h a d  n e a r l y  c e a s e d  a n d / o r  u n t i l  

I R  s p e c t r a  r e v e a l e d  t h e  a b s e n c e  o f  r e s i d u a l  a m i d e .  U p  t o  5 .0  e q u i v  o f  

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

a m i d e s ,  s u c h  a s  p - c y a n o b e n z a m i d e ,  3 , 5 - b i s ( t r i f l u o r o m e t h y l ) b e n z -  

a m i d e ,  a n d  e t h y l  o x a m a t e .  T h e  r e a c t i o n  m i x t u r e  w a s  c o n c e n t r a t e d  

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

s o l v e n t .

1 , 2 - D i c h l o r o e t h a n e  a t  r e f l u x  w a s  e m p lo y e d  a s  t h e  s o l v e n t  in  t h e  

p r e p a r a t i o n  o f  5 - m e t h y l -  a n d  5 - f e r f - b u t y l - 1 , 3 , 4 - o x a t h i a z o l - 2 - o n e .

5 a :  m p  6 9 - 7 1  ° C  ( E t O A c )  ( l i t .8  m p  6 8 . 5 - 7 0  ° C ) ;  8 3 %  y i e l d .

5b: m p  5 2 - 5 3 . 5  ° C  ( M e O H )  ( l i t . 19  m p  4 7 . 5 - 5 0  ° C ) ;  4 7 % .

5 c :  m p  3 0 . 5 - 3 2  ° C  ( c o ld  h e x a n e )  ( l i t . 19  m p  ~ 1 5  ° C ) ;  5 9 % . A n a l .  

C a l c d  f o r  C 9H 7 N 0 2 S :  C ,  5 5 .9 4 ;  H ,  3 .6 5 .  F o u n d :  C ,  5 6 .0 6 ;  H ,  3 .6 6 .

5d: m p  4 9 - 5 1  ° C  ( m e t h y l c y c l o h e x a n e ) ;  3 2 % . A n a l .  C a l c d  f o r  

C 9H 4 F 3 N 0 2 S :  C ,  4 3 . 7 3 ;  H ,  1 . 6 3 .  F o u n d :  C ,  4 3 .9 0 ;  H ,  1 . 6 3 .

5 e :  m p  8 1 - 8 2 . 5  ° C  ( m e t h y l c y c l o h e x a n e ) ;  5 4 % . A n a l .  C a l c d  f o r  

C 8H 3 C 1 2 N 0 2S :  C ,  3 8 .7 2 ;  H ,  1 . 2 2 .  F o u n d :  C ,  3 8 .6 0 ;  H ,  1 . 0 6 .

5f: m p  8 2 . 5 - 8 4  ° C  ( m e t h y l c y c l o h e x a n e )  ( l i t .20  m p  8 0  ° C ) ;  4 6 % .

5g: m p  8 3 - 8 4 . 5  ° C  ( E t O A c )  ( l i t .8  m p  8 1 . 5 - 8 3  ° C ) ;  6 6 % . ’

5h: m p  9 5 - 9 6 . 5  ° C  ( T H F )  ( l i t .8  m p  ¿ 6 . 5 - 9 8 . 5  ° C ) ;  6 3 % .

5 i :  m p  9 1 - 9 2  ° C  ( m e t h y l c y c l o h e x a n e )  ( l i t . 14a m p  8 9  ° C ) ;  6 6 % .

5 j :  m p  1 2 9 - 1 3 1  ° C  ( m e t h y l c y c l o h e x a n e )  ( l i t .8  m p  1 2 7 - 1 3 0  ° C ) ;  

4 8 % .

5 k :  m p  1 6 8 - 1 6 9  ° C  d e c  ( T H F )  ( l i t . 14a m p  1 6 3 - 1 6 4  ° C ) ;  3 9 % .

51: m p  1 4 3 - 1 4 4 . 5  ° C  ( E t O A c ) ;  6 8 % . A n a l .  C a l c d  f o r  C 10 H 9N O 4S :  C , 

5 0 .2 0 ;  H ,  3 .7 9 .  F o u n d :  C ,  4 9 .9 7 ;  H ,  3 .6 8 .

5 m :  m p  1 2 3 - 1 2 4 . 5  ° C  ( E t O A c ) ;  8 1 % .  A n a l .  C a l c d  f o r  C 9H 5 N 0 4S :  

C ,  4 8 . 4 3 ;  H ,  2 .2 6 .  F o u n d :  C ,  4 8 .2 9 ;  H ,  2 .2 2 .

5 n :  m p  1 3 0 . 5 - 1 3 1 . 5  ° C  ( E t O A c )  ( l i t .8  m p  1 2 8 - 1 3 0  ° C ) ;  8 6 % .

5o: m p  6 1 - 6 2 . 5  ° C  ( m e t h a n o l ) ;  3 0 % . A n a l .  C a l c d  f o r  C i o H 3 F 6 N 0 2 S :  

C ,  3 8 . 1 1 ;  H ,  C .9 6 . F o u n d :  C ,  3 8 . 2 2 ;  H ,  0 .9 0 ) .

5p: b p  7 5 - 7 6  ° C  ( 3 0  T o r r )  [ l i t . 14a b p  6 0  ° C  ( 1 2  T o r r ) ] ;  m p  1 6 - 1 7  ° C ;  
5 6 % .

5 q :  b p  3 5 - 3 6  ° C  ( 1 . 2  T o r r ) ;  3 3 % .  A n a l .  C a l c d  f o r  C 6H 9N 0 2 S :  C ,  

4 5 .2 6 ;  H ,  5 .7 0 .  F o u n d :  C ,  4 4 .9 9 ;  H ,  5 .8 7 .

5r w a s  n o t  o b t a i n e d  in  p u r e  f o r m .

5 s :  b p  8 5 - 8 6  ° C  (4  T o r r )  [ l i t . 14a b p  7 8  ° C  ( 4 .5  T o r r ) ] ;  5 6 % ; N M R  
( C D C 1 3 ) 8 4 .4 7  ( s ,  C 1 C H 2).

5 t :  m p  4 9 - 5 0 . 5  ° C  ( m e t h v l c y c lo h e x a n e ) ;  6 4 % . A n a l .  C a l c d  f o r  

C 5 H 5 N 0 4S :  C ,  3 4 .2 9 ;  H ,  2 .8 8 .  F o u n d :  C ,  3 4 .2 8 ;  H ,  2 . 8 1 .

5u: m p  8 5 - 8 6 . 5  ° C  ( c o ld  E t O A c ) ;  8 6 % . A n a l .  C a l c d  f o r  C 9H 4F 3N 0 2S :  

C ,  4 3 . 7 3 ;  H ,  1 . 6 3 .  F o u n d :  C ,  4 3 .6 6 ;  H ,  1 . 5 8 .

5 v :  m p  1 7 3  ° C  d e c  ( E t O A c ) ;  7 5 % . A n a l .  C a l c d  f o r  C 9 H 4N 2 0 2 S :  C ,  

5 2 . 9 3 ;  H ,  1 . 9 7 .  F o u n d :  C ,  5 3 . 2 5 ;  H ,  2 .0 2 .

5 w :  m p  1 7 6 - 1 7 8  ° C  d e c  ( C 1 C H 2 C H 2 C 1 ) ;  7 0 % . A n a l .  C a l c d  f o r  

C i 0H 9N O 4 S :  C ,  5 0 .2 0 ;  H ,  3 .7 9 .  F o u n d :  C ,  5 0 . 1 4 ;  H ,  3 .6 9 .

General Procedure for Dimethyl 4,5-Isothiazoledicarboxy- 
lates ( 6 ) .  A  s o l u t i o n  o f  0 . 1 0  m o l  o f  o x a t h i a z o l o n e  a n d  0 .2 0  m o l  o f  d i 

m e t h y l  a c e t y l e n e d i c a r b o x y l a t e  in  6 0  m L  o f  c h lo r o b e n z e n e  w a s  s t i r r e d  

a t  r e f l u x  u n t i l  C 0 2  e v o l u t i o n  h a d  c e a s e d  a n d  G C  a n a l y s e s  r e v e a l e d  

t h a t  n o  r e s i d u a l  o x a t h i a z o l o n e  r e m a i n e d  ( 5 - 5 6  h ) .  T h e  s o l v e n t  a n d  

e x c e s s  d i m e t h y l  a c e t y l e n e d i c a r b o x y l a t e  w e r e  r e m o v e d  u n d e r  v a c u u m . 

T h e  r e s i d u e  w a s  c r y s t a l l i z e d  f r o m  c o l d  m e t h a n o l  a n d  t h e n  r e c r y s t a l 

l iz e d  f r o m  a n  a p p r o p r i a t e  s o l v e n t .

6 a :  m p  7 2 - 7 3  ° C  ( c o ld  M e O H ) ;  7 3 % ;  I R  ( m i n e r a l  o i l  m u l l )  5 .8  a m ;  

N M R  ( C D C 1 3) <5 7 .6 5  ( m , 5 ,  A r H ) ,  4 .0 2  ( s ,  3 ,  O C H 3 ), 3 .9 9  ( s , 3 ,  O C H 3 ); 

m a s s  s p e c t r u m  m /e  2 7 7 ,  2 6 2 ,  2 4 6 ,  2 1 5 , 1 8 7 , 1 5 9 ,  1 3 5 ,  1 0 3 ,  7 7 .  A n a l .  

C a l c d  f o r  C i 3 H „ N 0 4S :  C ,  5 6 . 3 1 ;  H ,  4 .0 0 ;  N ,  5 .0 5 ;  S ,  1 1 . 5 6 .  F o u n d :  C ,  

5 6 .4 7 ;  H ,  4 . 0 2 ;  N ,  4 .9 3 ;  S ,  1 1 . 6 9 .

6 b :  m p  7 3 . 5 - 7 5  ° C  ( M e O H ) ;  6 7 % . A n a l .  C a l c d  f o r  C 1 3 H 10 F N O 4S :  

C ,  5 2 .8 8 ;  H ,  3 . 4 1 .  F o u n d :  C ,  5 3 .0 8 ;  H ,  3 .5 4 .

6 c :  m p  —3 3  t o  —3 1  ° C  ( c h r o m a t o g r a p h e d  o n  s i l i c i c  a c i d  w i t h  b e n 

z e n e - h e x a n e ) ;  6 6 % . A n a l .  C a l c d  f o r  C i 4H i 3 N 0 4 S :  C ,  5 7 . 7 2 ;  H ,  4 .5 0 .  

F o u n d :  C ,  5 7 . 4 4 ;  H ,  4 .6 4 .

6 d :  b p  1 6 0  ° C  ( 0 .0 1 5  T o r r )  ( m o le c u la r  d i s t i l l a t i o n ) ;  9 6 % . A n a l .  C a lc d  

f o r  C i 4H 1 0 F 3 N 0 4 S :  C ,  4 8 .7 0 ;  H ,  2 .9 2 .  F o u n d :  C ,  4 8 .6 6 ;  H ,  3 .2 4 .

6 e :  m p  9 3 - 9 4 . 5  ° C  ( c h r o m a t o g r a p h e d  o n  s i l i c a  g e l  a n d  c r y s t a l l i z e d  

f r o m  m e t h y lc y c l o h e x a n e ) ;  3 0 % . A n a l .  C a l c d  f o r  C i 3 H 9C l 2 N 0 4 S :  C ,  

4 5 .7 0 ;  H ,  2 .6 2 .  F o u n d :  4 5 . 7 1 ;  H ,  2 . 8 1 .

6f: m p  5 3 - 5 4 . 5  ° C  ( e t h e r - p e t r o l e u m  e t h e r ) ;  5 2 % . A n a l .  C a l c d  f o r  

C i 4 H 1 3 N 0 4S :  C ,  5 7 . 7 2 ;  H ,  4 .5 0 .  F o u n d :  C ,  5 7 . 7 9 ;  H ,  4 .2 0 .

6 g :  m p  6 9 - 7 0  ° C  ( e t h e r - p e t r o l e u m  e t h e r ) ;  5 2 % .  A n a l .  C a l c d  f o r  

C i s H jo C I N O ^ :  C ,  5 0 .0 9 ;  H ,  3 . 2 3 .  F o u n d :  C ,  5 0 .2 4 ;  H ,  3 .4 2 .

6 h :  m p  1 2 0 . 5 - 1 2 2  ° C  ( c o ld  M e O H ) ;  5 4 % . A n a l .  C a l c d  f o r  

C i 3 H 1 0 N 2 O 6S :  C ,  4 8 . 4 5 ;  H ,  3 . 1 3 .  F o u n d :  C ,  4 8 . 5 1 ;  H ,  3 . 1 4 .

6 i :  m p  9 2 . 5 - 9 3 . 5  ° C  ( c o ld  e t h e r )  ( l i t . 5  m p  9 0 - 9 1  ° C ) ;  7 4 % . A n a l .  

C a l c d  f o r  C 14 H i 3 N 0 4S :  C ,  5 7 . 7 2 ;  H ,  4 . 5 0 .  F o u n d :  C ,  5 7 . 7 8 ;  H ,  4 .6 7 .

6 j :  m p  1 0 8 . 5 - 1 0 9 . 5  ° C  ( c o ld  e t h e r ) ;  5 8 % . A n a l .  C a l c d  f o r  

C i 3 H i 0C 1 N O 4 S :  C ,  5 0 .0 9 ;  H ,  3 . 2 3 .  F o u n d :  C ,  5 0 . 2 3 ;  H ,  3 . 1 2 .

6 k :  m p  1 4 2 - 1 4 3  ° C  ( E t O A c ) ;  2 5 % ; t h e  r e a c t a n t s  w e r e  h e a t e d  in  

o - d i c h l o r o b e n z e n e  a t  r e f l u x  f o r  1 5  h .  A n a l .  C a l c d  f o r  C 1 3 H i o N 2O f;S : 

C ,  4 8 . 4 5 ;  H ,  3 . 1 3 .  F o u n d :  C ,  4 8 . 7 6 ;  H ,  3 . 1 8 .

61: m p  1 1 3 . 5 - 1 1 4 . 5  ° C  ( M e O H ,  t h e n  E t O A c ) ;  7 3 % .  A n a l .  C a l c d  f o r  

C j s H u N O e S :  C ,  5 3 . 4 1 ;  H ,  4 .4 8 .  F o u n d :  C ,  5 3 . 0 3 ;  H ,  4 .4 6 .
6 m : m p  1 0 4 —1 0 5  ° C  ( M e O H ) ;  5 1 % .  A n a l .  C a l c d  f o r  C u H n N O e S :  

C ,  5 2 . 3 3 ;  H ,  3 .4 5 .  F o u n d :  C ,  5 2 .0 9 ;  H ,  3 .2 8 .
6 n :  m p  1 0 5 - 1 0 7  ° C  ( M e O H ) ;  7 1 % .  A n a l .  C a l c d  f o r  C i 3 H 9 C 1 2 N 0 4S :  

C ,  4 5 . 1 0 ;  H ,  2 .6 2 .  F o u n d :  C ,  4 5 . 1 2 ;  H ,  2 .4 8 .

6o: m p  7 3 - 7 5  ° C  ( M e O H ) ;  5 3 % ;  t h e  r e a c t a n t s  w e r e  h e a t e d  in  o -  

d i c h l o r o b e n z e n e  a t  r e f l u x  f o r  1 0  h . A n a l .  C a l c d  f o r  C i 8 H 9F ( ; N 0 4S :  C ,  

4 3 .5 9 ;  H ,  2 . 1 9 .  F o u n d :  C ,  4 3 . 7 7 ;  H ,  2 . 1 3 .

6p: D i s t i l l a t i o n  o f  t h e  r e a c t io n  m i x t u r e ,  w h ic h  c o n t a i n e d  6p in  5 8 %  

y i e l d  ( G C  a s s a y ) ,  g a v e  t h e  d e s i r e d  p r o d u c t  a t  b p  8 1 - 8 3  ° C  ( 0 .3  T o r r )  

in  5 0 %  y ie ld .  T h e  o i l  c r y s t a l l iz e d  u p o n  s t a n d in g  a n d  w a s  r e c r y s t a l l iz e d  

f r o m  p e t r o l e u m  e t h e r  t o  g i v e  s o l i d  o f  m p  3 4 . 5 - 3 5 . 5  ° C .  A n a l .  C a l c d  

f o r  C 8 H 9N 0 4S :  C ,  4 4 .6 4 ;  H ,  4 . 2 1 ;  N ,  6 . 5 1 ;  S ,  1 4 .9 0 .  F o u n d :  C ,  4 4 .7 3 ;  

H ,  4 . 3 0 ;  N ,  6 .6 2 ;  S ,  1 5 . 0 8 .
6 q :  D i s t i l l a t i o n  o f  t h e  r e a c t io n  m i x t u r e ,  w h ic h  c o n t a i n e d  6 q  in  3 9 %  

y i e l d  ( G C  a s s a y ) ,  g a v e  t h e  d e s i r e d  p r o d u c t  a t  b p  9 5  ° C  ( 0 . 1 5  T o r r ) ,  in  

2 4 %  y i e l d .  A n a l .  C a l c d  f o r  C n H i 5 N 0 4S :  C ,  4 7 . 1 5 ;  H ,  4 .8 4 .  F o u n d :  C ,  

4 7 .0 9 ;  H ,  4 .8 2 .
6r: D i s t i l l a t i o n  o f  t h e  r e a c t io n  m i x t u r e  g a v e  6r c o n t a m i n a t e d  w i t h  

s u l f u r  a t  b p  1 5 0 - 1 6 5  ° C  ( 0 .7  T o r r ) ,  in  ~ 5 9 %  y i e l d .  T h r e e  c r y s t a l l i z a 
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t i o n s  o f  t h e  m a t e r i a l  f r o m  m e t h a n o l  a n d  o n c e  f r o m  h e x a n e  g a v e  p u r e  

p r o d u c t :  m p  3 8 . 5 - 4 0 . 5  ° C ;  18 % . A n a l .  C a lc d  f o r  C i 3 H i 7 N 0 4S :  C ,  5 5 . 1 1 ;  

H ,  6 .0 5 .  F o u n d :  C ,  5 5 . 1 2 ;  H ,  6 .0 2 .

6s: T h e  r e a c t a n t s  w e r e  h e a t e d  in  c h lo r o b e n z e n e  a t  1 3 0 - 1 3 5  ° C  f o r  

1 7 0  h ,  a t  w h i c h  t i m e  t h e r e  s t i l l  w a s  s o m e  r e s i d u a l  o x a t h i a z o l o n e .  

D i s t i l l a t i o n  o f  t h e  r e a c t i o n  m i x t u r e  g a v e  9 5 .5 %  p u r e  6s; b p  1 1 6  ° C  ( 0 . 1  

T o r r ) ;  3 8 %  y i e l d .  R e d i s t i l l a t i o n  o f  t h i s  m a t e r i a l  g a v e  9 9 %  p u r e  6s: b p  

9 8  ° C  ( 0 .0 8  T o r r ) ;  3 2 %  y i e l d ;  I R  ( f i l m )  5 .7 8  g m ;  N M R  ( C D C I 3 ) 6 4 .9 3  

(s , 2 ,  C H 2C 1) ,  4 .0 0  (s , 6 , O C H 3). A n a l .  C a lc d  f o r  C 8H 8C 1 N 0 4S :  C ,  3 8 .4 9 ; 

H ,  3 . 2 3 .  F o u n d :  C ,  3 8 . 3 3 ;  H ,  3 . 2 3 .

6t: A  m i x t u r e  o f  8 .7 6  g  ( 0 .0 5 0  m o l)  o f  e t h y l  2 - o x o - l , 3 , 4 - o x a t h i a -  

z o l e - 5 - c a r b o x y l a t e  a n d  1 4 . 2 1  g  ( 0 . 1 0  m o l)  o f  d i m e t h y l  a c e t y l e n e d i -  

c a r b o x y l a t e  w a s  h e a t e d  a t  r e f l u x  f o r  4 3  m in ,  a t  w h ic h  t im e  G C  a n a ly s i s  

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

o x a t h i a z o l o n e  w a s  l e f t .  A n o t h e r  1 4 . 2  g  o f  d i m e t h y l  a c e t y l e n e d i c a r 

b o x y l a t e  w a s  a d d e d ,  a n d  t h e  m i x t u r e  w a s  h e a t e d  a n o t h e r  5 0  m i n  a t  

r e f l u x .  A t  t h i s  p o i n t ,  G C  a n a l y s i s  r e v e a l e d  t h a t  m o s t ,  b u t  n o t  a l l ,  o f  

t h e  o x a t h i a z o l o n e  w a s  g o n e ,  a n d  t h a t  s e v e r a l  o l i g o m e r s  o f  t h e  

a c e t y l e n e d i c a r b o x y l a t e  h a d  f o r m e d  in  a d d i t io n  t o  t h e  d e s i r e d  p r o d u c t .  

T h e  v i s c o u s ,  b l a c k  r e a c t i o n  m i x t u r e  w a s  e x t r a c t e d  w i t h  2 0 0  m L  o f  

5 0 :5 0  e t h e r - h e x a n e ,  a n d  t h e  s u p e r n a t a n t  w a s  d e c a n t e d  f r o m  t h e  b la c k  

i n s o l u b l e  r e s i d u e .  T h e  i n s o l u b l e  r e s i d u e  w a s  d i s s o l v e d  in  1 0 0  m L  o f  

e t h y l  a c e t a t e ,  a n d  3 0 0  m L  o f  e t h e r  a n d  t h e n  4 0 0  m L  o f  h e x a n e  w a s  

a d d e d .  T h e  b l a c k ,  v i s c o u s  g u m  t h a t  c a m e  o u t  o f  s o l u t i o n  c o n t a i n e d  

o n ly  a  t r a c e  o f  t h e  d e s i r e d  p r o d u c t  ( G C  a s s a y ) .  T h e  t w o  s u p e r n a t a n t s  

w e r e  c o m b in e d  a n d  c o n c e n t r a t e d  u n d e r  v a c u u m  t o  a n  o i l. T h i s  o i l  w a s  

c h r o m a t o g r a p h e d  o n  s i l i c a  g e l  ( W o e lm  m a t e r i a l ,  f o r  d r y  c o lu m n  

c h r o m a t o g r a p h y ) ;  u s e  o f  6 0 %  e t h e r  in  c y c lo h e x a n e  t o  e lu t e  t h e  c o lu m n  

g a v e  1 . 6  g  ( 1 1 . 7 % )  o f  p u r e  p r o d u c t  a s  a  v i s c o u s  o i l ;  I R  ( f i lm )  5 .8 3  g m ;  

N M R  ( C D C I 3 ) 5 4 .5 0  ( q ,  2 ,  J  =  7  H z ,  O C H 2) ,  4 .0 6  ( s ,  3 ,  O C H 3 ) , 4 . 0 1  

( s ,  3 ,  O C H 3) ,  1 . 4 4  ( t ,  3 ,  J  =  7  H z ,  C H 3 ). A n a l .  C a l c d  f o r  C i o H n N 0 6S :  

C ,  4 3 .9 5 ;  H ,  4 .0 6 . F o u n d :  C ,  4 3 .8 6 ;  H ,  4 .0 4 .

General Procedure for 4,5-Isothiazoledicarboxylic Acids (7). 
A  m i x t u r e  o f  0 . 1 0  m o l  o f  6  a n d  0 .5 0  m o l  o f  N a O H  in  1 2 5  m L  o f  w a t e r  

w a s  h e ld  a t  r e f l u x  f o r  2  h  ( fo r  v e r y  in s o lu b le  e s t e r s ,  a  l i t t l e  d i o x a n e  w a s  

a d d e d  t o  t h e  r e a c t i o n  m i x t u r e ) .  T h e  r e s u l t a n t  s o l u t i o n  w a s  a c i d i f i e d  

t o  p H  < 1  w i t h  a  l a r g e  e x c e s s  o f  c o n c e n t r a t e d  H C 1  a n d  w a s  e x t r a c t e d  

s e v e r a l  t i m e s  w i t h  e t h e r .  T h e  e t h e r  l a y e r s  w e r e  c o m b i n e d ,  d r i e d  

( C a S 0 4) , a n d  c o n c e n t r a t e d  u n d e r  v a c u u m .  G e n e r a l l y ,  o n l y  a  s m a l l  

s a m p l e  o f  t h e  c r u d e  d i a c i d  w a s  p u r i f i e d  f o r  a n a l y s i s .  T h e  r e m a i n d e r  

o f  t h e  p r o d u c t  w a s  c o n v e r t e d  d i r e c t l y  t o  t h e  m o n o a c id .

7a: m p  1 8 4 - 1 8 5  ° C  d e c  ( C H 3 C N ) ;  9 0 %  y i e l d .  A n a l .  C a l c d  f o r  

C u H 7 N 0 4S :  C ,  5 3 . 0 1 ;  H ,  2 .8 3 ;  N ,  5 .6 2 .  F o u n d :  C ,  5 3 . 1 6 ;  H ,  2 .8 0 ;  N ,
5 .6 4 .

7b: m p  1 4 4 . 5 - 1 4 5 . 5  ° C  d e c  ( C 1 C H 2C H 2C 1 ) .  A n a l .  C a l c d  f o r  

C n H 6F N 0 4S :  C ,  4 9 .4 4 ;  H ,  2 .2 6 .  F o u n d :  C ,  4 9 . 3 5 ;  H ,  2 .5 3 .

7c a n d  7d w e r e  n o t  o b t a i n e d  in  a n a l y t i c a l l y  p u r e  f o r m .

7 e :  m p  1 5 9 - 1 6 0  ° C  d e c  ( e t h e r - m e t h y l c y c l o h e x o n e ) .  A n a l .  C a l c d  

f o r  C u H 5 C 1 2 N 0 4S :  C ,  4 1 . 5 3 ;  H ,  1 . 5 8 .  F o u n d :  C ,  4 1 . 5 5 ;  H ,  1 . 6 1 .

7f: m p  1 6 6 . 5 - 1 6 7  3 C  d e c  ( C 1 C H 2 C H 2 C 1 ) .  A n a l .  C a l c d  f o r  

C 1 2 H 9N 0 4S :  C ,  5 4 . 7 5 ;  H ,  3 .4 5 .  F o u n d :  C ,  5 4 .5 4 ;  H ,  3 .6 3 .

7g: m p  1 8 5 - 1 8 6  ° C  d e c  ( r a p i d  h e a t i n g  r a t e )  ( C 1 C H 2 C H 2 C 1) .  A n a l .  

C a l c d  f o r  C n H 6C l N 0 4S :  C ,  4 6 .5 7 ;  H ,  2 . 1 3 .  F o u n d :  C ,  4 6 .5 0 ;  H ,  2 . 1 7 .

7h a n d  7i w e r e  n o t  o b t a i n e d  a n a l y t i c a l l y  p u r e .

7j: m p  1 7 7 - 1 7 7 . 5  ° C  d e c  ( C 1 C H 2 C H 2C 1 ) .  A n a l .  C a l c d  f o r  

C n H 6C l N 0 4 S :  C ,  4 6 .5 7 ;  H ,  2 . 1 3 .  F o u n d :  C ,  4 6 .2 2 ;  H ,  2 .2 6 .

7k w a s  n o t  o b t a i n e d  a n a l y t i c a l l y  p u r e .

71 w a s  o b t a i n e d  a s  a  p a r t i a l  h y d r a t e ,  m p  1 9 0 . 5 - 1 9 1 . 5  ° C  d e c  ( r a p i d  

h e a t i n g  r a t e )  ( a q u e o u s  E t O H ) .  A n a l .  C a l c d  f o r  C i 3 H n N 0 6S - 0 .7 H 2 0 :  

C ,  4 8 . 5 0 ;  H ,  3 .8 8 .  F o u n d :  C ,  4 8 . 7 3 ;  H ,  4 . 1 0 .

7 m :  m p  1 8 1 , 5 - 1 8 2 . 5  ° C  d e c  ( r a p i d  h e a t i n g  r a t e )  ( C H 3 C N ) .  A n a l .  

C a l c d  f o r  C i 2H 7 N 0 6S :  C ,  4 9 . 1 5 ;  H ,  2 . 4 1 .  F o u n d :  C ,  4 9 . 3 2 ;  H ,  2 .5 0 .

7n: m p  1 8 7 . 5 - 1 8 8 . 5  ° C  d e c  ( r a p i d  h e a t i n g  r a t e )  ( e t h e r -  

C 1 C H 2 C H 2 C 1) .  A n a l .  C a l c d  f o r  C n H 5 C l 2 N 0 4S :  C ,  4 1 . 5 3 ;  H ,  1 . 5 8 .  

F o u n d :  C ,  4 1 . 5 6 ;  H ,  1 . 6 0 .

7o; m p  1 9 3 - 1 9 3 . 5  ° C  d e c ;  9 3 %  y ie ld .  A n a l .  C a l c d  f o r  C i 3H s F 6 N 0 4S :  

C ,  4 0 .5 3 ;  H ,  1 . 3 1 .  F o u n d :  C ,  4 0 . 3 1 ;  H ,  1 . 1 8 .

7 p :  m p  1 6 3  ° C  d e c  ( l i t .2 1  m p  1 6 0  ° C  d e c ) ;  9 0 % .

7q: m p  1 7 3  ° C  d e c  ( e t h e r - h e x a n e ) .  A n a l .  C a l c d  f o r  C g H u N 0 4S :  C , 

4 7 . 1 5 ;  H ,  4 .8 4 . F o u n d :  C ,  4 7 .0 9 ;  H ,  4 .8 2 .

7r: m p  1 4 6 - 1 4 7  ° C  d e c  ( C 1 C H 2 C H 2 C 1 ) .  A n a l .  C a l c d  f o r  

C u H 1 3 N 0 4S :  C ,  5 1 . 7 9 ;  H ,  5 . 1 3 .  F o u n d :  C ,  5 1 . 6 7 ;  H ,  5 .2 0 .

General Procedure for 4-Isothiazolecarboxylic Acids (8). T h e

4 , 5 - i s o t h i a z o l e d i c a r b o x y l a t e s  w e r e  h e a t e d  in  0 - d ic h lo r o b e n z e n e  a t  

r e f l u x  f o r  1 5  m in  t o  e f f e c t  m o n o d e c a r b o x y la t i o n .  T h e  s o l u t i o n  w a s  

a l l o w e d  t o  c o o l ,  a n d  t h e  s o l i d  p r o d u c t  w a s  c o l l e c t e d ,  w a s h e d  w i t h  

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

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

c r y s t a l l i z e d .

8 a :  m p  1 6 7 - 1 6 8 . 5  ° C  ( 5 0 %  a q u e o u s  e t h a n o l)  ( l i t . 16  m p  1 6 5 - 1 6 6  ° C ) ;  

7 3 % .

8b: m p  1 6 3 . 5 - 1 6 5  ° C  ( C 1 C H 2 C H 2C 1 ) ;  8 7 % , A n a l .  C a l c d  f o r  

C I 0H 6F N O 2 S :  C ,  5 3 . 8 1 ;  H ,  2 . 7 1 .  F o u n d :  C ,  5 3 . 5 0 ;  H ,  2 .7 3 .

8 c :  m p  1 5 7 - 1 5 8 . 5  ° C  ( C 1 C H 2C H 2C 1 ) ;  8 3 % . A n a l .  C a l c d  f o r  

C 1 1 H 9N O 2 S :  C ,  6 0 .2 6 ;  H ,  4 . 1 4 .  F o u n d :  C ,  5 9 . 9 5 ;  H ,  4 . 1 0 .

8 d : m p  1 4 8 - 1 5 0  ° C  ( b e n z e n e - h e p t a n e ) ;  5 8 % . A n a l .  C a l c d  f o r  

C n H 6F 3 N 0 2 S :  C ,  4 8 . 3 5 ;  H ,  2 . 2 1 .  F o u n d :  C ,  4 8 . 3 4 ;  H ,  2 .3 2 .

8e: m p  1 8 3 - 1 8 5  ° C  ( b e n z e n e )  ( l i t . 22  m p  1 8 2 - 1 8 3  ° C ) ;  6 5 % .

8 f :  m p  1 4 4 . 5 - 1 4 6  ° C  ( C 1 C H 2 C H 2 C 1 ) ;  8 3 % . A n a l .  C a l c d  f o r  

C 1 1 H 9N O 2 S :  C ,  6 0 .2 6 ;  H ,  4 . 1 4 .  F o u n d :  C ,  6 0 . 2 1 ;  H ,  4 .0 4 .

8g: m p  2 1 5 - 2 1 6  ° C  ( C 1 C H 2 C H 2C 1 - C H 3 C N ) ;  8 7 % . A n a l .  C a l c d  f o r  

C i 0H 6C 1 N O 2 S :  C ,  5 0 . 1 1 ;  H ,  2 .5 2 .  F o u n d :  C ,  5 0 . 3 2 ;  H ,  2 .4 7 .

8h: m p  2 3 4 - 2 3 5 . 5  ° C  ( T H F - C H 3 C N ) ;  4 8 % . A n a l .  C a l c d  f o r  

C i 0H 6N 2 O 4S :  C ,  4 8 .0 0 ;  H ,  2 .4 2 ;  N ,  1 1 . 2 0 .  F o u n d :  C ,  4 8 .0 8 ;  H ,  2 .3 8 ;  N ,

1 1 . 0 6 .

8 i :  m p  1 7 9 . 5 - 1 8 1  ° C  ( C 1 C H 2 C H 2 C 1 ) ;  8 2 % . A n a l .  C a l c d  f o r  

C u H 9N 0 2 S :  C ,  6 0 .2 6 ;  H ,  4 . 1 4 .  F o u n d :  C ,  6 0 .4 9 ;  H ,  4 . 1 0 .

8 j :  m p  1 7 7 - 1 7 9  ° C  ( 7 5 %  a q u e o u s  E t O H )  ( l i t . 1 5  m p  1 7 2 - 1 7 4  ° C ) ;  

8 9 % .

8k: m p  2 6 4 .5 - 2 6 5 .5  ° C  d e c  ( d io x a n e ) ;  6 2 % ; d i d  n o t  g iv e  a  s a t i s f a c t o r y  

C , H  a n a l y s i s .

8 1 :  m p  2 1 5 . 5 - 2 1 6  ° C  d e c  ( E t O A c ) ;  9 0 % . A n a l .  C a l c d  f o r  

C i 2 H n N 0 4S :  C ,  5 4 . 3 3 ;  H ,  4 . 1 8 .  F o u n d :  C ,  5 4 . 3 2 ;  H ,  4 .2 4 .

8 m : m p  2 3 2 . 5 - 2 3 3 . 5  ° C  d e c  ( a q u e o u s  E t O H ) ;  7 9 % . A n a l .  C a l c d  f o r  

C u H 7 N 0 4S :  C ,  5 3 . 0 1 ;  H ,  2 .8 3 .  F o u n d :  C ,  5 2 .9 8 ;  H ,  2 .8 2 .

8 n :  m p  2 4 7 - 2 4 7 . 5  ° C  d e c  ( e t h e r - t o l u e n e ) .  A n a l .  C a l c d  f o r  

C i 0H 5 C 1 2N O 2S :  4 3 .8 2 ;  H ,  1 . 8 4 .  F o u n d :  C ,  4 3 .8 4 ;  H ,  1 . 8 7 .

8 0 :  m p  1 5 2 - 1 5 4  ° C  ( h e p t a n e ) ;  8 4 % . A n a l .  C a l c d  f o r  C 1 2 H 5 F 6N O 2 S :  

C ,  4 2 .2 4 ;  H ,  1 . 4 8 .  F o u n d :  C ,  4 2 . 1 3 ;  H ,  1 . 3 4 .

8p: m p  2 3 5 . 5 - 2 3 7 . 5  ° C ;  9 9 %  ( l i t . 2 1  m p  2 3 6 - 2 3 8  ° C ) .

8q: m p  1 2 8 - 1 3 0  ° C ;  9 0 % . A n a l .  C a l c d  f o r  C 8 H n N 0 2 S :  C ,  5 1 . 8 7 ;  H ,

5 .9 9 .  F o u n d :  C ,  5 1 . 7 7 ;  H ,  6 .0 4 .

8r: m p  1 5 5 - 1 5 6  ° C  ( h e p t a n e ) ;  6 8 % . A n a l .  C a l c d  f o r  C i o H i 3 N 0 2 S :  

C ,  5 6 .8 5 ;  H ,  6 .2 0 .  F o u n d :  C ,  5 7 .0 6 ;  H ,  6 . 1 5 ) .

General Procedure for Ethyl 4-IsothiazolecarboxyIates. P u r e  

c a r b o x y l i c  a c i d  w a s  h e a t e d  w i t h  e x c e s s  t h i o n y l  c h lo r i d e  a t  r e f l u x  o n  

a  s t e a m  b a t h  f o r  3 0  m in .  T h e  r e s u l t a n t  s o l u t i o n  w a s  c o n c e n t r a t e d  

u n d e r  a s p i r a t o r  v a c u u m , a n d  t h e  r e s i d u e  w a s  h e a t e d  in  e x c e s s  e t h a n o l  

a t  r e f l u x  f o r  3 0  m in .  T h e  s o lu t io n  w a s  c o n c e n t r a t e d  u n d e r  v a c u u m  t o  

g i v e  p u r e  e s t e r .  I n  c a s e s  o f  s o l i d  e s t e r s ,  t h e  s o l i d  w a s  r e c r y s t a l l i z e d .

9a: o i l ,  8 6 % ; I R  ( f i lm )  5 .8  g m ;  N M R  ( C D C I 3 ) 5  9 .4  ( s , 1 , 5 - H ) ,  7 .5  (m , 

5 ,  A r H ) ,  4 .3  ( q , 2 ,  O C H 2) , 1 . 3  ( t ,  3 ,  C H 3); m a s s  s p e c t r u m  m /e  2 3 3 , 2 0 4 ,  

1 8 8 , 1 6 1 , 1 3 3 , 1 1 6 , 1 0 4 , 8 5 , 7 7 , 6 3 , 5 7 , 5 1 .  A n a l .  C a l c d  f o r  C i 2 H u N 0 2 S :  

C ,  6 1 . 7 8 ;  H ,  4 . 7 5 ;  N ,  6 .0 0 . F o u n d :  C ,  6 1 . 6 4 ;  H ,  4 .9 3 ;  N ,  6 .2 0 .

9b: m p  2 9 . 5 - 3 1  ° C  ( E t O H  a t  - 7 8  ° C ) ;  9 3 % . A n a l .  C a l c d  f o r  

C i 2H 10 F N O 2 S :  C ,  5 7 . 3 6 ;  H ,  4 . 0 1 .  F o u n d :  C ,  5 7 . 5 8 ;  H ,  4 .0 0 .

9 c :  n 26p  1 . 5 7 2 2 ;  9 3 % . A n a l .  C a l c d  f o r  C i 3 H i 3N 0 2 S :  C ,  6 3 . 1 3 ;  H ,  5 .3 0 .  

F o u n d :  C ,  6 3 . 1 5 ;  H ,  5 . 2 3 .

9 d :  m p  5 7 . 5 - 5 9  ° C  ( h e x a n e ) ;  5 1 % .  A n a l .  C a l c d  f o r  C i 3 H ioF 3N 0 2 S :  

C ,  5 1 . 8 2 ;  H ,  3 . 3 5 ;  N ,  4 .6 5 .  F o u n d :  C ,  5 2 .0 7 ;  H ,  3 . 3 3 ;  N ,  4 .5 6 .

9e: m p  8 7 . 5 - 8 9 . 5  ° C  ( E t O H ) ;  8 6 % . A n a l .  C a l c d  f o r  C i 2 H 9C 1 2 N 0 2 S :  

C ,  4 7 .7 0 ;  H ,  3 .0 0 .  F o u n d :  C ,  4 7 .7 4 ;  H ,  3 .0 4 .

9 f :  n 25D  1 . 5 8 2 3 ;  9 8 % . A n a l .  C a lc d  f o r  C i 3 H i 3 N 0 2S :  C ,  6 3 . 1 3 ;  H ,  5 .3 0 .  
F o u n d :  C ,  6 3 . 2 7 ;  H ,  5 .3 8 .

9 g :  m p  6 6 .5 - 6 8  ° C  ( E t O H ) ;  9 5 % . A n a l .  C a l c d  f o r  C i 2 H i 0C 1 N O 2 S :  

C ,  5 3 . 8 3 ;  H ,  3 .7 6 .  F o u n d :  C ,  5 3 .8 6 ;  H ,  3 . 7 3 .

9h: m p  1 3 6 . 5 - 1 3 8  ° C  ( E t O H ) ;  7 2 % . A n a l .  C a l c d  f o r  C 1 2 H 1 0 N 2 O 4S :  

C ,  5 1 . 7 9 ;  H ,  3 .6 2 ;  N ,  1 0 .0 7 .  F o u n d :  C ,  5 1 . 8 5 ;  H ,  3 . 3 8 ;  N ,  1 0 . 0 7 .

9 i :  n 25D 1 . 5 6 7 1 ;  9 0 % . C a l c d  f o r  C 1 3 H 1 3 N 0 2 S :  C ,  6 3 . 1 3 ;  H ,  5 .3 0 .  
F o u n d :  C ,  6 2 .9 5 ;  H ,  5 .5 2 .

9 j :  m p  7 0 . 5 - 7 1 . 5  ° C  ( a q u e o u s  E t O H ) ;  6 6 % . A n a l .  C a l c d  f o r  

C i 2 H ioC 1 N 0 2 S :  C ,  5 3 . 8 3 ;  H ,  3 .7 6 .  F o u n d :  C ,  5 4 . 0 1 ;  H ,  3 .9 0 .  9j w a s  

o b t a i n e d  a l s o  in  a  c r y s t a l  f o r m  w it h  m p  5 5 . 5 - 5 6 . 5  ° C .

9k: m p  1 5 2 - 1 5 4  ° C  ( E t O H ) ;  6 3 % . A n a l .  C a l c d  f o r  C i 2 H i 0N 2 O 4S :  C ,  

5 1 . 7 9 ;  H ,  3 .6 2 .  F o u n d :  C ,  5 1 . 8 2 ;  H ,  3 .6 3 .

9 1 :  m p  7 4 - 7 5 . 5  ° C  ( E t O H - h e x a n e ) ;  9 8 % . A n a l .  C a l c d  f o r  

C i 4H i 5 N 0 4S :  C ,  5 7 . 3 2 ;  H ,  5 . 1 5 .  F o u n d :  C ,  5 7 . 3 6 ;  H ,  5 . 1 4 .

9 m :  m p  1 1 9 . 5 - 1 2 0 . 5  ° C  ( E t O H - E t O A c ) ;  9 4 % . A n a l .  C a l c d  f o r  
C i 3 H u N 0 4 S :  C ,  5 6 . 3 1 ;  H ,  4 .0 0 ;  N ,  5 .0 5 .  F o u n d :  C ,  5 6 .2 8 ;  H ,  3 . 9 1 ;  N ,
5 .0 4 .

9 n :  m p  1 1 1 . 5 - 1 1 2  ° C  ( E t O H ) ;  8 8 % . A n a l .  C a l c d  f o r  C 1 2 H 9C 1 2N 0 2 S :  

C ,  4 7 .7 0 ;  H ,  3 .0 0 .  F o u n d :  C ,  4 7 . 6 1 ;  H ,  3 .0 2 .

9o: m p  6 1 . 5 - 6 3  ° C  ( 9 6 % ) . A n a l .  C a l c d  f o r  C 14 H 9F 6N 0 2 S :  C ,  4 5 . 5 3 ;  
H ,  2 .4 6 .  F o u n d :  C ,  4 5 . 3 1 ;  H ,  2 . 5 1 .

9 r :  r t 25D 1 . 5 2 6 3 ;  8 8 % . A n a l .  C a lc d  f o r  C i 2 H i 7 N 0 2S :  C ,  6 0 .2 2 ;  H ,  7 . 1 6 .  
F o u n d :  C ,  5 9 .9 8 ;  H ,  5 .8 3 .

Ethyl 3-Phenyl-5-isothiazolecarboxylate (10a). A  s o l u t i o n  o f

8 .9 6  g  ( 0 .0 5 0  m o l)  o f  5 - p h e n y l - l , 3 , 4 - o x a t h i a z o l - 2 - o n e  a n d  1 9 .6 2  g ( 0 .2 0  

m o l)  o f  e t h y l  p r o p io la t e  in  7 5  g  o f  0 - d ic h lo r o b e n z e n e  w a s  h e ld  a t  r e f l u x  

( 1 5 0  ° C )  f o r  3 . 5  h . G C  a n a ly s i s  ( 2  f t  10 %  S E - 3 0  c o lu m n )  o f  t h e  r e a c t io n  

m i x t u r e  r e v e a le d  t h a t  a l l  t h e  o x a t h ia z o lo n e  h a d  r e a c t e d  a n d  t h a t  e t h y l

3 - p h e n y I - 4 - i s o t h i a z o I e c a r b o x y l a t e  (9a) a n d  e t h y l  3 - p h e n y l - 5 - i s o t h i -
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a z o l e c a r b o x y l a t e  (10a) h a d  f o r m e d  in  4 0  a n d  4 3 %  y i e l d s ,  r e s p e c t i v e l y .  

T h e  r e a c t i o n  m i x t u r e  w a s  c o n c e n t r a t e d  u n d e r  v a c u u m  t o  1 2 . 2  g  o f  

b l a c k  o i l .  D r y  c o l u m n  c h r o m a t o g r a p h y  o f  t h e  o i l  o n  8 0 0  g  o f  W o e lm  

s i l i c a  g e l  ( f o r  d r y  c o l u m n  c h r o m a t o g r a p h y )  w i t h  b e n z e n e  g a v e  4 .7  g  

o f  9 8 %  p u r e  10a, m p  6 3 - 6 5  ° C ,  a n d  6 .0  g  o f  c r u d e  9a, T w o  c r y s t a l l i 

z a t i o n s  o f  t h e  10a f r o m  e t h a n o l  g a v e  3 .4  g  (2 9 % ) o f  p u r e  10a: m p  6 6 - 6 7  

° C ;  I R  ( m in e r a l  o i l  m u l l )  5 .8 2  Aim ; N M R  ( C D C I 3 ) <5 8 .0 7  ( s , 1 , 4 - H ) ,  7 .9  

( m , 2 , A r H ) ,  7 .4  ( m , 3 ,  A r H ) ,  4 . 4 3  ( q ,  2 , O C H 2) ,  1 . 3 7  ( t ,  3 ,  C H 3 ). A n a l .  

C a l c d  f o r  C i 2 H u N Q 2 S :  C ,  6 1 . 7 8 ;  H ,  4 . 7 5 ;  N ,  6 .0 0 . F o u n d :  C ,  6 1 . 9 7 ;  H ,  
4 . 7 1 ;  N ,  6 .0 6 .

H y d r o l y s i s  o f  a  s a m p l e  o f  t h e  5 - c a r b o x y l i c  e s t e r  g a v e  3 - p h e n y l - 5 -  

i s o t h i a z o l e c a r b o x y l i c  a c i d ,  m p  1 8 4 - 1 8 5  ° C  ( l i t 2 3  1 8 4 - 1 8 6  ° C ) .

T h e  6 .0  g  o f  c r u d e  9a w a s  h y d r o l y z e d  w i t h  3 .6  g  (0 .0 9 0  m o l)  o f  N a O H  

in  a q u e o u s  e t h a n o l  a t  r e f l u x  f o r  1  h . T h e  s o lu t io n  w a s  c o o le d  in  ic e  a n d  

a c id i f ie d  w i t h  c o n c e n t r a t e d  H C 1  t o  g iv e  4 . 0 1  g  o f  t a n  s o l id ,  m p  1 5 0 - 1 6 5  

° C .  T h e  s o l i d  w a s  c r y s t a l l i z e d  f r o m  a q u e o u s  E t O H  t o  g i v e  3 .4 5  g  o f  

t a n  s o l i d ,  m p  1 6 2 - 1 6 7  ° C .  T h i s  m a t e r i a l  w a s  h e a t e d  in  4 0  m L  o f  o -  

d i c h lo r o b e n z e n e  a t  r e f l u x  f o r  8  m in .  T h e  s o lu t io n  w a s  c o o le d ,  a n d  t h e  

r e s u l t a n t  s o l id  w a s  c o l l e c t e d  a n d  w a s h e d  w i t h  0 - d ic h lo r o b e n z e n e  a n d  

t h e n  h e x a n e  t o  g i v e  3 . 1 3  g  ( 3 1 % )  o f  s o l i d ,  m p  1 6 7 - 1 6 8 . 5 ° ;  t h e  I R  

s p e c t r a  o f  t h i s  m a t e r i a l  a n d  o f  a u t h e n t i c  3 - p h e n y l - 4 - i s o t h i a z o l e c a r -  

b o x y l i c  a c i d  w e r e  i d e n t i c a l .

Ethyl 3-(p-Chlorophenyl)-5-isothiazolecarboxylate (lOj). A
s o l u t i o n  o f  1 0 . 6 8  g  ( 0 .0 5 0  m o l)  o f  5 - ( p - c h l o r o p h e n y l ) - l , 3 , 4 - o x a t h i a -  

z o l - 2 - o n e  a n d  1 9 . 6 2  g  ( 0 .2 0  m o l)  o f  e t h y l  p r o p i o l a t e  in  7 5  g  o f  o - d i -  

c h lo r o b e n z e n e  w a s  h e ld  a t  r e f l u x  ( 1 5 0  ° C )  u n d e r  N 2  f o r  1 0  h  a n d  w a s  

c o n c e n t r a t e d  u n d e r  v a c u u m  a t  9 0  ° C  (0 . 2  T o r r )  t o  g i v e  1 6 . 0  g  o f  b l a c k  

o i l .  D r y  c o l u m n  c h r o m a t o g r a p h y  o f  t h e  o i l  o n  s i l i c a  g e l  w i t h  b e n z e n e  

a n d  c r y s t a l l i z a t i o n s  o f  t h e  f r a c t i o n s  r i c h  in  5 - c a r b o x y l a t e  g a v e  3 . 5 0  

g  (2 6 %  y i e l d )  o f  p u r e  e t h y l  3 - ( p - c h l o r o p h e n y l ) - 5 - i s o t h i a z o I e c a r b o x -  

y l a t e :  m p  8 7 . 5 - 8 9  ° C  ( f r o m  e t h a n o l) ;  N M R  ( C D C I 3 ) b 8 . 1 3  ( s , 1 , 4 - H ) ,

7 .7  (m , 4 , C 1 C 6 H 4), 4 .4 7  ( q ,  2 , O C H 2) , 1 . 4 3  ( t ,  3 ,  C H 3). A n a l .  C a l c d  f o r  

C 1 2 H 10 C l N O 2 S :  C ,  5 3 . 8 3 ;  H ,  3 .7 6 .  F o u n d :  C ,  5 3 .8 4 ;  H ,  3 .6 4 .

C r y s t a l l i z a t i o n  o f  t h e  f r a c t i o n s  r ic h  in  4 - c a r b o x y l a t e  f r o m  a q u e o u s  

e t h a n o l  g a v e  2 .4 5  g  ( 1 8 %  y i e l d )  o f  p u r e  e t h y l  3 - ( p - c h l o r o p h e n y l ) - 4 -  

i s o t h i a z o l e c a r b o x y l a t e ,  m p  7 0 . 5 - 7 1 . 5  ° C .

Ethyl 3-(af,a,a-Trifluoro-jn-tolyl)-4-isothiazolecarboxylate 
(9u) and Ethyl 3-(<*,«,a-Trifluoro-m-tolyl)-5-isothiazolecar- 
boxylate (lOu). A  s o l u t i o n  o f  1 2 . 3 6  g  ( 0 .0 5 0  m o l)  o f  5 - ( a , « , a - t r i -  

f l u o r o - m - t o l y l ) - l , 3 ,4 - o x a t h i a z o l - 2 - o n e  a n d  1 9 . 6 2  g  ( 0 .2 0  m o l)  o f  e t h y l  

p r o p i o l a t e  in  7 5 . 0  g  o f  0 - d ic h lo r o b e n z e n e  w a s  h e l d  a t  r e f l u x  u n d e r  N 2 

f o r  2 0  h , a t  w h i c h  t i m e  a n a l y s i s  b y  G C  r e v e a l e d  t h a t  t h e  r e a c t i o n  w a s  

c o m p l e t e  a n d  t h a t  t h e  4 - c a r b o x y l a t e  a n d  t h e  5 - c a r b o y x l a t e  h a d  

f o r m e d  in  4 6  a n d  3 9 %  y i e l d s ,  r e s p e c t i v e l y .  C o n c e n t r a t i o n  o f  t h e  s o 

lu t io n  u n d e r  v a c u u m  g a v e  1 6 . 4  g  o f  d a r k  o i l .  C r y s t a l l i z a t i o n  o f  t h e  o i l  

f r o m  3 5  m L  o f  e t h a n o l  a t  - 2 0  ° C  g a v e  5 .0 5  g  ( 3 4 % )  o f  t a n  s o l i d ,  m p

7 7 - 7 9  ° C ,  t h a t  w a s  ~ 9 8 %  p u r e  5 - c a r b o x y l a t e  ( G C  a s s a y ) .  C o n c e n 

t r a t i o n  o f  t h e  f i l t r a t e  g a v e  1 0 . 8  g  o f  o i l .  C h r o m a t o g r a p h y  o f  t h e  o i l  o n  

5 5 0  g  o f  s i l ic i c  a c id  w i t h  b e n z e n e  g a v e  5 .2  g  ( 3 5 % )  o f  4 - c a r b o x y la t e  t h a t  

w a s  9 7 %  p u r e  ( 3 %  lo w  b o i le r s ,  n o  5 - c a r b o x y l a t e  p r e s e n t ;  G C  a n a l y s i s ) :  

I R  ( C H C 1 3) 5 . 8 3  Aim; N M R  ( C D C 1 3 ) b 9 .4 3  ( s ,  1 ,  5 - H ) ,  8 . 0 3 - 7 . 4 3  ( m , 

4 , A r H ) ,  4 . 3 0  ( q , 2 ,  O C H 2) , 1 . 2 3  ( t ,  3 ,  C H 3 ). A n a l .  C a l c d  f o r  

C i 3H 10 F 3N O 2S :  C ,  5 1 . 8 2 ;  H ,  3 . 3 5 .  F o u n d :  C ,  5 2 .0 9 ;  H ,  3 .5 0 .

T h e  c h r o m a t o g r a p h y  a l s o  g a v e  0 . 3 1  g  ( 2 % ) o f  p u r e  5 - c a r b o x y l a t e ,  

m p  8 0 - 8 1 . 5  ° C .  R e c r y s t a l l i z a t i o n  o f  t h e  5 .0 5  g  o f  5 - c a r b o x y l a t e  f r o m  

e t h a n o l  g a v e  4 .0 5  g  ( 2 7 % )  o f  c o l o r l e s s  c r y s t a l s :  m p  8 0 - 8 1 . 5  ° C ;  I R  

( C H C 1 3 ) 5 . 8 1  Aim; N M R  ( C D C 1 3 ) b 8 .2 0  ( s ,  1 ,  4 - H ) ,  8 . 3 0 - 7 . 4 7  ( m , 4 , 

A r H ) ,  4 .4 7  ( q , 2 ,  O C H 2) ,  1 . 4 3  ( t ,  3 ,  C H 3) . A n a l .  C a l c d  f o r  

C i 3 H 1 0 F 3 N O 2S :  C ,  5 1 . 8 2 ;  H ,  3 . 3 5 .  F o u n d :  C ,  5 1 . 9 8 ;  H ,  3 .3 9 .

Ethyl 3-(p-Cyanophenyl)-4-isothiazolecarboxylate (9v) and 
Ethyl 3-(p-Cyanophenyl)-5-isothiazolecarboxylate (lOv). A  s o 

l u t i o n  o f  1 0 . 2  g  ( 0 .0 5 0  m o l)  o f  5 - ( p - c y a n o p h e n y l ) - l , 3 , 4 - o x a t h i a z o l -  

2 - o n e  a n d  1 9 . 6 2  g  ( 0 .2 0  m o l)  o f  e t h y l  p r o p i o l a t e  in  7 5 . 0  g  o f  o - d i c h l o -  

r o b e n z e n e  w a s  h e l d  a t  r e f l u x  u n d e r  N 2  f o r  2 0  h ,  a t  w h i c h  t i m e  G C  

a n a l y s i s  i n d i c a t e d  t h a t  t h e  4 - c a r b o x y l a t e  a n d  t h e  5 - c a r b o x y l a t e  h a d  

f o r m e d  in  4 4  a n d  4 6 %  y i e l d s ,  r e s p e c t i v e l y .  C o n c e n t r a t i o n  o f  t h e  r e 

a c t i o n  m i x t u r e  u n d e r  v a c u u m  g a v e  2 0 .3  g  o f  b r o w n  s o l i d .  C r y s t a l l i 

z a t io n  o f  t h i s  m a t e r i a l  f r o m  e t h a n o l  g a v e  5 .5 4  g  (4 3 % )  o f  5 - c a r b o x y l a t e  

a s  a  b e i g e  s o l i d ,  m p  1 7 5 - 1 7 9  ° C .  C r y s t a l l i z a t i o n  o f  t h e  s o l i d  f r o m  

e t h a n o l  g a v e  0 . 1  g  o f  u n i d e n t i f i e d ,  f a i r l y  i n s o l u b l e  w h i t e  s o l i d :  m p  

2 3 6 - 2 3 7  ° C ;  I R  ( C H C 1 3 ) 4 . 5 0 ,  5 . 8 1  Aim. T h e  r e s i d u e  f r o m  t h e  f i l t r a t e  

w a s  c h r o m a t o g r a p h e d  o n  s i l i c a  g e l  w i t h  b e n z e n e ,  a n d  t h e  p u r e s t  

f r a c t i o n s  w e r e  c r y s t a l l i z e d  f r o m  e t h a n o l  t o  g i v e  1 . 2 7  g  ( 1 0 % )  o f  5 -  

c a r b o x y l a t e  a s  a  w h i t e  s o l i d :  m p  1 8 3 - 1 8 4 . 5  ° C ;  I R  ( C H C 1 3 ) 4 . 5 0 , 5 . 8 1  

Aim; N M R  ( C D C 1 3) S 8 . 1 7  ( s , 1 , 4 - H ) ,  7 .9 3  ( A A ' B B ' m ,  4 , A r H ) ,  4 .4 3  ( q , 

2 ,  J  =  7  H z , O C H 2 C H 3 ), 1 . 4 0  ( t ,  3 ,  J  =  7  H z ,  O C H 2C H 3). A n a l .  C a l c d  

f o r  C i 3 H a0N 2 O 2S :  C ,  6 0 .4 5 ;  H ,  3 .9 0 .  F o u n d :  C ,  6 0 .4 9 ;  H ,  3 .9 8 .

T h e  f i l t r a t e  f r o m  t h e  c r y s t a l l i z a t i o n  o f  t h e  2 0 .3  g  o f  b r o w n  s o l id  w a s  

c o n c e n t r a t e d  u n d e r  v a c u u m ,  a n d  t h e  r e s i d u e  w a s  c h r o m a t o g r a p h e d  

o n  s i l i c a  g e l  w i t h  b e n z e n e .  T h e  4 - c a r b o x y l a t e  t h u s  o b t a i n e d  w a s  

c r y s t a l l i z e d  f r o m  h e p t a n e  t o  g i v e  4 .0 6  g  ( 3 2 % )  o f  w h i t e  s o l i d :  m p

1 0 9 - 1 1 0  ° C ;  I R  ( C H C 1 3) 4 . 5 0 , 5 . 8 1  Aim; N M R  ( C D C I 3 ) 5 9 .4 0  (s , 1 , 5 - H ) ,

7 . 7 3  ( s ,  4 , A r H ) ,  4 . 3 0  ( q , 2 ,  J  =  7  H z ,  O C H 2 C H 3 ), 1 . 2 7  ( t ,  3 ,  J  =  7  H z , 

O C H 2 C H 3 ) . A n a l .  C a l c d  f o r  C i 3 H i o N 2 0 2 S :  C ,  6 0 .4 5 ;  H ,  3 .9 0 .  F o u n d :  

C ,  6 0 .4 8 ;  H ,  3 .9 6 .

Ethyl 3-(3,o-Dimethoxyphenyl)-4-isothiazolec,arboxylate (9v?) 
and Ethyl 3-(3,5-Dimethoxyphenyl)-5-isothiazolecarboxylate 
(lOw). B y  a  p r o c e d u r e  s i m i l a r  t o  t h a t  e m p lo y e d  f o r  9j a n d  lOj, e t h y l

3 - ( 3 ,5 - d i m e t h o x y p h e n y l ) - 4 - i s o t h i a z o l e c a r b o x y l a t e  w a s  o b t a i n e d  in  

2 5 %  y i e l d  a s  a  w h i t e  s o l i d :  m p  7 1 . 5 - 7 3  ° C  ( f r o m  e t h a n o l ) ;  N M R  

( C D C I 3 ) 5 9 .2 3  ( s ,  1 , 5 - H ) ,  6 . 7 2  ( d ,  2 ,  J  =  2  H z ,  A r H ) ,  6 .4 8  ( t ,  1 ,  J  =  2  

H z ,  A r H ) ,  4 . 2 3  ( q , 2 ,  J  =  7  H z ,  O C H 2 C H 3) , 3 . 7 8  ( s , 6 , O C H 3 ), 1 . 2 3  ( t ,  

3 ,  J  =  7  H z ,  O C H 2 C H 3 ). A n a l .  C a l c d  f o r  C i 4H 1 5 N 0 4S :  C ,  5 7 . 3 2 ;  H ,

5 . 1 5 .  F o u n d :  C ,  5 7 . 4 0 ;  H ,  5 . 2 1 .

E t h y l  3 - ( 3 - d i m e t h o x y p h e n y l ) - 5 - i s o t h i a z o l e c a r b o x y l a t e  w a s  o b 
t a i n e d  in  3 2 %  y i e l d  a s  a  w h i t e  s o l i d :  m p  1 0 1 - 1 0 3  ° C  ( f r o m  e t h a n o l ) ;  

N M R  ( C D C 1 3 ) b 7 .9 8  ( s ,  1 , 4 - H ) ,  7 .0 3  ( d , 2 ,  J  =  2  H z ,  A r H ) ,  6 .4 7  ( t ,  1 ,  

J  =  2  H z , A r H ) ,  4 .3 7  ( q , 2 , J  =  7  H z ,  O C H 2 C H 3 ), 3 .8 2  (s , 6 , O C H 3), 1 . 4 0  

( t ,  3 ,  J  =  7  H z ,  O C H 2 C H 3) . A n a l .  C a l c d  f o r  C i 4H 1 5 N 0 4S :  C ,  5 7 . 3 2 ;  H ,

5 . 1 5 .  F o u n d :  C ,  5 7 . 5 0 ;  H ,  5 . 1 7 .

5-Phenyl-2- (a,a,a-trifluoro-m  -tolyl) -4-isothiazolecar boxylic 
Acid 20. A  s o l u t i o n  o f  5 .4 4  g  ( 0 .0 2 2  m o l)  o f  5 - ( a , a , a - t r i f l u o r o - m -  

t o l y l ) - l , 3 , 4 - o x a t h i a z o l - 2 - o n e ,  3 8 . 1 5  g  ( 0 .2 2  m o l)  o f  e t h y l  p h e n y l p r o -  

p i o l a t e ,  a n d  3 8 . 1 5  g  o f  0 - d i c h lo r o b e n z e n e  w a s  h e l d  a t  1 5 0  ° C  u n d e r  

N 2 f o r  2 0  h , a t  w h i c h  t i m e  G C  a n a l y s i s  r e v e a l e d  t h e  i s o t h i a z o l e - 4 -  

c a r b o x y l a t e  a n d  i s o t h i a z o l e - 5 - c a r b o x y l a t e  h a d  f o r m e d  in  4 7  a n d  9 .5 %  

y i e l d s ,  r e s p e c t i v e l y .  T h e  r e a c t i o n  m i x t u r e  w a s  c o n c e n t r a t e d  u n d e r  

v a c u u m  ( 0 . 1 5  T o r r  a n d  1 8 0  ° C  b a t h  t e m p e r a t u r e )  t o  1 2 . 7  g  o f  r e s i d u e  

( p r o d u c t s  a n d  h i g h - b o i l i n g  s i d e  p r o d u c t s ) .  T h e  r e s i d u e  w a s  c h r o m a 

t o g r a p h e d  o n  1 1 5 4  g  o f  s i l i c a  g e l  ( W o e lm ,  f o r  d r y  c o lu m n  c h r o m a 

t o g r a p h y )  w i t h  b e n z e n e  t o  g i v e  2 . 7 2  g  o f  9 1 %  p u r e  4 -  a n d  5 - i s o t h i a -  

z o l e c a r b o x y l a t e  m i x t u r e .  A  2 .5 - g  s a m p l e  o f  t h e  m i x t u r e  w a s  h e a t e d  

w i t h  2 .8  g  o f  s o d i u m  h y d r o x i d e  in  5 0 %  a q u e o u s  e t h a n o l  a t  r e f l u x  f o r  

2  h . T h e  s o l u t i o n  w a s  c o n c e n t r a t e d  u n d e r  v a c u u m .  T h e  r e s i d u e  w a s  

a c i d i f i e d  w i t h  d i lu t e  H C 1 .  T h e  m i x t u r e  w a s  e x t r a c t e d  w i t h  t h r e e

1 5 0 - m L  p o r t io n s  o f  e t h e r .  T h e  e t h e r  e x t r a c t s  w e r e  d r i e d  ( C a S 0 4) a n d  

c o n c e n t r a t e d  u n d e r  v a c u u m  t o  2 . 1  g  o f  s o l i d .  T h e  s o l i d  w a s  h e a t e d  in  

2 0  m L  o f  0 - d i c h lo r o b e n z e n e  a t  r e f l u x  f o r  2 0  m in ,  a t  w h i c h  t i m e  g a s  

e v o l u t i o n  h a d  c e a s e d .  C o n c e n t r a t i o n  o f  t h e  s o l u t i o n  u n d e r  v a c u u m  

g a v e  1 . 8  g  o f  s o l i d .  C r y s t a l l i z a t i o n  o f  t h e  s o l i d  f r o m  b e n z e n e  g a v e  1 . 1  

g  ( 1 4 %  y i e l d  f r o m  o x a t h i a z o l o n e )  o f  s o l i d  5 - p h e n y l - 3 - ( a , « , « - t r i -  

f l u o r o - m - t o l y l ) - 4 - i s o t h i a z o l e c a r b o x y l i c  a c i d ,  m p  1 9 2 . 5 - 1 9 4  ° C .  R e c 

r y s t a l l i z a t i o n  o f  t h e  s o l id  f r o m  1 , 2 - d i c h l o r o e t h a n e  g a v e  0 .9 7  g  o f  s o l id :  

m p  1 9 4 - 1 9 5  ° C ;  I R  ( m i n e r a l  o i l  m u l l )  3 . 0 - 4 . 2  ( m ) ,  5 .8 4  Aim ( s ) ;  m a s s  

s p e c t r u m  m le  3 4 9  ( M + ). A n a l .  C a l c d  f o r  C i 7 H i o F 3 N 0 2S :  C ,  5 8 .4 5 ;  H ,

2 .9 8 .  F o u n d :  C ,  5 8 .5 2 ;  H ,  3 .0 4 .

Ethyl 5-Phenyl-3-(a,a,a-trifluoro-m-tolyl)-4-isothiazole- 
carboxylate (18). A  s o l u t i o n  o f  0 .9 7  g  ( 0 .0 0 2 7 8  m o l)  o f  5 - p h e n y l - 3 -  

( a , a , a - t r i f l u o r o - m - t o l y l ) - 4 - i s o t h i a z o l e c a r b o x y l i c  a c i d  a n d  1 . 5 8  g  ( 5  

e q u i v )  o f  t h i o n y l  c h lo r i d e  w a s  h e a t e d  o n  a  s t e a m  b a t h  f o r  0 .5  h . T h e  

r e a c t i o n  m i x t u r e  w a s  c o n c e n t r a t e d  u n d e r  v a c u u m .  T h e  r e s i d u e  in  5  

c m 3  o f  e t h a n o l  w a s  h e a t e d  o n  a  s t e a m  b a t h  f o r  1  h .  T h e  m i x t u r e  w a s  

c o n c e n t r a t e d  u n d e r  v a c u u m  t o  g i v e  0 .6 5  g  o f  o i l .  T h e  o i l  w a s  c r y s t a l 

l iz e d  f r o m  h e x a n e  t o  g i v e  0 . 1 3  g  o f  s o l i d ,  m p  4 1 - 4 5  ° C .  T h e  r e s i d u e  

f r o m  t h e  f i l t r a t e  w a s  c r y s t a l l iz e d  t h r e e  t im e s  f r o m  p e n t a n e  t o  g iv e  0 .0 5  

g  o f  s o l i d :  m p  4 4 - 4 6  ° C ;  I R  ( m i n e r a l  o i l  m u l l )  5 .8 2  Aim ( C = 0 ) ;  N M R  

( C D C 1 3 ) b 7 .9 9  ( m , 9 , A r H ) ,  4 . 1 6  ( q ,  2 ,  J  =  H z ,  O C H 2 C H 3) , 1 . 0 3  ( t ,  3 ,  

J  =  7  H z ,  O C H 2 C H 3). A n a l .  C a l c d  f o r  C 19 H 14 F 3 N 0 2 S :  C ,  6 0 .4 7 ;  H , 

3 .7 4 ;  N ,  3 . 7 1 .  F o u n d :  C ,  6 0 .3 2 ;  H ,  3 . 7 1 ;  N ,  3 . 7 5 .

Registry No.—5b, 5 2 0 5 9 - 6 3 - 9 ;  5c, 5 2 0 5 9 - 7 0 - 8 ;  5d, 6 7 0 4 8 - 9 2 - 4 ;  5e, 
6 7 0 4 8 - 9 1 - 3 ;  5f, 2 3 5 8 9 - 6 8 - 6 ;  5g, 2 3 5 8 9 - 7 3 - 3 ;  5h, 2 3 5 8 9 - 7 7 - 7 ;  5i, 
1 7 4 5 2 - 7 8 - 7 ;  5k, 1 7 4 5 2 - 8 0 - 1 ;  51, 6 7 0 4 8 - 9 0 - 2 ;  5m, 6 7 0 4 8 - 8 9 - 9 ;  5n,
6 7 0 4 8 -  8 8 - 8 ;  5o, 6 7 0 4 8 - 8 6 - 6 ;  5p, 1 7 4 5 2 - 7 4 - 3 ;  5q, 6 7 0 4 9 - 0 4 - 1 ;  5r,
6 7 0 4 9 -  1 2 - 1 ;  5s, 1 7 4 5 2 - 7 5 - 4 ;  5t, 6 1 6 8 9 - 4 0 - 5 ;  6a, 2 7 5 4 5 - 5 3 - 5 ;  6b,
6 7 0 4 8 - 7 7 - 5 ;  6c, 6 7 0 4 8 - 7 3 - 1 ;  6d, 6 7 0 4 8 - 7 1 - 9 ;  6e, 6 7 0 4 8 - 6 8 - 4 ;  6f,
6 7 0 4 8 - 6 5 - 1 ;  6 g ,  6 7 0 4 8 - 6 2 - 8 ;  6h, 6 7 0 4 8 - 5 9 - 3 ;  6i, 3 5 5 5 0 - 0 1 - 7 ;  6j,
6 7 0 4 8 -  5 4 - 8 ;  6k, 5 9 2 9 1 - 7 4 - 6 ;  61, 6 7 1 1 3 - 9 5 - 5 ;  6m, 6 7 0 4 8 - 5 0 - 4 ;  6n,
5 9 2 9 1 - 7 5 - 7 ;  60, 6 7 1 1 3 - 9 4 - 4 ;  6p, 4 9 5 7 0 - 3 3 - 4 ;  6q, 6 7 0 4 9 - 1 7 - 6 ;  6r,
6 7 0 4 9 -  1 4 - 3 ;  6 s ,  6 7 0 4 9 - 1 1 - 0 ;  6t, 6 7 0 4 9 - 0 9 - 6 ;  7a, 2 7 5 4 5 - 5 4 - 6 ;  7b,
6 7 0 4 9 - 0 2 - 9 ;  7c, 6 7 0 4 9 - 1 0 - 9 ;  7d, 6 7 0 4 9 - 0 7 - 4 ;  7e, 6 7 0 4 8 - 8 4 - 4 ;  7f,
6 7 0 4 8 - 8 2 - 2 ;  7g, 6 7 0 4 8 - 7 9 - 7 ;  7h, 6 7 0 4 9 - 0 5 - 2 ;  7i, 6 7 0 4 9 - 0 1 - 8 ;  7j,
6 7 0 4 8 - 7 6 - 4 ;  7k, 6 7 0 4 8 - 8 3 - 3 ;  71, 6 7 1 1 3 - 9 6 - 6 ;  7m, 6 7 0 4 8 - 7 0 - 8 ;  7n,
6 7 0 4 8 - 6 6 - 2 ;  7o, 6 7 0 4 8 - 6 4 - 0 ;  7p, 6 7 0 4 8 - 6 1 - 7 ;  7q, 6 7 0 4 8 - 5 8 - 2 ;  7r,
6 7 0 4 8 - 5 6 - 0 ;  8a, 1 8 1 6 0 - 8 2 - 2 ;  8b, 6 7 0 4 8 - 5 2 - 6 ;  8c, 6 7 0 4 8 - 4 9 - 1 ;  8d,
6 7 0 4 8 -  4 7 - 9 ;  8 e ,  1 9 5 4 7 - 3 3 - 2 ;  8 f ,  6 7 1 1 3 - 9 3 - 3 ;  8 g ,  6 7 0 4 9 - 1 9 - 8 ;  8 h ,

6 7 0 4 9 -  1 6 - 5 ;  8i, 6 7 0 4 9 - 1 3 - 2 ;  8j, 1 9 7 6 2 - 9 3 - 7 ;  8k, 6 7 0 4 9 - 0 8 - 5 ;  81,
6 7 0 4 9 - 0 6 - 3 ;  8m, 6 7 0 4 9 - 0 3 - 0 ;  8n, 6 7 1 1 3 - 9 7 - 7 ;  80, 6 7 0 4 8 - 8 1 - 1 ;  8p,
1 5 9 0 3 - 6 6 - 9 ;  8q, 6 7 0 4 8 - 7 5 - 3 ;  8r, 6 7 0 4 9 - 7 2 - 0 ;  9b, 6 7 0 4 8 - 6 9 - 5 ;  9c,
6 7 0 4 8 - 6 7 - 3 ;  9d, 6 7 0 4 8 - 6 3 - 9 ;  9e, 6 7 0 4 8 - 6 0 - 6 ;  9f, 6 7 0 4 8 - 5 7 - 1 ;  9g,
6 7 0 4 8 - 5 5 - 9 ;  9h, 6 7 0 4 8 - 5 3 - 7 ;  9i, 6 7 0 4 8 - 5 1 - 5 ;  9k, 6 7 0 4 8 - 4 8 - 0 ;  91,
6 7 0 4 8 - 4 6 - 8 ;  9m, 6 7 0 4 9 - 2 1 - 2 ;  9n, 6 7 0 4 9 - 2 0 - 1 ;  9o, 6 7 0 4 9 - 1 8 - 7 ;  9r,
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6 7 0 4 9 - 1 5 - 4 ;  1 8 , 6 7 0 4 8 - 8 0 - 0 ;  19,6 7 0 4 8 - 7 4 - 2 ;  20,6 7 0 4 8 - 7 8 - 6 ; b e n z a m id e ,  

5 5 - 2 1 - 0 ;  o - f l u o r o b e n z a m i d e ,  4 4 5 - 2 8 - 3 ;  o - t o l u a m i d e ,  5 2 7 - 8 5 - 5 ;  

a , a , a - t r i f l u o r o - o - t o l u a m i d e ,  3 6 0 - 6 4 - 5 ;  2 , 6 - d i c h l o r o b e n z a m i d e ,  
2 0 0 8 - 5 8 - 4 ;  m - t o l u a m i d e ,  6 1 8 - 4 7 - 3 ;  m - c h l o r o b e n z a m i d e ,  6 1 8 - 4 8 - 4 ;  

m - n i t r o b e n z a m i d e ,  6 4 5 - 0 9 - 0 ;  p - t o l u a m i d e ,  6 1 9 - 5 5 - 6 ;  p - c h lo r o b e n -  

z a m i d e ,  6 1 9 - 5 6 - 7 ;  p - n i t r o b e n z a m i d e ,  6 1 9 - 8 0 - 7 ;  3 ,4 - d i m e t h o x y b e n -  

z a m i d e ,  1 5 2 1 - 4 1 - 1 ;  3 ,4 - m e t h y l e n e d i o x y b e n z a m i d e ,  4 8 4 7 - 9 4 - 3 ;  3 ,4 -  

d i c h l o r o b e n z m a i d e ,  2 6 7 0 - 3 8 - 4 ;  3 ,5 - b i s ( t r i f l u o r o m e t h y l ) b e n z a m i d e ,  

2 2 2 2 7 - 2 6 - 5 ;  a c e t a m i d e ,  6 0 - 3 5 - 5 ;  2 , 2 - d i m e t h y l p r o p a n a m i d e ,  7 5 4 - 1 0 - 9 ;  

c y c l o h e x a n e c a r b o x a m i d e ,  1 1 2 2 - 5 6 - 1 ;  2 - c h l o r o a c e t a m i d e ,  7 9 - 0 7 - 2 ;  

e t h y l  o x a m a t e ,  6 1 7 - 3 6 - 7 ;  a , a , a - t r i f l u o r o - m - t o l u a m i d e ,  1 8 0 1 - 1 0 - 1 ;  

p - c y a n o b e n z a m i d e ,  3 0 3 4 - 3 4 - 2 ;  3 ,5 - d im e t h o x y b e n z a m i d e ,  1 7 2 1 3 - 5 8 - 0 ;  

C 1 C 1 ( 0 ) 5 C L ,  2 7 5 7 - 2 3 - 5 ;  d i m e t h y l  a c e t y l e n e d i c a r b o x y l a t e ,  7 6 2 - 4 2 - 5 ;  

e t h y l  p h e n y l p r o p i o l a t e ,  2 2 1 6 - 9 4 - 6 .
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D i p o l a r  c y c l o a d d i t i o n s  o f  a r e n e c a r b o n i t r i l e  s u l f i d e s  t o  v a r i o u s  o l e f i n s  a r e  d e s c r i b e d .  I s o t h i a z o l i n e s  w e r e  o b t a i n e d  

in  f a i r  t o  g o o d  y i e l d s  f r o m  d i e t h y l  f u m a r a t e ,  p h e n y l  a c r y l a t e ,  a  n o r b o r n e n e  d e r i v a t i v e ,  a n d  m a l e i m i d e s .  I s o t h i a z o l e -  

c a r b o x y l a t e s  w e r e  f o r m e d  ( v i a  i n t e r m e d i a t e  i s o t h i a z o l i n e s )  f r o m  e t h y l  2 - c h l o r o a c r y l a t e  a n d  e t h y l  ¡8 - p y r r o l i d i n y l a c -  

r y l a t e .  S i g n i f i c a n t  a m o u n t s  o f  a d d u c t s  w e r e  n o t  o b t a i n e d  f r o m  t e t r a e t h y l  e t h e n e t e t r a c a r b o x y l a t e ,  / 3 - n i t r o s t y r e n e ,  

a n d  3 - n i t r o s t y r e n e .

We have reported previously cycloaddition reactions of 
nitrile sulfides (2), generated by thermolysis of 5-substi-

Scheme I

6

tuted-l,3,4-oxthiazol-2-ones ( 1 ), with acetylenic esters to give 
isothiazoles1  3 (3) and with nitriles to give 1,2,4-thiadiazoles4 s
(4) (Scheme I). We report here our studies of cycloadditions 
of nitrile sulfides with olefins. Subsequent to the completion 
of our work but prior to this account, Grunwell and Dye7 re
ported cycloaddition of benzonitrile sulfide, generated from 
IV-benzyliminosulfur difluoride (5), to maleic anhydride to 
give 3-phenyl-2-isothiazoline-cf's-4,5-dicarboxylic acid an
hydride (6 ) in 2 0 % yield.

Thermolysis of 5-phenyl-l,3,4-oxathiazol-2-one ( la )  at 190 
°C in 4 equiv of dimethyl fumarate under nitrogen gave di
methyl 3-phenyl-2-isothiazoline-trarcs-4,5-dicarboxylate (7) 
in 55% yield (GC analysis) (Scheme II); the pure product was 
isolated in 45% yield. The coupling constant J  =  4 Hz between 
H4 and H5  in the proton NMR spectrum of 7 reveals that H4 

and H5 are trans. The corresponding coupling constant in 
dimethyl 3-phenyl-2-isoxazolin-trans-4,5-dicarboxylate is 4.9 
Hz and in dimethyl 3-phenyl-2-isoxazolin-cis-4,5-dicarbox- 
ylate is 11.5 Hz.8 Dehydrogenation of 7 with dichlorodi- 
cyanobenzoquinone (DDQ) gave dimethyl 3-phenyl-4,5-iso- 
thiazoledicarboxylate (3a ), which we had prepared earlier1 ' 3  

from l a  and dimethyl acetylenedicarboxylate.
Thermolysis of l a  in 4 equiv of tetraethyl ethenetetracar

boxylate at 190 °C gave benzonitrile (from decomposition of 
benzonitrile sulfide) 1 ’2 in 91% yield and an unidentified 
high-boiling material (~ 6 %, GC analysis). Because of steric

0022-3263/78/1943-3742$01.00/0 © 1978 American Chemical Society
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Scheme II
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effects,9’10 cycloaddition of benzonitrile sulfide to the ethen- 
etetracarboxylate is less facile than addition to the fumarate 
ester. Earlier we found that nitrile sulfides add to the cyano 
group of tetracyanoethylene and not to the carbon-carbon  
double bond .5

A mixture of lb  and 26 equiv of phenyl acrylate in o-d i
chlorobenzene heated at reflux gave isothiazolines 8 and 9 in 
15 and 49% yields, respectively (GC and G C -M S  analyses), 
and a trace ( ~ 0 .8% yield) of isothiazole 10 (GC, G C -M S )  
(Scheme III). Pure samples of 8 (4% isolated yield) and of 9 
(30% isolated yield) were obtained by fractional crystalliza
tion. Both 8 and 9 are somewhat unstable in solution and 
aromatize to significant extents within a few days (GC, 
G C -M S  analyses). After 5 days at room temperature in ace
tone solution, 8 gave 6% of 10 and 9 produced 13% of 11. Both 
8 and 9 give ABC N M R  spectra for the H a , H b , and H e pro-

Scheme III

+  c h 2= c h c o 2c 6h 5

8 (15%) 9 (49%)

tons. Computer-assisted analysis of these spectra, with use 
of the L A O C O O N  III program, allowed extraction of the shifts 
and coupling constants for 8 and 9. M ost significantly, 8 has 
J b c  =  -1 1 .5  Hz, corresponding to J Bc  =  -8 .5 7  Hz for the 
related methyl 3-phenyl-2-isoxazolin-3-ylcarboxylate,u  and 
9 has J bc =  —17.7 Hz, corresponding to -1 7 .1  Hz for the re
lated methyl 3-phenyl-2-isoxazolin-5-ylearboxylate.u  This 
N M R  analysis secures the structural assignments for the 
isomers 8 and 9.

Addition of benzonitrile sulfide to dimethyl 5-norbor- 
nene-«'s,endo-2,3-dicarboxylate gave 1 2  in 28% yield (pure 
isolated product). The stereochemistry of 12 was determined 
through analysis of the N M R  spectrum of 12  in degassed

benzene-d6 solvent. 12 The aromatic solvent induced shifts, 
¿(CDCI3) -  6(C6Db) (taken as positive when a resonance 
moves upfield attending the change in solvent from CDCI3 to 
CeDg), were employed to aid assignments of the various pro
tons. Selective benzene solvation of 12  about the carbonyl 
groups results in greater shielding of protons near the carbonyl 
groups. Thus, H 8 undergoes a + 0 .6 9  ppm solvent shift com
pared to +0 .15  ppm for H 7, and protons H 5 and He exhibit 
+ 0 .6 8  and + 0 .4 8  ppm solvent shifts, respectively, compared 
to 0.00 and +0.07 ppm, respectively, for protons H 2 and H 3. 
The stereochemistry is revealed from the following data: 
protons H 2 and H 3 are coupled to H 8 [J =  1.4 Hz, J  =  1.8 Hz), 
are not coupled to H ! and H 4, and are coupled to each other 
with J 23 =  10.8 Hz, so protons H 2 and H 3 are cis to each other 
and are endo; protons H 5 and Hg are not coupled to H 7, are 
coupled to each other with J53 =  12.0 Hz, and H 5 couples with 
H 4 (J45 =  4.0 Hz) and He couples with H i (J  16 =  4.4 Hz), so 
H 5 and He are cis,exo. 13

Thermolysis of lb  in the presence of 4 equiv of N  -ethyl- 
maleimide at 180 °C  gave 13a in 82% yield (61% isolated) and 
p-chlorobenzonitrile in 18% yield. Thermolysis of lb  in the 
presence of 4 equiv of JV-phenylmaleimide gave 13b in 64%

13a, R = Et 
b, R = C6H5

yield and p-chlorobenzonitrile in 21% yield; the other 15% was 
not accounted for. Both 13a and 13b are cis isomers based on 
the observed J ab =  1 1  Hz coupling in their N M R  spectra. The 
corresponding J ab in the cis anhydride 6 was reported to be 
11 H z .7

Oxathiazolone lb  was heated in 30 equiv of ethyl 2-chlo- 
roacrylate in dodecane solvent at 165-175 °C  for 55 min, re
sulting in ~ 70 %  reaction of lb  (Scheme IV); 16 and 17 formed 
in 28 and 49% yields and were isolated in 16 and 17% yields, 
respectively (based on 70% reaction). No ethyl propiolate was 
detected in either the starting reaction mixture or in the final 
reaction mixture. Evidently, the reaction proceeds by cy
cloaddition of the nitrile sulfide to the chloroacrylate, followed



3744 J. Org. Chem., Voi 43, No. 19, 1978 Howe and Franz

Scheme IV

lb

Cl
I

CH2= C C 0 2Et

Cl

16 ( 2 8 %  ) 17 ( 4 9 % )

by loss of hydrogen chloride from the intermediate isothia- 
zolines 14 and 15. The isolated, pure samples of 16 and 17 were 
identical with authentic materials prepared by addition of 
p-chlorobenzonitrile sulfide to ethyl propiolate.3

Thermolysis to completion of la in the presence of 10 equiv 
of ethyl /1-pyrrolidinylacrylate in chlorobenzene solution at 
132 °C  gave ethyl 3-phenyl-4-isothiazolecarboxylate (18) in 
8% yield. GC analysis revealed that the amount of ethyl 3- 
phenyl-5-isothiazolecarboxylate (19) present amounted to

— COjEt
O

19

< 2 %  of the amount of 18 present. Nitrile oxides have been 
reported to add regiospecifically to /Laminoacrylates to give 
exclusively 3-substituted-4-isoxazolecarboxylates.14

A mixture of lb  and 4 equiv of d-nitrostyrene heated in
o-dichlorobenzene at 180 °C  gave p-chlorobenzonitrile in

c 6h 5c h = c h n o 2
lb ------- -----------------------

o -C12C6H 4, 1 8 0  °c

3 - 0 2N C 6H 4C H = C H 2
lb ------------------------------

o-C12C 6H 4, 1 8 0  °C

98.5% yield from nitrile sulfide decomposition. Similarly, re
action of lb  in the presence of 4 equiv of 3-nitrostyrene gave 
no significant amount of cycloadduct.

From the reactions reported here, it appears that nitrile 
sulfides react best with very electron-deficient olefins. This 
result is consistent with dipole-H O M O  control15 of these 
cycloadditions, similar to the cycloadditions of nitrile sulfides 
with acetylenes3 and nitriles.3’4

Experimental Section
Dimethyl 3-Phenyl-2-isothiazoline-4,5-dicarboxylate (7).

(^ N C H = C H C O :,Et

C lC fiH , 
1 3 2  °C

T e c h n i c a l  g r a d e  d i m e t h y l  f u m a r a t e  ( P f i z e r )  w a s  r e c r y s t a l l i z e d  t w i c e  

( w i t h  f i l t r a t i o n )  f r o m  m e t h y l c y c l o h e x a n e  t o  g i v e  s o l i d ,  m p  1 0 1 - 1 0 3  

° C .
T o  2 3 .0  g  ( 0 . 1 6  m o l)  o f  d i m e t h y l  f u m a r a t e  s t i r r e d  a t  1 9 0  ° C  u n d e r  

n i t r o g e n  w a s  a d d e d  7 . 1 6  g  ( 0 .0 4 0  m o l)  o f  5 - p h e n y l - l , 3 , 4 - o x t h i a z o l -  

2 - o n e . T h e  s o lu t io n  w a s  s t i r r e d  a t  1 9 0  ° C  fo r  1 0  m in ,  a n d  t h e n  t h e  l ig h t  

a m b e r  s o l u t i o n  w a s  c o o le d  a n d  d i s s o l v e d  in  6 0  m L  o f  w a r m  T H F .  

C h l o r o b e n z e n e ,  6 .0  g ,  w a s  a d d e d  a s  a n  i n t e r n a l  G C  s t a n d a r d .  A n  a l i 

q u o t  o f  t h e  s o l u t i o n  w a s  d i lu t e d  w i t h  m o r e  T H F  a n d  w a s  a n a l y z e d  b y  

G C ;  t h i s  a n a l y s i s  r e v e a l e d  t h a t  6 . 1 7  g  ( 5 5 %  y i e l d )  o f  p r o d u c t  h a d  

f o r m e d .
T h e  r e a c t i o n  m i x t u r e  w a s  c o n c e n t r a t e d  u n d e r  v a c u u m  t o  r e m o v e  

t h e  T H F ,  a n d  6 0  m L  o f  o - d i c h l o r o b e n z e n e  w a s  a d d e d .  T h e  s o l u t i o n  

w a s  c o n c e n t r a t e d  u n d e r  v a c u u m  t o  r e m o v e  t h e  o - d i c h lo r o b e n z e n e  a n d  

d i m e t h y l  f u m a r a t e .  T h e  a d d i t i o n  o f  o - d i c h l o r o b e n z e n e  a n d  t h e  c o n 

c e n t r a t io n  w a s  r e p e a t e d  t w ic e .  T h e  r e s i d u e  w a s  t r i t u r a t e d  w i t h  2 0  m L  

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

f i l t r a t e  w a s  c o n c e n t r a t e d  u n d e r  v a c u u m  t o  6 .5  g  o f  o i l .  T h e  o i l  w a s  

c h r o m a t o g r a p h e d  o n  3 5 0  g  o f  s i l ic i c  a c id  ( M a l l i n c k r o d t  S i l i c A R  C C - 7 ) .  

A f t e r  e lu t io n  w i t h  1  L  o f  5 0 :5 0  h e x a n e - b e n z e n e ,  t h e  c o lu m n  w a s  e lu t e d  

w i t h  b e n z e n e .  T h e  f i r s t  1 3 0 0  m L  o f  b e n z e n e  e l u a t e  g a v e  n o  m a t e r i a l .  

T h e  n e x t  1 0 0  m L  o f  b e n z e n e  e l u a t e  g a v e  0 . 3 3  g  o f  9 8 %  p u r e  p r o d u c t ;  

t h e  n e x t  6 6 0  m L  o f  b e n z e n e  e lu a t e  g a v e  3 . 1  g  ( 2 8 %  y i e l d )  o f  1 0 0 %  p u r e  

( G C  a s s a y )  p r o d u c t  a s  a  v i s c o u s  o i l  o f  m p  ~ 6  ° C .  T h e  n e x t  1 3 5 0  m L  

o f  b e n z e n e  e l u a t e  g a v e  1 . 6  g  o f  9 8 %  p u r e  p r o d u c t .  T h e  t o t a l  a m o u n t  

o f  p r o d u c t  w a s  5 .0 3  g  ( 4 5 %  y i e l d ) ;  I R  ( m i n e r a l  o i l  m u l l )  5 .8  / im ; N M R  

( C D C 1 3) b 7 .9 6  ( m , 2 , A r H ) ,  7 . 6 1  ( m , 3 ,  A r H ) ,  5 . 2 2  ( d ,  1 ,  J  =  4  H z ,  

S C H ) ,  4 . 8 1  (d , 1 , J  =  4  H z , S C C H ) ,  3 .7 9  (s , 3 ,  O C H 3), 3 .6 9  ( s , 3 ,  O C H 3); 

m a s s  s p e c t r u m  m /e  2 7 9 , 2 4 7 , 2 2 0 , 1 8 8 , 1 7 6 , 1 6 1 , 1 3 5 , 1 0 3 ;  U V  ( C H 3C N )  

m a x  ( lo g c )  2 2 2  ( 4 .0 0 ) , 3 1 3  n m  ( 4 .0 5 ) .  A n a l .  C a l c d  f o r  C i 3H i 3 N 0 4 S :  C ,  

5 5 .9 0 ;  H ,  4 .6 9 . F o u n d :  C ,  5 6 .0 5 ;  H ,  4 .8 0 .
Dehydrogenation of 7. A  m i x t u r e  o f  1 . 9 3  g  ( 0 .0 0 6 9 2  m o l)  o f  d i 

m e t h y l  3 - p h e n y l - 2 - i s o t h i a z o l i n e - 4 ,5 - d i c a r b o x y l a t e ,  2 .3 6  g  ( 0 . 0 1 4  m o l)  

o f  2 , 3 - d i c h l o r o - 5 , 6 - d i c y a n o - l , 4 - b e n z o q u i n o n e  ( D D Q ) ,  a n d  4 0  m L  o f  

c h lo r o b e n z e n e  w a s  h e ld  a t  r e f l u x  f o r  5  h . T h e  m i x t u r e  w a s  a l lo w e d  t o  

c o o l  a n d  w a s  f i l t e r e d .  T h e  i n s o l u b l e  g r a y  s o l i d ,  a f t e r  w a s h i n g  w i t h  

c h lo r o b e n z e n e  a n d  h e x a n e ,  w e ig h e d  1 . 5  g  a n d  a p p e a r e d  t o  b e  2 ,3 -  

d i c h l o r o - 5 , 6 - d i c y a n o - l , 4 - h y d r o q u i n o n e  ( I R  i d e n t i f i c a t i o n ) .  T h e  f i l 

t r a t e  a n d  w a s h i n g s  w e r e  c o m b i n e d  a n d  c o n c e n t r a t e d  u n d e r  v a c u u m  

t o  2 .6 5  g  o f  d a r k  o i l .  T h i s  o i l  w a s  e x t r a c t e d  w i t h  1 5 0  m L  o f  h e x a n e  a n d  

t h e n  w i t h  t h r e e  4 0 - m L  p o r t io n s  o f  h o t  h e x a n e  t o  g iv e  0 .6  g  o f  in s o lu b le  

s o l i d  t h a t  a p p e a r e d  t o  b e  s l i g h t l y  i m p u r e  D D Q . T h e  h e x a n e  e x t r a c t s  

w e r e  c o m b in e d ,  c o n c e n t r a t e d ,  a n d  c o o le d  in  ic e  t o  g i v e  0 .9 5  g  o f  s o l id ,  

m p  6 8 - 7 0  ° C .  T h i s  s o l i d  w a s  d i s s o l v e d  in  h e x a n e ,  t h e  m i x t u r e  w a s  

f i l t e r e d  t o  r e m o v e  a  f e w  m i l l i g r a m s  o f  in s o lu b le  s o l i d ,  a n d  t h e  f i l t r a t e  

w a s  c o n c e n t r a t e d  a n d  c o o le d  in  ic e  t o  g i v e  0 .7 7  g  ( 4 0 %  y i e l d )  o f  w h i t e  

s o l i d  d i m e t h y l  3 - p h e n y l - 4 , 5 - i s o t h i a z o l e d i c a r b o x y l a t e ,  m p  7 1 - 7 2  ° C  

( l i t . 1  m p  7 1 - 7 3  ° C ) ;  t h e  I R  s p e c t r a  o f  t h i s  a n d  o f  a u t h e n t i c  m a t e r i a l  

w e r e  i d e n t i c a l .
Phenyl 3-(p-Chlorophenyl)-2-isothiazoline-4-carboxylate (8) 

and Phenyl 3-(p-Chlorophenyl)-2-isothiazoline-5-carboxylate 
(9 ) . A  s o l u t i o n  o f  0 .2 0  g  o f  h y d r o q u i n o n e ,  3 5 . 7  g  ( 0 . 2 4 1  m o l)  o f  r e d i s 

t i l l e d  p h e n y l  a c r y l a t e  ( M o n o m e r - P o l y m e r  L a b o r a t o r i e s ) ,  2 .0  g 

( 0 .0 0 9 3 5  m o l)  o f  5 - ( p - c h l o r o p h e n y l ) - l , 3 , 4 - o x t h i a z o l - 2 - o n e ,  a n d  4 5 .0  

g  o f  o - d i c h l o r o b e n z e n e  w a s  h e a t e d  r a p i d l y  t o  r e f l u x  a n d  w a s  h e l d  a t  

r e f l u x  u n d e r  N 2 f o r  2 0  m in .  G C  a n a l y s i s  o f  t h e  r e a c t i o n  m i x t u r e  r e -  

v  e a l e d  t h a t  t h e  4 - c a r b o x y l a t e  a n d  t h e  5 - c a r b o x y l a t e  h a d  f o r m e d  in  1 5  

a n d  4 9 %  y i e l d s ,  r e s p e c t i v e l y .  F u r t h e r  G C  a n d  G C - M S  a n a l y s e s  r e 

v e a l e d  t h e  p r e s e n c e  o f  a  t r a c e  ( ~ 0 . 8 %  y i e l d )  o f  1 0  ( m / e  3 1 5 ) .  T h e  r e 

a c t i o n  m i x t u r e  w a s  c o n c e n t r a t e d  u n d e r  v a c u u m  t o  5 . 3  g  o f  g r a p e  c o l 

o r e d  g u m . T h e  g u m  w a s  e x t r a c t e d  w i t h  t w o  1 2 5 - m L  p o r t i o n s  o f  h o t  

h e p t a n e .  U p o n  c o o lin g , t h e  h e p t a n e  d e p o s i t e d  1 . 3 5  g  (4 5 % )  o f  9 8 %  p u r e

5 - c a r b o x y l a t e  9 . R e c r y s t a l l i z a t i o n  o f  t h e  s o l id  f r o m  e t h a n o l  g a v e  0 .8 9  

g  ( 3 0 %  y i e l d )  o f  w h i t e  c r y s t a l s ,  m p  1 2 7 . 5 - 1 2 9  ° C ,  t h a t  w a s  1 0 0 %  p u r e

5 - c a r b o x y l a t e  ( G C  a s s a y ) :  I R  ( C H C 1 3) 5 .7 0  Aim; N M R  ( C D C 1 3 ) b 7 . 7 3  

( m , 2 ,  o n e - h a l f  o f  a n  A A ' B B '  m u l t i p l e t ,  A r H ) ,  7 . 5 3 - 7 . 0 7  ( m , 7 ,  A r H ) ,

4 .8 2  ( d d ,  1 , J a b  =  5 .2 ,  J a c  — 1 1 . 3  H z ,  C H a C H b H c ) , 4 . 1 0  ( m , 1 , J bc 
— — 1 7 . 7 ,  J a b  =  5 . 2  H z ,  C H a C H b H c ) ,  3 .6 0  ( m , 1 ,  J a c  =  1 1 . 3 ,  J bc  =  

- 1 7 . 7  H z ,  C H a C H b H c ). A n a l .  C a l c d  f o r  C 1 6 H 1 2 C 1 N 0 2 S :  C ,  6 0 .4 7 ;  H ,

3 . 8 1 .  F o u n d :  C ,  6 0 .2 2 ;  H ,  3 .7 2 .

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  f r o m  e t h a n o l  o f  t h e  r e s i d u e  f r o m  t h e  

c o m b in e d  h e p t a n e  f i l t r a t e s  g a v e  1 0 0 %  p u r e  ( G C  a s s a y )  4 - c a r b o x y l a t e  

8  in  4 %  y i e l d  a s  w h i t e  n e e d le s :  m p  1 2 3 . 5 - 1 2 5  ° C ;  I R  ( C H C lg )  5 .7 0  Aim; 

N M R  ( C D C 1 3) b 7 .8 7  ( m , 2 ,  o n e - h a l f  o f  a n  A A ' B B '  m u l t i p l e t ,  A r H ) ,  

7 . 5 3 - 6 . 8 7  ( m , 7 ,  A r H ) ,  4 .8 8  ( d d ,  1 , J A B  =  6 .3 ,  J AC =  1 0 . 2  H z ,  

C H a C H b H c ) ,  4 . 0 1  ( m , 1 ,  J  a b  — 6 .3 ,  J bc  =  - 1 1 . 5  H z ,  C H A C H B H c ),

3 .9 3  ( m , 1 ,  J Ac  =  1 0 . 2 ,  J g c  =  — 1 1 . 5  H z ,  C H a C H b H c ) . A n a l .  C a l c d  f o r  
C i 6H i 2 C 1 N 0 2 S :  C ,  6 0 .4 7 ;  H ,  3 . 8 1 .  F o u n d :  C ,  6 0 .6 4 ;  H ,  3 .7 6 .

A  d i lu t e  s o lu t io n  o f  8  in  a c e t o n e  w a s  a l lo w e d  t o  s t a n d  5  d a y s  a t  r o o m  

t e m p e r a t u r e .  A f t e r  t h i s  t i m e  G C  a n d  G C - M S  a n a l y s i s  r e v e a l e d  f o r 

m a t i o n  o f  ~ 6 %  o f  1 0  (m /e  3 1 5 ) .  S i m i l a r l y ,  a f t e r  5  d a y s  in  a c e t o n e ,  9
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p r o d u c e d  ~ 1 3 %  o f  11 (m /e  3 1 5 ) .  R e t e n t i o n  t i m e s  o n  a  2 - f t  lo n g  G C  

c o lu m n  p a c k e d  w i t h  1 0 %  S E - 3 0  o n  C h r o m o s o r b  W , 6 0  m L / m i n  H e  

f l o w ,  a t  2 4 0  ° C  f o r  8 , 9 , 10, a n d  11 w e r e  4 .2 ,  6 .2 ,  3 . 3 ,  a n d  4 .7  m in ,  r e 
s p e c t i v e l y .

Dimethyl exo-3a,4,5,6,7,7a-Hexahydro-3-phenyl-4,7-meth- 
ano-l,2-benzisothiazole-ejufo,cis-5,6-dicarboxylate (12). A  s o 

lu t io n  o f  6 .0  g  ( 0 .0 3 3 5  m o l)  o f  5 - p h e n y l - l , 3 , 4 - o x t h i a z o l - 2 - o n e  a n d  10 0 .0  

g  ( 0 .4 7 6  m o l)  o f  d i m e t h y l  5 - n o r b o r n e n e - e m f o ,c i s - 2 ,3 - d i c a r b o x y l a t e 13b  

( F r i n t o n  L a b o r a t o r i e s )  w a s  s t i r r e d  a t  1 9 0  ° C  u n d e r  N 2 f o r  1 0  m in ,  

a l lo w e d  t o  c o o l ,  a n d  c o n c e n t r a t e d  u n d e r  v a c u u m  t o  1 0 . 0  g  o f  o i l  t h a t  

c o n t a i n e d  ~ 4 5 %  o f  p r o d u c t .  C r y s t a l l i z a t i o n  o f  t h e  o i l  f r o m  m e t h a n o l  

g a v e  3 .7  g  o f  w h i t e  s o l id ,  m p  1 4 9 - 1 5 3  ° C .  R e c r y s t a l l i z a t i o n  o f  t h e  s o l id  

f r o m  m e t h a n o l  g a v e  3 . 2  g  ( 2 8 % )  o f  p u r e  p r o d u c t  a s  a  w h i t e  s o l i d :  m p  

1 5 5 - 1 5 6 . 5  ° C ;  I R  ( C H C 1 3) 5 . 7 7  Mm ; N M R  ( b e n z e n e - d 6) 8  8 . 3 3  ( m , 3 ,  

A r H ) ,  7 . 2 3  ( m , 2 ,  A r H ) ,  4 .7 0  ( d d ,  1  , J =  1 . 4 , 1 0 . 8  H z ,  H 2), 4 . 2 7  ( d d ,  1 ,  

J  =  1 . 8 , 1 0 . 8  H z ,  H 3) , 3 .4 7  ( s ,  3 ,  O C H 3) ,  3 . 3 1  ( s ,  3 ,  O C H 3 ), 2 . 7 7  ( d d ,  1 ,  

J  =  4 . 4 , 1 2 . 0  H z ,  H g  o r  H 5 ), 2 .6 0  ( b m , 1 ,  H 4 o r  H i ) ,  2 . 3 5  ( d d ,  1 ,  J  =  4 .0 ,

1 2 . 0  H z ,  H 5  o r  H e ), 2 . 3 3  ( b m , 1 ,  H !  o r  H 4) , 1 . 7 7  ( d t ,  1  , J  +  J ' =  3 . 2  H z ,  

J  =  1 1 . 0  H z ,  H 7 ) , 0 .6 8  ( d p ,  1 ,  J 78  =  1 1 . 0  H z ,  H g ) . A n a l .  C a l c d  f o r  

C i 8 H i 9N 0 4 S :  C ,  6 2 .5 9 ;  5 .5 4 .  F o u n d :  C ,  6 2 . 4 1 ;  H ,  5 .7 2 .

3-(p-Chlorophenyl)-JV-ethyl-2-isothiazoline-4,5-dicarboxi- 
mide (13a). T o  a  s o l u t i o n  o f  2 5 .0  g  ( 0 .2 0  m o l)  o f  N - e t h y l m a l e i m i d e  

in  1 0 0  g  o f  o - d i c h lo r o b e n z e n e  s t i r r e d  a t  r e f l u x  ( 1 8 0  ° C )  u n d e r  N 2  w a s  

a d d e d  1 0 . 6 8  g  ( 0 .0 5 0  m o l)  o f  5 - ( p - c h l o r o p h e n y l ) - l , 3 , 4 - o x a t h i a z o l -  

2 - o n e .  T h e  s o l u t i o n  w a s  s t i r r e d  a t  r e f l u x  f o r  3 0  m i n  a n d  c o n c e n t r a t e d  

u n d e r  v a c u u m  a t  9 0  ° C  ( 0 .3 5  m m )  t o  g i v e  2 5 .8  g  o f  s o l i d  r e s i d u e .  

T r i t u r a t i o n  o f  t h e  s o l i d  w i t h  1 2 5  m L  o f  e t h a n o l  f o l l o w e d  b y  c o o l in g  

o f  t h e  m i x t u r e  g a v e  1 1 . 7  g  ( 7 9 % )  o f  s o l i d ,  m p  1 7 6 - 1 7 9  ° C .  C r y s t a l l i 

z a t i o n  o f  t h e  s o l i d  f r o m  e t h a n o l  ( h o t  f i l t r a t i o n )  g a v e  9 .0 2  g  ( 6 1 % )  o f  

w h i t e  s o l i d :  m p  1 7 9 - 1 8 1  ° C ;  I R  ( C H C 1 3) 5 . 6 1  ( w ) ,  5 .8 3  ^ m  ( s ) ;  N M R  

( C D C I 3 ) 8 7 .6 7  ( m , 4 , C 1 C 6H 4), 5 .0 2  ( s ,  2 ,  C H C H ) ,  3 .5 8  ( q , 2 ,  J  =  7  H z , 

N C H 2C H 3 ) , 1 . 1 7  ( t ,  3 ,  J  =  7  H z ,  N C H 2 C H 3 ) ; N M R  ( 5 0 :5 0  C D C 1 3-  

b e n z e n e - d e )  8 7 - 5 7  (m , 4 , C 1 C 6H 4), 4 .4 0  (d , 1 ,J  =  1 1  H z ,  C H aC H b), 4 .2 3  

( d , 1 ,  J  =  1 1  H z ,  C H a C H b) , 3 . 3 7  ( q ,  2 ,  J  =  7  H z ,  N C H 2 C H 3 ) , 1 . 0 0  ( t ,  

3 ,  J  =  7  H z ,  N C H 2 C H 3 ).

3-(p-Chlorophenyl)-lV-phenyl-2-isothiazoline-4,5-dicar box- 
imide (13b). A  s o l u t i o n  o f  1 3 . 8 5  g  ( 0 .0 8 0  m o l)  o f  I V - p h e n y l m a l e i m i d e  

in  8 0  g  o f  0 - d ic h lo r o b e n z e n e  w a s  h e a t e d  r a p i d l y  t o  r e f l u x  ( 1 8 0  ° C ) ,  

a n d  t h e n  4 . 2 7  g  ( 0 .0 2 0  m o l)  o f  5 - ( p - c h l o r o p h e n y l ) - l , 3 , 4 - o x t h i a z o l -  

2 - o n e  w a s  a d d e d .  T h e  s o lu t io n  w a s  h e ld  a t  r e f l u x  u n d e r  N 2  f o r  2 0  m in . 

G C  a n a l y s i s  i n d ic a t e d  t h a t  0 .0 4 4 8  m o l  o f  N - p h e n y l m a l e i m i d e  w a s  le f t ,  

t h a t  p - c h l o r o b e n z o n i t r i l e  h a d  f o r m e d  in  2 1 %  y i e l d ,  a n d  t h a t  t h e  d i -  

c a r b o x i m i d e  h a d  f o r m e d  in  6 4 %  y i e l d .  T h e  r e a c t i o n  m i x t u r e  w a s  

c o n c e n t r a t e d  u n d e r  v a c u u m  a t  9 0  ° C  (0 . 2  m m ) . T h e  r e s i d u e  w a s  b o i le d  

w i t h  3 7 5  m L  o f  e t h a n o l ,  a n d  t h e  m i x t u r e  w a s  f i l t e r e d .  T h e  i n s o l u b l e  

s o l i d ,  0 .7 0  g , a p p e a r e d  f r o m  t h e  I R  s p e c t r u m  t o  b e  p o l y m e r i c  N -  
p h e n y l m a l e i m i d e .  T h e  f i l t r a t e  w a s  c o o le d  t o  g i v e  2 . 3 4  g  o f  c r u d e  

p r o d u c t ,  m p  ~ 1 5 0 - 1 7 0  ° C .  C o n c e n t r a t i o n  o f  t h i s  f i l t r a t e  g a v e  a  s o l i d  

r e s i d u e ,  w h ic h  w a s  s t i r r e d  w i t h  1 2  g  o f  s o d i u m  m e t a b i s u l f i t e  in  7 0  m L  

o f  w a t e r - 3 0  m L  o f  e t h a n o l  f o r  2 5  m in  in  o r d e r  t o  c o n v e r t  t h e  r e s i d u a l  

JV - p h e n y lm a le im id e  t o  t h e  w a t e r - s o lu b le  s o d i u m  s u l f o n a t e  d e r i v a t i v e .  

T h e  m i x t u r e  w a s  d i lu t e d  w i t h  w a t e r  a n d  e x t r a c t e d  t h r e e  t i m e s  w i t h  

e t h e r .  T h e  e t h e r  e x t r a c t s  w e r e  c o m b in e d ,  w a s h e d  w i t h  w a t e r ,  f i l t e r e d ,  

a n d  c o n c e n t r a t e d  u n d e r  v a c u u m .  T h e  r e s i d u e  w a s  c r y s t a l l i z e d  f r o m  

e t h a n o l  t o  g i v e  1 . 0  g  o f  c r u d e  p r o d u c t ,  m p  1 6 4 - 1 6 9  ° C .  S e v e r a l  c r y s 

t a l l i z a t io n s  o f  t h e  c o m b in e d  c r u d e  p r o d u c t s ,  3 . 3 4  g , f r o m  e t h a n o l  g a v e  

2 . 4 1  g  ( 3 5 % )  o f  s o l id ,  m p  1 7 3 - 1 7 5  ° C ,  w h ic h  g a v e  1 . 9 1  g  (2 8 % )  o f  s o l id ,  

m p  1 7 4 - 1 7 5  ° C ,  u p o n  r e c r y s t a l l i z a t i o n :  I R  ( m i n e r a l  o i l  m u l l )  5 . 6 1  ( w ) ,

5 .8 4  nm  ( s ) ;  N M R  ( C D C 1 3) 8 8 .0 0  ( m , 2 ,  C l C 6H aH aH bH b) , 7 .4 0  ( m , 7 ,  

N C 6H 6, C l C 6H aH aH bH b ) , 5 .2 0  ( s ,  2 ,  C H aC H b). A d d i t i o n  o f  a n  e q u a l  

v o lu m e  o f  b e n z e n e  t o  t h e  C D C 1 3  s o l u t i o n  c a u s e d  t h e  8 5 .2 0  s i n g le t  t o  

b e c o m e  a n  A B  q u a r t e t ,  8 4 . 3 7  ( d , 1 ,  J  =  1 1  H z ,  C H aC H b) , 4 . 2 7  ( d ,  1 ,  

J  =  1 1  H z ,  C H aC H b ). A n a l .  C a l c d  f o r  C i 7 H n C l N 2 0 2S :  C ,  5 9 . 5 6 ;  H , 

3 . 2 3 ;  S ,  9 .3 5 .  F o u n d :  C ,  5 9 . 4 3 ;  H ,  3 . 1 6 ;  S ,  9 .4 3 .

Reaction of lb with Ethyl 2-Chloroacrylate. A  s o l u t i o n  o f  4 0 .4  

g  ( 0 .3 0  m o l)  o f  e t h y l  2 - c h l o r o a c r y l a t e  a n d  2 . 1 4  g  ( 0 . 0 1 0  m o l)  o f  5 - ( p -  

c h lo r o p h e n y l ) - l ,3 ,4 - o x a t h i a z o l - 2 - o n e  (lb) in  7 5  g  o f  d o d e c a n e  w a s  h e ld  

a t  r e f l u x  ( 1 6 5 - 1 7 5  ° C )  f o r  5 5  m in ,  a t  w h ic h  t im e  G C  a n a l y s i s  in d ic a t e d  

~ 7 0 %  r e a c t i o n  o f  lb. T h e  r e a c t i o n  m i x t u r e  w a s  a l l o w e d  t o  c o o l ,  a n d  

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

u n d e r  v a c u u m .  T h e  r e s i d u e  w a s  c h r o m a t o g r a p h e d  o n  s i l i c i c  a c i d  

( M a l l i n c k r o d t  S i l i c A R  C C - 7 ) .  E l u t i o n  w i t h  2 5 %  b e n z e n e  in  h e x a n e  

g a v e  u n r e a c t e d  lb. E l u t i o n  w i t h  4 0 %  b e n z e n e  in  h e x a n e  g a v e  t h e  5 -  

c a r b o x y l a t e  17. E l u t i o n  w i t h  7 5 %  b e n z e n e  in  h e x a n e  g a v e  0 .4 6  g  o f  t h e

4 - c a r b o x y l a t e  16. C r y s t a l l i z a t i o n  o f  t h e  16 f r o m  a q u e o u s  e t h a n o l  g a v e

0 .3 0  g  ( 1 6 % )  o f  s o l id ,  m p  5 5 . 5 - 5 6 . 5  ° C ,  t h a t  c h a n g e d  a f t e r  s e v e r a l  d a y s  

t o  m p  6 9 - 7 0  ° C  ( l i t .3  m p  7 0 . 5 - 7 1 . 5  ° C ) .  C r y s t a l l i z a t i o n  o f  t h e  17 f r o m  

e t h a n o l  g a v e  0 . 3 1  g  ( 1 7 % )  o f  s o l i d ,  m p  8 7 - 8 9  ° C  ( l i t 3  m p  8 7 . 5 - 8 9  ° C ) .  

T h e  I R  a n d  N M R  s p e c t r a  o f  t h e s e  m a t e r i a l s  w e r e  id e n t i c a l  w i t h  t h o s e  

o f  a u t h e n t i c  m a t e r i a l s .

Registry No.— la, 5 8 5 2 - 4 9 - 3 ;  lb, 1 7 4 5 2 - 7 9 - 8 ;  3a, 2 7 5 4 5 - 5 3 - 5 ;  7, 
6 7 0 4 8 - 4 5 - 7 ;  8 , 6 7 0 4 8 - 4 4 - 6 ;  9, 6 7 0 4 8 - 4 3 - 5 ;  10, 6 7 0 4 8 - 4 1 - 3 ;  11, 6 7 0 4 8 -  

4 2 - 4 ;  12, 6 7 0 4 8 - 4 0 - 2 ; 13a, 6 7 0 4 8 - 3 9 - 9 ;  13b, 6 7 0 4 8 - 3 8 - 8 ;  16,6 7 0 4 8 - 3 7 - 7 ;  

17, 6 7 0 4 8 - 9 6 - 8 ;  d i m e t h y l  f u m a r a t e ,  6 2 4 - 4 9 - 7 ;  d i m e t h y l  5 - n o r b o r -  

n e n e - e r c d o , c i s - 2 , 3 - d i c a r b o x y l a t e ,  3 9 5 8 9 - 9 8 - 5 ;  I V - e t h y l m a l e i m i d e ,

1 2 8 - 5 3 - 0 ;  N - p h e n y l m a l e i m i d e ,  9 4 1 - 6 9 - 5 ;  e t h y l  2 - c h l o r o a c r y l a t e ,  

6 8 7 - 4 6 - 7 .
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I t  i s  s h o w n  t h a t  i n t r a m o l e c u l a r  a d d i t i o n s  o f  / V - m e t h y l c a r b o x a m i d o  r a d i c a l s  a r e  c o n v e n i e n t l y  a c h i e v e d  in  h ig h  

y i e l d s  b y  b e n z o y l  p e r o x i d e  i n i t i a t i o n ,  w h e r e a s  t h e  a n a l o g o u s  a c e t a m i d o  r a d i c a l s  e i t h e r  d o  n o t  c y c l i z e  o r  c y c l i z e  l e s s  

e f f i c i e n t l y  u n d e r  t h e  s a m e  c o n d i t i o n s .  I n  a  f e w  c a s e s ,  a  c o m p a r i s o n  is  m a d e  w i t h  p h o t o c h e m i c a l l y  i n i t i a t e d  c y c l i z a 

t i o n s .  S o m e  m e c h a n i s t i c  a n d  s t e r e o e l e c t r o n i c  a s p e c t s  a r e  d i s c u s s e d ,  l e a d i n g  t o  t h e  c o n c l u s i o n  t h a t  a  2 n  e l e c t r o n i c  

c o n f i g u r a t i o n  o f  t h e  c a r b o x a m i d o  r a d i c a l s  c o u l d  b e  i n v o l v e d .

Introduction
Extensive experimental studies on amido radicals have 

shown that these species do react similarly to aminium radi
cals in nonactivated hydrogen abstraction processes.2-6 
Concerning the reactivity toward double bonds, aminium 
radicals are known to add efficiently to olefins,7’8 but the re
activity of amido radicals was shown to depend markedly on 
the presence or absence of an /V-alkyl substituent. Thus, the 
intermolecular radical additions of primary /V-halo amides 
(additions of unsubstituted amido radicals) to olefins, either 
photochemically induced9 or initiated by chromous chloride,10 
proceed in good to excellent yields, whereas /V-alkyl-/V-halo 
amides (/V-alkylamido radicals) do not usually add under the 
same conditions.6’9-11 However, intramolecular additions of 
a few /V-alkylamido radicals have recently been reported; 
these amido radicals were photochemically generated from 
olefinic /V-chloro amides12’13 or N-nitroso amides.12’14’15

The purpose of the present work was to make a comparative 
study of the radical cyclization of olefinic /V-chloro carbox
amides A and of the corresponding /V-chloro acetamides B

A B

using various methods of initiation. Cyclizations initiated by 
chromous chloride reduction are described and discussed in 
the accompanying paper.16 In  this paper, we wish to report 
that, as in the case of olefinic ZV-chloramines,17 cyclization of 
olefinic /V-chloro carboxamides A can efficiently be achieved 
by using benzoyl peroxide as initiator. However, cyclization 
of the corresponding olefinic iV-chloro acetamides B was far 
from being as efficient. Our results give interesting informa
tion on the electronic structure of ZV-alkylamido radicals and 
their relative reactivity toward double bonds and/or allylic 
hydrogens.

Results
We have studied the cyclization of JV-chloro carboxamides 

lb, 4b, and 7b, and of the corresponding /V-chloro acetamides 
9b, lib, and 12b (Table I). These /V-chloro compounds have 
been easily prepared by treatment of the corresponding am
ides with commercial bleach and the crude products were used 
without further purification. Full details about the prepara
tion, yields, and purity  of the /V-chloro derivatives are given 
in the accompanying paper.16

Benzoyl peroxide initiated reactions were performed by 
heating (80 °C) a dioxane solution of the /V-chloro amide

00?,2-3263/78/1043-3746801 00/0

under a nitrogen atmosphere. Addition of bases (e.g., calcium 
carbonate) and water in the reaction medium, which was 
shown to increase markedly the yield of transannular cycli
zation reactions of /V-chloro lactams,18 was unnecessary. In 
order to allow comparison of the yields and of the structures 
of the products, we also performed the photolysis of /V-chloro 
carboxamides lb, 4b, and 7b. The results are recorded in 
Table I together with literature data on the photolysis of 
/V-chloro amides lb and 9b.

Model compound lb was chosen in order to compare our 
results w ith those already described in the literature.12’13 
Photolysis of /V-chloro carboxamide lb in methylene chloride 
solution led to a 97% cyclization yield. An identical yield (95%) 
was obtained by the dioxane-benzoyl peroxide method. Two 
isomers, 2 and 3, were obtained along w ith traces of parent 
amide la.

Model compound 4b was studied because, in this system, 
intramolecular allylic hydrogen abstraction by the amido 
radical could “ a p rio ri”  compete more effectively w ith  the 
intramolecular addition to the double bond than in  the N- 
chloro carboxamide lb (see discussion below). Cyclization of 
this compound by irradiation led to a 55% yield of isomers 5 
and 6, whereas the peroxide initiated reaction afforded 79% 
of these bicyclic amides. The material balance (cyclization 
products plus parent amide) was much higher in the perox
ide-initiated cyclization. No attempt was made to isolate the 
other products from the photolysis.

Similarly, cyclization of /V-chloro carboxamide 7b led, 
under photolysis, to a 70% yield of tricyclic chloride 8, whereas 
benzoyl peroxide initiated cyclization gave a much higher yield 
(92%) of the same product19 and again a much better material 
balance. The benzoyl peroxide initiated cyclization of the 
corresponding /V-chloro acetamide 12b was much less e ffi
cient, however, leading to the formation of only 50% of tricyclic 
chloride 13. The exclusive formation of the exo isomers 8 and 
13 can be assigned to steric factors20 as well as to the probable 
pyramidal structure of the intermediate adduct radical.21 The 
same stereoselectivity was observed for the cyclization of the 
corresponding /V-chloramine.17

Surprisingly, the parent amides 9a and 11a were the sole 
products isolated from the treatment of /V-chloro acetamides 
9b and lib with benzoyl peroxide. Cyclization of 9b has been 
achieved by photolysis13 and more efficiently using chromous 
chloride.16

Discussion
The possible reactions of the olefinic amido radicals are 

depicted in Scheme I  w ith the amido radical I  derived from
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Cyclizations of Olefinic N-Chloro Amides J. Org. Chem., Vol. 43, No. 19,1978 3747

iV-chloro amide no.

7b

9b
"NC1C0CH,

Table I. Radical Cyclization of Olefinic IV-Chloro Amides___________________________

cyclization % yield° of cyclization products________% parent amide
products_________ no. Bz2C>2 hv ~~ lit. (hv)b no._____ Bz202 hv

\
COCH;,

2 (exo) 51 42 47,c 39 d
3 (endo) 44 55 4 4 ,c 30d la 3 tr

5 (exo) 57 35
6 (endo) 22 20 4a 18 12

8 92 70 7a 5 < 5

10 0 55 d,c 9a 90

0 11a 90

13 50 12a 20

a Yields based on the N-chloro amide and determined by VPC. b Photolyses carried out in benzene. 
13; yields of isolated products after distillation. e Probably a mixture of endo and exo isomers.

Reference 12. d Reference .

N-chloro carboxamide lb: intramolecular addition to the 
double bond (path a); intramolecular allylic hydrogen ab
straction through the normally highly favored six-membered 
ring transition state22'24 (path b); and hydrogen abstraction 
from the solvent to yield the parent amide (path c). The car
bon-centered radicals I I  and I I I  resulting from paths a and b, 
respectively, could abstract hydrogen from the solvent and/or 
react with another N-chloro amide molecule by chlorine-atom 
transfer.

Interestingly, the N-methylamido radicals I (Y = O, Z = 
CH3; Scheme I) and IV  (Scheme II)  derived from N-chloro 
carboxamides lb and 4b, respectively, follow almost exclu

Scheme I

sively path a, a result which is in marked contrast w ith the 
assumed preference for allylic hydrogen abstraction in in- 
termolecular reactions of N-alkylamido radicals w ith ole
fins.6’25 This high preference for path a is particularly note
worthy in the case of 4b, since this process would be expected 
to be less favorable than in the case of lb and 7b because of 
the formation of a six-membered ring (5 and 6, Scheme II), 
usually less favored than the formation of a five-membered 
ring in intramolecular radical additions to double bonds;27 
furthermore, the cycloheptene ring has to adopt a boat-like 
conformation28 (V, Scheme II). On the other hand the in tra 
molecular allylic hydrogen abstraction process involves the 
normally prefered 1,5-transfer22’24 w ith  either a twist-boat 
form (VI) or a chair-like conformation (V II) of the seven- 
membered ring (Scheme II).
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Scheme III

The contrasting behavior of the IV-alkenylacetamido rad
icals derived from A-chloro acetamides 9b and l i b  is also very 
interesting; they do not follow path a. The sole products iso
lated in high yields were the parent amides 9a and 11a. These 
amides could have arisen directly via path c and/or via path 
b. Their formation presumably occurs via path c for the fo l
lowing reasons. First of all, since the carbon-centered radicals 
I I  (Scheme I) obtained via path a did react exclusively by 
chlorine-atom transfer, there is no reason to believe that the 
more stable allylic radicals I I I  formed via path b would prefer 
to abstract hydrogen from dioxane. Secondly, it  w ill be shown, 
by chromous chloride reduction of 11b carried out in a fu lly  
deuterated medium, that such an allylic radical is not 
formed.16

The less efficient cyclization of N-chloro acetamide 12b, 
as compared to IV-chloro carboxamide 7b, and the failure to 
cyclize A'-chloro acetamides 9b and l ib ,  suggest that an N- 
alkylamido radical would be less reactive toward a double 
bond on the N-alkyl chain than toward a double bond on the 
acyl chain.16

Our results show that benzoyl peroxide cyclization of the 
olefinic A-chloro carboxamides leads to better yields than 
photochemical cyclization. This can be easily understood as 
chlorine atoms are formed in the in itia tion  step of the pho
tochemical process. These are known to be quite reactive 
hydrogen abstractors29 and may perform competing reactions 
of the type proposed by Goldfinger et al.30 They are also 
known to add efficiently to olefins.31 On the other hand no 
such chlorine atoms are formed during the peroxide initiation 
process.

One of the main points of interest concerns the electronic 
structure of the amido radical. ESR evidence and calculations 
suggest that the ground-state electronic configuration of 
amido radicals is of the I In type.32 This has recently been used 
by Chow et al.4 to satisfactorily explain, on the basis of 
stereoelectronic arguments, the behavior of Ar-halo carbox
amides in intramolecular hydrogen abstraction processes. 
Examination of Dreiding models of the A'-methylcarboxamido 
radicals derived from AAchloro carboxamides lb  and 7b show 
that, for a II n configuration, the I I  orbital of the carbon-car
bon double bond and the orbital containing the unpaired 
electron would be about orthogonal (Scheme III); in contrast, 
for a 2n configuration, there is maximum overlap33’34 (Scheme
III). In the case of the Al-methylcarboxamido radical derived 
from 4b, the overlap appears to be better for the 2n configu
ration. As for the acetamido radicals derived from 9b, l ib ,  and 
12b, a good overlap is possible w ith  both the I In and 2 n con
figurations (there seems to be more nonbonded interactions 
w ith the I I n configuration, however). Hence the failure to 
cyclize 9b and l i b  and the less efficient cyclization of 12b (as 
compared to 7b) do not seem to be related to the electronic 
structure of the amido radicals; i t  is most probably due to 
steric effects.16

Scheme IV

I f  we assume that, in the cyclization of the amido radicals 
derived from lb , 4b, and 7b, the 2n configuration is the re
acting species and the I I n planar configuration is nevertheless 
more stable,4’32 the former could be in equilibrium w ith  the 
latter through the I In twisted configuration321* (Scheme IV). 
The activation energy for the rotation around the C -N  bond 
should be quite low because, according to ESR experiments,32® 
there is no extensive delocalization of the unpaired electron 
onto the carbonyl group. The I In  planar and 2 n configura
tions could also be directly interconverted by electronic 
reorganization (Scheme IV ) as recently suggested by Goosen 
et al.35 to explain their results on the intramolecular reactions 
of Al-methylcarboxamido radicals with aromatic rings. Finally, 
the amido radical could react in a IIn twisted configuration 
without rehybridization to a 2n configuration.4 Interestingly, 
ab in itio  calculations predict the most stable configuration of 
the formamido radical as being the 50° I I n twisted configu
ration.321*

Experim enta l Section

I n f r a r e d  s p e c t r a l  d a t a  w e r e  o b t a i n e d  f r o m  a  P e r k i n - E l m e r  2 5 7  

s p e c t r o p h o t o m e t e r .  R o u t i n e  1 H  N M R  s p e c t r a  w e r e  r e c o r d e d  o n  a  

V a r i a n  A 6 0  o r  o n  a  V a r i a n  X L 1 0 0  W G  s p e c t r o p h o t o m e t e r ,  a n d  2 5 0  

M H z  * H  N M R  s p e c t r a  w e r e  o b t a i n e d  f r o m  a  C a m e c a  s p e c t r o p h o 

t o m e t e r .  M a s s  s p e c t r a  w e r e  t a k e n  o n  a  H i t a c h i  R M U - 6 E  o r  o n  a  

A E I - M S 9  s p e c t r o m e t e r .  A l l  m e l t i n g  p o i n t s  a n d  b o i l i n g  p o i n t s  a r e  

u n c o r r e c t e d .  V P C  a n a l y s e s  a n d  s e p a r a t i o n s  w e r e  p e r f o r m e d  o n  t h e  

f o l l o w i n g  c o lu m n s :  O S - 1 3 8  ( 1 5 %  o n  A W - D M C S  C h r o m o s o r b  W ) ;  

O V - 1 7  ( 3 %  o n  A W - D M C S  C h r o m o s o r b  W ) .

Preparation of Olefinic Amides. JV-Methyl-3-cyclohexene- 
carboxamide (la) and JV-[(3-Cyclohexen-l-yl)methyl]acetamide 
(9a). A m i d e  la w a s  p r e p a r e d  f r o m  3 - c y c l o h e x e n e c a r b o x y l i c  a c i d :  7 8 %  

y i e l d ;  m p  8 8 - 8 9  ° C  ( l i t . 1 3  m p  8 9 - 9 0  ° C ) .  A m i d e  9a w a s  p r e p a r e d  f r o m

3 - c y c l o h e x e n e c a r b o n i t r i l e :  6 3 %  y i e l d ;  b p  1 0 9 - 1 1 4  ° C  ( 0 . 1 5  m m )  [ l i t . 1 3  

b p  8 8 - 9 5  ° C  ( 0 .0 7  m m ) ] .

]V-Methyl-4-cycloheptenecarboxamide (4a). A  s o l u t i o n  o f  1 . 9 4  

g  ( 0 . 0 1 4  m o l)  o f  4 - c y e l o h e p t e n e c a r b o x y l i c  a c i d 36  in  1 0  m L  o f  d r y  

b e n z e n e  w a s  c o o le d  a t  0  ° C  a n d  2 . 3  g  ( 0 . 0 1 8  m o l)  o f  f r e s h l y  d i s t i l l e d  

o x a l y l  c h lo r id e  w a s  a d d e d  s lo w ly  w i t h  s t i r r in g .  T h e  m i x t u r e  w a s  s t i r r e d  

o v e r n i g h t  a t  r o o m  t e m p e r a t u r e .  T h e  b e n z e n e  a n d  t h e  e x c e s s  o x a l y l  

c h lo r i d e  w e r e  t h e n  s t r i p p e d  o f f .  T h e  c r u d e  a c i d  c h lo r i d e  w a s  d i s t i l l e d  

t o  g i v e  1 . 8 7  g  ( 8 5 % )  o f  c o l o r l e s s  l i q u i d :  b p  8 0  ° C  ( 1 0  m m ) .  A  s o l u t i o n  

o f  1 . 8 7  g  ( 0 . 0 1 2  m o l)  o f  d i s t i l l e d  a c i d  c h lo r i d e  in  5  m L  o f  d r y  b e n z e n e  

w a s  a d d e d  d r o p w i s e  t o  1 0  m L  o f  d r y  b e n z e n e  s a t u r a t e d  a t  0  ° C  w i t h  

m e t h y la m i n e .  T h e  s o l u t i o n  w a s  s t i r r e d  f o r  1  h ,  w a t e r  w a s  a d d e d ,  a n d  

t h e  o r g a n ic  l a y e r  w a s  d r i e d  o v e r  m a g n e s i u m  s u l f a t e .  T h e  s o l v e n t  w a s  

e v a p o r a t e d  a n d  t h e  c r u d e  r e s i d u e  w a s  c r y s t a l l iz e d  f r o m  h e x a n e  t o  g iv e

1 . 6 5  g  ( 9 2 % )  o f  V - m e t h y l - 4 - c y c l o h e p t e n e c a r b o x a m i d e  (4a): m p

1 2 5 - 1 2 7  ° C ;  I R  ( C H C 1 . , )  3 4 6 0 ,  3 3 0 0 ,  1 6 6 0  a n d  1 5 2 0  c m " 1 ; N M R  

( C D C l a )  & 1 . 4 - 2 . 5  ( m , 9  H ) ,  2 . 8  ( d , 3  H ) ,  5 .8  ( m , 2  H ) ,  a n d  6 .5  ( b r ,  1  

H ) .

lV-Methyl-5-bicyclo[2.2.1]hept-2-eneearboxamide (7a). T h i s  

a m id e  h a s  b e e n  p r e p a r e d  f o l lo w in g  s t a n d a r d  p r o c e d u r e s :  5 7  g  ( 0 .4  m o l)  

o f  e n d o - 5 - c a r b o m e t h o x y b i c y c l o [ 2 .2 . 1 ] h e p t - 2 - e n e 3 7  w a s  t r e a t e d  w i t h  

a n  e x c e s s  o f  s a t u r a t e d  s o l u t i o n  o f  m e t h y l a m i n e  in  m e t h a n o l  a t  r o o m  

t e m p e r a t u r e  d u r i n g  5  d a y s .  T h e  s o l v e n t  w a s  s t r i p p e d  o f f  t o  l e a v e  4 4  

g  ( 7 8 % )  o f  a  w h i t e  s o l i d  w h i c h  w a s  r e c r y s t a l l i z e d  f r o m  a  m e t h y l e n e  

c h lo r i d e - p e n t a n e  m ix t u r e :  m p  1 0 4  ° C ;  I R  ( C C 1 4) 3 4 5 0 , 3 3 0 0 , 1 6 4 5 ,  a n d  

1 5 3 0  c m - 1 ; N M R  6 1 . 2 - 2 . 2  ( m , 5  H ) ,  2 . 7 5  ( d ,  3  H ) ,  3 . 0  ( m , 2  H ) ,  6 . 1  

( d d d ,  2  H ) ,  a n d  6 .5  ( b r ,  1  H ) .
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N-[(4-Cyclohepten-l-yl)methyl]acetamide (11a). 4 - C y c l o -  

h e p t e n e c a r b o x a m i d e  w a s  p r e p a r e d  b y  b u b b l i n g  a m m o n i a  i n t o  a  s o 

lu t i o n  o f  5  g  ( 0 . 0 3 1  m o l)  o f  t h e  a c i d  c h lo r i d e  in  d r y  t e t r a h y d r o f u r a n .  

T h e  s o l v e n t  w a s  s t r i p p e d  o f f  a n d  t h e  r e s i d u e  w a s  r e c r y s t a l l i z e d  in  

h e x a n e  t o  g iv e  3 .7 7  g  (8 6 % ) o f  t h e  a m id e :  m p  1 7 6  ° C ;  I R  ( C H C I 3 ) 3 5 6 0 ,  

3 4 4 0 ,  a n d  1 6 9 0  c m ' 1 ; N M R  ( M e 2 S O - d 6) <5 1 . 2 - 2 . 5 5  ( m , 9  H ) ,  5 . 7 5  ( m , 

2  H ) ,  6 . 6  ( b r ,  1  H ) ,  a n d  7 . 1 5  ( b r ,  1  H ) .  T h i s  a m i d e  ( 7 .3 6  g ,  0 .0 5 3  m o l)  

w a s  p la c e d  in  a  S o x h l e t  a p p a r a t u s  a n d  r e d u c e d  b y  m e a n s  o f  l i t h i u m  

a l u m i n i u m  h y d r i d e  in  b o i l i n g  t e t r a h y d r o f u r a n  d u r i n g  5 0  h . A f t e r  

n o r m a l  w o r k u p  a n d  d i s t i l l a t i o n  u n d e r  v a c u u m  [ b p  3 7  ° C  (4  m m ) ]  o n e  

g e t s  5 . 1 3  g  (7 8 % )  o f  ( 4 - c y c l o h e p t e n - l - y l ) m e t h y l a m i n e :  I R  ( C C 1 4) 3 4 2 0 ,  

3 0 5 0 ,  a n d  7 1 0  c m “ 1 ; N M R  ( C D C 1 3 ) <5 0 . 9 - 2 . 3  ( m , 7  H ) ,  1 . 2 2  ( s ,  2  H ) ,

2 .5 7  ( d ,  2  H ) ,  a n d  5 . 5  ( m , 2  H ) .  T r e a t m e n t  o f  4 .9  g  ( 0 .0 3 9  m o l)  o f  t h e  

p r i m a r y  a m i d e  b y  4  g  o f  a c e t i c  a n h y d r i d e  d i s s o l v e d  in  d r y  b e n z e n e  

a f f o r d e d ,  a f t e r  w o r k u p  a n d  r e c r y s t a l l i z a t i o n  f r o m  c y c l o h e x a n e ,  6 .3  

g  (9 6 % ) o f  t h e  p u r e  a c e t a m i d e  11a: m p  5 2  ° C ;  I R  ( C H C I 3 ) 3 4 6 0 , 1 6 7 0 ,  

a n d  1 5 2 0  c m - 1 ; N M R  ( C D C 1 3 ) <5 1 . 0 - 2 . 2  ( m , 9  H ) .  2 .0  ( s , 3  H ) ,  3 . 1 2  ( t ,

2  H ) ,  a n d  5 .8  ( m , 3  H ) .

7V-[(2-Bicyclo[2.2.1]hepten-5-yl)methyl]acetamide (12a). 5 -

B i c y c l o [ 2 . 2 . 1 ] h e p t - 2 - e n e c a r b o x a m i d e  w a s  o b t a i n e d  b y  a  D i e l s - A l d e r  

r e a c t i o n  b e t w e e n  c y c l o p e n t a d i e n e  a n d  a c r y l a m i d e . 38  R e d u c t i o n  o f  

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

a  S o x h l e t  a p p a r a t u s )  g a v e  t h e  p r i m a r y  a m in e  in  4 0 %  y ie ld .  A c e t y l a t i o n  

b y  m e a n s  o f  a c e t i c  a n h y d r i d e  a f f o r d e d  t h e  a c e t a m i d e  1 2 a ,  w h i c h  w a s  

d i s t i l l e d  u n d e r  v a c u u m :  b p  1 2 5 - 1 2 6  ° C  ( 0 .3  m m ) ;  I R  ( C H C I 3 ) 3 4 5 0 ,  

3 3 3 0 , 1 6 6 0 ,  a n d  1 5 2 0  c m “ 1 ; N M R  ( C D C I 3 ) 6 0 .5 5  ( d d d ,  1 H ) ,  1 . 1 5 - 3 . 1  

( m , 8  H ) ,  1 . 9 8  ( s ,  3  H ) ,  a n d  6 .0 5  ( d d d  +  b r ,  3  H ) .

Preparation of Olefinic IV-Chloro Amides. T h e  v a r i o u s  N -  
c h lo r o  a m i d e s  h a v e  b e e n  o b t a i n e d  b y  t r e a t i n g  t h e  o l e f i n i c  a m i d e s ,  

d i s s o lv e d  in  m e t h y le n e  c h lo r id e ,  w i t h  a n  e x c e s s  o f  c o m m e r c i a l  b le a c h .  

F u l l  d e t a i l s  a b o u t  t h e  p r e p a r a t i o n ,  t h e  y i e l d s ,  a n d  t h e  p u r i t y  o f  t h e  

I V - c h lo r o  c o m p o u n d s  a r e  g i v e n  in  t h e  a c c o m p a n y i n g  p a p e r . 16

Typical Procedure for the Photolysis of Olefinic JV-Chloro 
Amides. Cyclization of lV-Chloro-lV-methyl-4-cycloheptene- 
carboxamide (4b). I n  a  5 0 - m L  V y c o r  i r r a d i a t i o n  c e l l ,  1  g  ( 0 .0 0 5 3  m o l)  

o f  4b w a s  d i s s o l v e d  in  2 0  m L  o f  m e t h y le n e  c h lo r i d e  ( f r e s h l y  d i s t i l l e d  

o v e r  p h o s p h o r u s  p e n t o x i d e ) .  O x y g e n - f r e e  d r y  n i t r o g e n  w a s  b u b b l e d  

t h r o u g h  t h e  s o l u t i o n  f o r  1 0  m i n  a n d  t h e  s o l u t i o n  w a s  t h e n  i r r a d i a t e d  

in  a  R a y o n e t  r e a c t o r  ( 2 5 0 0 - A  l a m p s ) .  I r r a d i a t i o n  w a s  c a r r i e d  o u t  a t  

r o o m  t e m p e r a t u r e  d u r i n g  1  h  ( u n t i l  a  n e g a t i v e  s t a r c h - i o d i d e  p a p e r  

t e s t ) .  T h e  s o l u t i o n  w a s  c o n c e n t r a t e d  a n d  t r a n s f e r e d  in  a  1 0 - m L  v o l 

u m e t r i c  f l a s k .  T h e  y i e l d s  w e r e  d e t e r m i n e d  b y  V P C  ( O S - 1 3 8 )  u s i n g  

a u t h e n t i c  s a m p l e s  a s  s t a n d a r d s :  3 5 %  o f  e x o  i s o m e r  5 ,  2 0 %  o f  e n d o  

i s o m e r  6, a n d  1 2 %  o f  p a r e n t  a m i d e  la. M i n o r  p r o d u c t s  h a v e  n o t  b e e n  

i d e n t i f i e d .  T h e  a u t h e n t i c  s a m p l e s  w e r e  o b t a i n e d  b y  p r e p a r a t i v e  V P C  

o n  a  5 - m L  a l i q u o t .

T h e  l e s s  p o l a r  i s o m e r  w a s  i d e n t i f i e d  a s  e x o - 4 - c h l o r o - 6 - m e t h y l - 6 -  

a z a b i c y c l o [ 3 .2 .2 ] n o n a n - 7 - o n e  ( 5 ) .  I t  w a s  r e c r y s t a l l i z e d  f r o m  h e x a n e :  

m p  6 7 - 6 8  ° C ;  I R  ( C C 1 4) 1 6 7 0  c m - 1 ; N M R  ( C D C W  6 1 . 7 - 2 . 9  ( m , 9  H ) ,

3 . 0 5  ( s ,  3  H ) ,  3 . 6 5  ( m , 1  H ) ,  a n d  4 .0  ( m , 1  H ) .

A n a l .  C a l c d  f o r  C 9H 1 4 C 1 N 0 :  C ,  5 7 . 6 0 ;  H ,  7 . 5 2 ;  N ,  7 .4 6 .  F o u n d :  C ,  

5 7 . 5 3 ;  H ,  7 . 3 3 ;  N ,  7 .4 6 .

T h e  m o r e  p o l a r  i s o m e r  w a s  en d o - 4 - c h l o r o - 6 - m e t h y l - 6 - a z a b i c y -  

c lo [ 3 .2 .2 ] n o n a n - 7 - o n e  (6 ) : I R  ( C C I 4 ) 1 6 7 0  c m ' 1 ;  N M R  ( C D C I 3 ) 5

1 . 5 - 2 . 6  ( m , 8  H ) , 2 .8  ( m , 1 H ) , 3 . 1 8  ( s ,  3  H ) , 3 .8 5  ( m , 1 H ) , a n d  4 . 2 5  ( m ,

1 H ) .
A n a l .  C a l c d  f o r  C 9H 1 4 C 1 N 0 :  C ,  5 7 . 6 0 ;  H ,  7 . 5 2 ;  N ,  7 .4 6 .  F o u n d :  C ,  

5 6 .7 4 ;  H ,  7 .4 0 ;  N ,  7 .0 4 .

T h e  m a s s  s p e c t r a  o f  t h e  t w o  i s o m e r s  w e r e  i d e n t i c a l :  m /e  ( r e l  i n 

t e n s i t y )  1 8 7  ( M + ,  2 7 ) ,  1 5 1  ( 1 0 0 ) ,  1 0 9  ( 4 0 ) , 9 5  ( 3 7 ) ,  5 7  ( 4 1 ) ;  f o r  t h e s e  

a n d  a l l  t h e  o t h e r  c y c l i z a t i o n  p r o d u c t s ,  P / ( P  +  1 )  =  2 . 8 - 3 .

T h e  o le f in ic  IV - c h lo r o  a m id e s  lb a n d  7b w e r e  i r r a d i a t e d  r e s p e c t i v e l y  

f o r  1 . 5  a n d  2  h  u n d e r  t h e  s a m e  c o n d i t io n s .  Y i e l d s  w e r e  d e t e r m i n e d  b y  

V P C  a n a l y s e s  ( s e e  T a b l e  I )  a n d  a u t h e n t i c  s a m p l e s  w e r e  o b t a i n e d  e i 

t h e r  b y  p r e p a r a t i v e  V P C  o r  b y  p r e p a r a t i v e  T L C .
Cyclization of IV-Chloro-lV-methyl-3-cyclohexenecarbox- 

amide (lb). T h e  b i c y c l i c  e x o  i s o m e r  2  w a s  r e c r y s t a l l i z e d  f r o m  h e x a n e ,  

m p  3 7 - 4 0  ° C .  T h e  e n d o  i s o m e r  3  w a s  o b t a i n e d  a s  a n  o i l .  I R  a n d  XH  

N M R  s p e c t r a  w e r e  c o n s i s t e n t  w i t h  t h o s e  r e p o r t e d . 1 2 ' 1 3

Cyclization of N-Chloro-AT-methyl-5-bicyclo[2.2.1]hept-2- 
enecarboxamide (7b). T h e  t r i c y c l i c  e x o  i s o m e r  8  h a s  b e e n  r e c r y s 

t a l l i z e d  f r o m  h e x a n e  t o  g i v e  p u r e  e x o - 9 - c h l o r o - 3 - m e t h y l - 3 - a z a t r i c y -  

c l o [ 4 . 2 . 1 . 0 1 '5] n o n a n - 2 - o n e  (8 ) :  m p  5 7 - 5 9  ° C ;  I R  ( C C 1 4) 1 7 1 0  a n d  1 4 0 0  

c m “ 1 ; N M R  ( C D C 1 3 ) <5 1 . 5 - 1 . 6 3  ( 2  m , 2  H ) ,  1 . 8 4 - 2 . 6 5  ( m , 5  H ) ,  2 .8 5  ( s ,

3  H ) ,  3 .0 4  ( m , 1  H ) ,  3 . 5 8  ( m , 1  H ) ,  a n d  3 .6 4  ( m , 1  H ) ;  m a s s  s p e c t r u m  

m / e  ( r e l  i n t e n s i t y )  1 8 5  ( M + ,  3 6 ) ,  1 5 0  ( 1 7 ) ,  1 2 2  ( 3 1 ) ,  1 1 0  ( 1 0 0 ) ,  4 3

( 3 1 ) .
A n a l .  C a l c d  f o r  C 9H 1 2 C 1 N 0 :  C ,  5 8 . 2 3 ;  H ,  6 .5 2 ;  C l ,  1 9 . 1 .  F o u n d :  C ,  

5 8 . 2 7 ;  H ,  6 .3 6 ;  C l ,  1 8 . 9 7 .
Typical Procedure for Benzoyl Peroxide Initiated Reactions

of Olefinic IV-Chloro Amides. Cyclization of IV-Chloro-lV- 
methyl-5-bicyclo[2.2.1]hept-2-enecarboxamide (7b). I n  1 0  mL
o f  p e r o x i d e - f r e e  d i o x a n e  ( d i s t i l l e d  o v e r  s o d i u m  a n d  p a s s e d  t h r o u g h  

a l u m i n a )  c o n t a i n i n g  a  c a t a l y t i c  a m o u n t  ( 1 0  m g )  o f  b e n z o y l  p e r o x i d e  

w a s  d i s s o l v e d  9 2 7  m g  ( 0 .0 0 4  m o l)  o f  7b. D r y  n i t r o g e n  w a s  b u b b l e d  

t h r o u g h  t h e  s o lu t io n  f o r  5  m in .  T h e  s o l u t i o n  w a s  t h e n  s t i r r e d  a t  8 0  ° C  

u n d e r  n i t r o g e n .  T h e  r e a c t i o n  t o o k  2 9  h  a s  c h e c k e d  b y  a n  i o d o m e t r i c  

t e s t .  T h e  s o l v e n t  w a s  s t r i p p e d  o f f  a n d  t h e  c r u d e  p r o d u c t  d i s s o lv e d  in  

a  1 0 - m L  v o l u m e t r i c  f l a s k .  V P C  a n a l y s e s  w e r e  c a r r i e d  o u t  a s  in  t h e  

p h o t o c h e m ic a l  r e a c t io n  a n d  g a v e  9 2 %  o f  t h e  t r i c y c l i c  e x o  i s o m e r  8  a n d  

< 5 %  o f  t h e  s t a r t i n g  a m i d e .  T h e  s a m e  p r o c e d u r e  w a s  u s e d  w i t h  t h e  

o l e f i n i c  N - c h lo r o  a m i d e s  lb, 4b, 9b, lib, a n d  12b; t h e  r e a c t i o n s  t o o k  

r e s p e c t i v e l y  4 . 5 ,  2 1 ,  2 2 ,  4 8 ,  a n d  4 8  h . N o  c y c l i z a t i o n s  h a v e  o c c u r r e d  

f o r  t h e  I V - c h lo r o  c o m p o u n d s  9b a n d  lib  a n d  t h e  p a r e n t  a m i d e s  w e r e  

r e c o v e r e d  in  a  9 0 %  y i e l d .

Cyclization of AT-Chloro-JV-[(2-bicyclo[2.2.1]hepten-5-yl)- 
methyl]acetamide (12b). C y c l i z a t i o n  o f  t h e  o l e f i n i c  I V - c h lo r o  a m id e  

12b a f f o r d e d  o n l y  t h e  t r i c y c l i c  e x o  i s o m e r  13 in  a  5 0 %  y i e l d  p l u s  2 0 %  

o f  t h e  s t a r t i n g  a m i d e  12a. R e c r y s t a l l i z a t i o n  f r o m  c y c l o h e x a n e  g a v e  

t h e  p u r e  e x o - i l - c h l o r o - S - a c e t y l - S - a z a t r i c y c l o ^ ^ . l . O ^ J n o n a n e  (13): 
m p  8 7 - 8 8  ° C ;  I R  ( C H C 1 3 ) 1 6 3 0  c m - 1 ; N M R  ( C D C I 3 , 2 5 0  M H z )  5 1 . 0  

( d ,  1  H ) ,  1 . 6  ( d ,  1  H ) ,  1 . 9 - 2 . 9  ( m , 5  H ) ,  2 .0 5  a n d  2 .2  ( 2  s ,  3  H ) .  3 . 3 5  ( q , 

1  H ) ,  3 .4  ( s ,  1  H ) ,  3 .6  ( s , 1  H ) ,  4 . 2  ( d ,  1  H ) ;  m a s s  s p e c t r u m  m /e  ( r e l  i n 

t e n s i t y )  2 0 1  ( 4 3 ) ,  1 9 9  ( M + ,  9 3 ) ,  1 5 9  ( 4 5 ) ,  1 5 7  ( 1 0 0 ) ,  1 1 0  ( 4 7 ) ,  8 0  ( 9 8 ) , 

4 3  ( 5 3 ) .

A n a l .  C a l c d  f o r  C 1 0 H U C 1 N O :  C ,  6 0 . 1 5 ;  H ,  7 .0 7 ;  C l ,  1 7 . 7 5 .  F o u n d :  

C ,  6 0 .2 2 ;  H ,  6 .9 3 ;  C l ,  1 7 . 7 8 .

Registry No.— la, 5 4 3 8 5 - 2 4 - 9 ;  lb, 3 6 3 9 3 - 9 8 - 3 ;  2, 3 6 2 9 4 - 0 4 - 4 ;  3, 
3 6 3 9 4 - 0 3 - 3 ;  4a, 5 3 1 0 2 - 8 9 - 9 ;  4b, 6 6 7 6 9 - 7 7 - 5 ;  5, 6 6 7 6 9 - 8 8 - 8 ;  6 ,6 6 7 9 1 -  

9 8 - 8 ;  7a, 1 3 2 9 5 - 4 0 - 4 ;  7b, 6 6 7 6 9 - 7 9 - 5 ;  8 , 6 6 7 6 9 - 8 9 - 9 ;  9a, 5 4 3 8 5 - 2 3 - 8 ;  

9b, 5 4 3 8 5 - 0 9 - 0 ;  e n d o -10, 6 6 7 6 9 - 8 7 - 7 ;  e x o - 10, 6 6 7 6 9 - 8 6 - 6 ;  11a, 
6 6 7 6 9 - 6 7 - 3 ;  lib, 6 6 7 6 9 - 7 8 - 6 ;  12a, 6 6 7 6 9 - 6 8 - 4 ;  12b, 6 6 7 6 9 - 8 0 - 0 ;  13, 
6 6 7 6 9 - 9 0 - 2 ;  3 - c y c l o h e x e n e e a r b o x y l i c  a c i d ,  4 7 7 1 - 8 0 - 6 ;  3 - c y c l o h e x -  

e n e c a r b o n i t r i l e ,  1 0 0 - 4 5 - 8 ;  4 - c y c l o h e p t e n e c a r b o x y l i c  a c i d  1 6 1 4 - 7 3 - 9 ;  

o x a l y l  c h lo r id e ,  7 9 - 3 7 - 8 ;  4 - c y c l o h e p t e n e c a r b o n y l  c h lo r i d e  3 4 5 4 - 7 4 - 8 ;  

endo  - 5 - c a r b o m e t h o x y b i c y c l o [ 2 . 2 . 1 ] h e p t - 2 - e n e ,  2 9 0 3 - 7 5 - 5 ;  4 - c y c lo -  

h e p t e n e c a r b o x a m i d e ,  1 6 2 6 - 6 3 - 7 ;  ( 4 - c y c l o h e p t e n - l - y l ) m e t h y l a m i n e ,  

3 8 2 8 8 - 7 9 - 8 ;  5 - b i c y c l o [ 2 . 2 . 1 ] h e p t - 2 - e n e c a r b o x a m i d e ,  5 1 7 5 7 - 8 5 - 8 .
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T h e  c h r o m o u s  c h lo r i d e  p r o m o t e d  c y c l i z a t i o n  o f  a  v a r i e t y  o f  o l e f i n i c  N - c h l o r o - N - m e t h y l  c a r b o x a m i d e s  w a s  c o m 

p a r e d  t o  t h e  c y c l i z a t i o n  o f  t h e  a n a l o g o u s  N - c h l o r o - l V - a l k e n y l a c e t a m i d e s .  I n  a l l  c a s e s  b u t  o n e ,  t h e  y i e l d s  w e r e  h i g h e r  

w i t h  t h e  f o r m e r  t h a n  w i t h  t h e  l a t t e r .  T h e  h ig h  y i e l d  o f  c y c l i z a t i o n  ( 9 5 % )  o f  N - c h l o r o - N - m e t h y l c y c l o h e p t e n e c a r b o x -  

a m i d e  ( 1 3 b )  i s  n o t e w o r t h y  s i n c e  a  s i x - m e m b e r e d  r i n g  i s  f o r m e d  a n d  c o n t r a s t s  w i t h  t h e  f a i l u r e  o f  t h e  a n a l o g o u s  N -  
c h lo r o - I V - c y c l o h e p t e n y l a c e t a m i d e  ( 1 6 b )  t o  c y c l i z e .  A  n u m b e r  o f  n i t r o g e n  h e t e r o c y c l e s  w e r e  s y n t h e s i z e d  in  g o o d  t o  

e x c e l l e n t  y i e l d s ,  i n c l u d i n g  t h e  a z a h o m o a d a m a n t a n o n e  d e r i v a t i v e  2 8  a n d  t h e  a z a a d a m a n t a n e  d e r i v a t i v e s  3 0  a n d  3 1 .  

A n  a t t e m p t  t o  p r e p a r e  a n  a z a t w i s t a n o n e  d e r i v a t i v e  f r o m  N - c h l o r o  c a r b o x a m i d e  2 6 b  f a i l e d .  C o m p a r i s o n  w i t h  p h o t o 

c h e m i c a l  a n d  p e r o x i d e  c y c l i z a t i o n s  o f  a  f e w  IV - c h lo r o  a m i d e s  s h o w e d  t h a t  b e t t e r  y i e l d s  w e r e  u s u a l l y  o b t a i n e d  w i t h  

t h e  c h r o m o u s  c h lo r i d e  m e t h o d .  T h e  r e a c t i o n  m e c h a n i s m  is  d i s c u s s e d  f r o m  t h e  f o l l o w i n g  p o i n t s  o f  v i e w ;  c o m p a r i s o n  

o f  r e a c t i v i t y  o f  t h e  J V - c h lo r o  c a r b o x a m i d e s  a n d  N - c h lo r o  a c e t a m i d e s ;  c o m p a r i s o n  o f  t h e  r e l a t i v e  r e a c t i v i t y  o f  a m i d o  

r a d i c a l s  ( c o m p le x e d  o r  n o t )  in  i n t r a m o l e c u l a r  a d d i t i o n  t o  d o u b l e  b o n d s  a n d  i n t r a m o l e c u l a r  a l l y l i c  h y d r o g e n  a b 

s t r a c t i o n ;  s t e r e o c h e m i s t r y ;  n a t u r e  o f  t h e  t r a n s f e r  s t e p  o f  t h e  r a d i c a l  c h a i n  r e a c t i o n .

Introduction
The chromous chloride promoted intermolecular addition 

of N-halo amides (ZCONHX) to a variety of olefins has been 
shown to proceed in good to excellent yields,2 whereas N- 
alkyl-N-halo amides (ZCONRX) failed to add under the same 
conditions.23 This failure could be due to the fact that 
chromium(II) reduction of an Al-alkylamido radical would be 
faster than its addition to the olefin as already suggested.213 
However, intramolecular addition of Ai-alkylamido radicals 
would be expected to compete favorably w ith their chromi- 
um(II) reduction (an intermolecular process). Indeed, as we 
w ill see, the chromous chloride promoted cyclization of olefinic 
Al-chloro amides does occur in good to excellent yields.

In the preceding paper,3 we have compared the intramo
lecular behavior of ,/V-chloro amides toward double bonds 
under photochemically and peroxide-initiated decomposition. 
Due to the special design of the models used, i t  was possible 
to gain information on the electronic structure of iV-alk- 
ylamido radicals. Because of the possible complexation of 
these radicals with chromium ions,2b their electronic structure 
w ill not be considered in this paper.

In the present paper, we are going to (i) evaluate the scope 
and limitations of the chromous chloride method for the 
synthesis of nitrogen heterocycles, comparing the cyclization 
of olefinic N-chloro carboxamides A and N-chloro acetamides 
B; (ii) see whether the cyclization would occur when a six-

a a

membered transition state is involved; (iii) examine the 
competition between intramolecular abstraction of allylic 
hydrogens by the amido radical, and its intramolecular ad
dition to double bonds; and (iv) study the stereochemistry of 
the cyclization reaction.

As w ill be seen, most of the questions raised could be an
swered in a satisfactory manner and an efficient process for 
the synthesis of functionalized nitrogen heterocycles was 
devised. This method constitutes a useful complement to the 
synthesis of azabicyclic and polycyclic molecules efficiently
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achieved by intramolecular reactions of olefinic N-chloram- 
ines.4’5

Results
Preparation of N-Chloro Amides. The N-chlorination 

of olefinic amides is more d ifficu lt than that of the corre
sponding amines because amides are less reactive than amines 
toward the various chlorinating agents generally used. Two 
methods gave satisfactory results: room temperature treat
ment of the amide by sodium hypochlorite, and treatment of 
the lith ium  amide salt by N-chlorosuccinimide in ether, a 
method developed by Kuehne and Horne.6 The yields as well 
as the purity of the N-chloro amides are recorded in Table I. 
The N-chlorination of the olefinic N-methyl carboxamides 
by the firs t method was usually faster than that of the corre
sponding N-alkenyl acetamides. I t  was necessary to follow the 
reaction by !H NM R spectroscopy or by TLC, since partial 
hydrolysis of the amide to the carboxylic acid occurred, par
ticularly in the case of the N-methyl carboxamides.7 Buffering 
the chlorinating solution at pH 12.5 was expected to reduce 
the amide hydrolysis. This occurred efficiently in the case of 
the preparation of lb , but presented no real advantage over 
the standard method for the preparation of N-chloro car
boxamides 7b and 17b. The crude /V-chloro amides prepared 
by the sodium hypochlorite method were used without further 
purification, the unreacted amide being essentially the sole 
other product present according to the XH NM R spectra. The 
second method proved to be efficient to prepare 26b, 27b, and 
29b where the sodium hypochlorite method, w ith or w ithout 
buffer, and other methods8 have failed. In the case of 27b, 
these methods gave the chloro lactone 32 (54% yield w ith so-

32

dium hypochlorite). This product is most likely to be formed 
by the hydrolysis of the N-chloro amide and electrophilic 
chlorination of the double bond, followed by trapping of the 
intermediate cation by the carboxylate anion. The source of 
positive halogen is not clear, but i t  m ight be the N,N-dichlo- 
romethylamine formed by hydrolysis of the amide7 or even
tually the acylhypochlorite.

Cyclization of Olefinic N-Chloro Amides. The results 
of the chromous chloride promoted cyclization of various 
olefinic N-chloro amides are summarized in Table I.10 The 
reactions were carried out as described for the intermolecular 
additions2® at —78 °C (cooling bath temperature) in a chlo- 
roform/methanol mixture, adding the chromous chloride 
slowly and monitoring the reaction by an iodometric test. The 
various examples studied illustrate the synthetic potential of 
the method, as the yields of cyclization vary from good to ex
cellent (except for the N-chloro amides 16b and 26b, which 
did not cyclize).

Inspection of Table I leads to the following general com
ments. I t  is noteworthy that the cyclization of the olefinic 
N-chloro-N-methyl carboxamides is generally more efficient 
than the cyclization of the analogous N-chloro-N-alkenyl 
acetamides. The material balance (cyclized products plus 
recovered parent amide) is very good (>90% in most cases) as 
in the peroxide-initiated cyclizations3 and thus generally much 
better than in the photochemical cyclizations.3,12 The chro
mous chloride method appears to be the most efficient except 
in the case of N-chloro carboxamide 7b, where the three 
methods gave similar yields, and of N-chloro acetamide 16b 
where the chromous chloride and benzoyl peroxide methods 
failed (the photochemical cyclization of 16b was not stud
ied).

The cyclization of N-chloro amides lb and 4b led to a rel
atively large proportion of the nonchlorinated products 3 and 
6 (1,H cyclic adducts), respectively, whereas no such product 
was isolated in the case of the other N-chloro amides.

The N-chloro amides 13b and 16b were chosen to test the 
hydrogen abstraction ability of the amido radical vs. its ad
dition to double bonds in intramolecular reactions. As already 
pointed out in the preceding paper,3 the cyclization was ex
pected to be more d ifficu lt than that of N-chloro amides 7b 
and 10b (formation of a six-membered ring, boat-like con
formation of the cycloheptene ring in the transition state), 
whereas the intramolecular allylic hydrogen abstraction 
process should involve the normally preferred 1,5 transfer.13 
Surprisingly, cyclization of 13b was very efficient (95%). In 
contrast, 16b gave only the parent amide 16a as in the case of 
the peroxide-initiated reaction.3

The N-chloro amides 17b, 19b, 21b, and 24b were studied 
to see if  their behavior would parallel that of the corresponding 
N-chloramines.4d,e As in the case of N-chloramines, the cy
clization was almost quantitative and the chlorine-atom 
transfer onto the intermediate adduct radical occured almost 
exclusively from the less-hindered exo face, leading to the 
tricyclic products 18,20,22, and 25, respectively. Interestingly, 
N-chloro amides 7b and 10b yielded a mixture of endo and exo 
epimers in contrast to the corresponding N-chloramine, which 
has been reported to give exclusively the exo derivative.53

We had hoped to obtain an azatwistanone derivative from 
N-chloro amide 26b, but its cyclization failed. The N-chloro 
amides 27b and 29b led, in good yields, respectively, to the 
azahomoadamantanone derivative 28 and to the azaada- 
mantanes 30 and 31.

Discussion
The emphasis of this work had in itia lly  been placed on the 

synthetic aspects and the results clearly show the synthetic 
potential of the chromous chloride promoted cyclization of 
olefinic N-chloro amides for the synthesis of nitrogen het
erocycles. This method turns out to be generally more efficient 
than the corresponding photocyclization3,6 or benzoyl per
oxide initiated cyclization.3 I t  compares well w ith the cycli
zation of olefinic and enol ether N-chloramines,4 although it 
was not possible to use an enol ether N-chloro amide because 
of the difficulty in chlorinating the corresponding amides [e.g., 
N-methyl(4-methoxy-3-cyclohexenyl)carboxamide].

The reactivity of amido radicals and the reaction mecha
nism of the chromous chloride promoted additions of N-halo 
amides to olefins have been already discussed.2 However, the 
results obtained during the present work allow some further 
comments.

Comparative Reactivity of N-Chloro Acetamides and 
N-Chloro Carboxamides. The difference in favor of a 
greater reactivity of N-chloro carboxamides is particularly 
clear i f  the behavior of 13b and 16b is compared (Table I). 
This difference cannot be attributed to the greater reactivity 
of an amido radical toward an allylic hydrogen on the alkyl 
moiety than toward an allylic hydrogen on the acyl moiety 
(compare also the cyclization of 7b and 10b) as has been shown 
to be the case for intramolecular abstraction of nonactivated 
hydrogens by N-alkylamido radicals,15 since a 1,5-hydrogen 
transfer is not operating in the case of 16b (see below). Fur
thermore, the amido radicals derived from 17b and 19b (or 21b 
and 24b) have no hydrogen suitably oriented for the usual
1,5-transfer into the nitrogen,13 and those derived from lb and 
4b have only an unreactive vinylic hydrogen in a 1,5 rela
tionship w ith respect to the nitrogen, but the same difference 
in reactivity is still observed. Although electronic factors could 
be involved, this difference can be explained in terms of steric 
(torsional and nonbonded) interactions which would be ex
pected to be larger for the cyclization of an N-alkenylace-



3752 J. Org. Chem., Vol. 43, No. 19,1978 Lessard et al.

Table I. Preparation and Chromous Chloride Promoted Cyclization of Olefinic iV-Chloro Amides

I V - c h l o r o  a m i d e

i V - c h l o r o  a m i d e

p r e p a 

r a t i o n

n o .  m e t h o d “

r e a c -  i o d o -

t i o n  m e t r i c

t i m e ,  y i e l d ,  p u r i t y ,

h  %  %

c y c l i z a t i o n  p r o d u c t s

p r o d u c t ____________________ n o .

p a r e n t  a m i d e

y i e l d , 6  y i e l d , 6

%  n o .  %

lb N a O C l

b u f f .  N a O C l

4b N a O C l

8
3

9 . 5

CH,X

7b N a O C l  1 8  7 1  9 2

b u f f .  N a O C l  1 1  7 6  7 9

1 0 b  N a O C l  1 0 0  8 3  9 6

2 (X = Cl) 44 la 0
3 (X = H) 61

5 (X = Cl) 0 4a 90
6 (X = H) 6

8  ( e x o )  2 8  7a 0

9  ( e n d o )  7 0

1 1  ( e x o )  4 4  1 0 a  2 0

1 2  ( e n d o )  3 6

1 3 b  N a O C l  4 0

1 6 b  N a O C l  1 0 0

17b N a O C l  3 4

b u f f .  N a O C l  7 8

19b N a O C l  1 0 0

21b N a O C l  4 8

24b N a O C l  1 0 0

26b n - B u L i / N C S 7 3  1 0 0

27b n-BuLi/NCS 5 4  1 0 0

CH:,

2 9 b  n - B u L i / N C S

1 4  ( e x o )  7 0  1 3 a  t r

1 5  ( e n d o )  2 5

0 16a 95

1 8 9 2 c 1 7 a  7

20 85d 19a 20

2 2  ( e x o )  8 0  2 1 a  < 2

2 3  ( e n d o )  5

2 5 80 24a 10

0 26a 70e

28 ( e x o )  7 4  27a 1 5

3 0  ( e x o )  1 9  2 9 a  2 1

3 1  ( e n d o )  4 3

“  S e e  t e x t .  6 Y i e l d s  b a s e d  o n  t h e  I V - c h l o r o  a m i d e  p r e s e n t  i n  t h e  s t a r t i n g  p r o d u c t  a n d  d e t e r m i n e d  b y  V P C .  c T h i s  c o r r e s p o n d s  t o  

a  q u a n t i t a t i v e  y i e l d  o f  c y c l i z a t i o n  c o n s i d e r i n g  t h a t  t h e  p a r e n t  a m i d e  c o n t a i n e d  8 - 10 % )  o f  u n s e p a r a b l e  e x o  i s o m e r .  d A n o t h e r  u n i d e n t i f i e d  

p r o d u c t  c o n t a i n i n g  c h l o r i n e  (m /e  1 8 5 , 1 8 7 )  w a s  i s o l a t e d  i n  a b o u t  1 2 %  y i e l d .  e T h e  s a m p l e  o f  a m i d e  2 6 a  u s e d  t o  p r e p a r e  2 6 b  c o n t a i n e d  

a b o u t  1 0 %  o f  t h e  i s o m e r  w i t h  t h e  a m i d o  g r o u p  e x o  a n d  t h i s  1 0 %  w a s  s t i l l  p r e s e n t  i n  t h e  r e c o v e r e d  p a r e n t  a m i d e  (XH N M R  s p e c t r a ) ;  

i n  a d d i t i o n  t o  2 6 a ,  w e  i s o l a t e d  ( p r e p a r a t i v e  V P C  a n d  T L C )  3 2 %  o f  t h e  i s o m e r  w i t h  t h e  d o u b l e  b o n d  e n d o ,
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S c h e m e  I S c h e m e  I I

C H ,  C r  ( H L )  C H j

33 ( Y = O ; 2 = CH3 ) 3 ( Y = O ; 2 -  CHj )

314 ( Y = H , H ;  2  = C O C H 3 )  6  ( Y = H  , H  j  Z = C O C H 3 )

tamido radical than for the cyclization of the analogous ole
finic A-methylcarboxamido radical according to the inspec
tion of models. This led us to hypothesize that A*-alkylamido 
radicals would be less reactive toward a double bond on the 
alkyl moiety than toward a double bond on the acyl moiety. 
Work is in progress to verify this hypothesis on substrates 
where an amido radical w ill have the choice between the two 
possibilities in an intramolecular process.

Five- or Six-Membered Transition State Leading to 
Cyclization. I t  is well known that radical cyclizations usually 
lead to five-membered rings.17 Our results essentially confirm 
this trend. However, we noticed three exceptions w ith the 
cyclization of 13b, 27b, and 29b. Cyclization of 29b through 
a five-membered transition state would have led to a pro- 
toadamantane skeleton known to be more strained than the 
adamantane skeleton.18 Cyclization of 27b could have led ei
ther to a six-membered ring or to a seven-membered ring. The 
seven-membered ring was preferred (e.g., 28) probably as a 
result of the greater stability of an homoadamantane deriva
tive relative to a homoprotoadamantane derivative. /V-Chloro 
amide 13b can only give a six-membered ring. The entropy 
factor and the absence of strain in the transition state seem 
in fact to be the most important factors allowing or forbidding 
the cyclization.

Addition to Double Bond vs. Allylic Hydrogen Ab
straction. The efficient cyclization of ./V-chloro amides 7b, 
10b, and 13b shows that the amido radical prefers to add to 
a double bond rather than to abstract an allylic hydrogen in 
intramolecular processes, even if  the abstraction would involve 
the prefered 1,5 transfer to the nitrogen,13 and even when the 
cyclization occurs through a six-membered transition state 
and a less favorable conformation of the ring as in the case of 
13b. This behavior cannot be attributed to the complexation 
of the amido radicals by chromium ions, since it  has been 
observed in the peroxide-induced cyclization of 7b and 13b,3 
and in the photochemical cyclization of 7b;3-11 i t  is marked 
contrast w ith the assumed preference of Af-alkylamido radi
cals for allylic hydrogen abstraction in intermolecular reac
tions w ith olefins.140 In the case of ./V-chloro amide 16b, the 
parent amide 16a, the sole product isolated, could have been 
formed by allylic hydrogen abstraction followed by chromi- 
um(II) reduction of the resulting allylic radical then proto
nolysis19 (Scheme I). However, when compound 16b was 
submitted to chromous chloride cyclization conditions in to 
tally deuterated medium,2b then the workup carried out with 
D2O, and the crude product passed over a silica gel column (in 
order to exchange the amide deuterium and also for p u rifi
cation purposes), the resulting product did not contain any 
deuterium as shown by mass spectroscopy. Consequently, the 
parent amide 16a is most likely to be formed by chromium(II) 
reduction of the amido radical followed by protonolysis2b 
(Scheme I).

I t  therefore appears that, in the radical decomposition of 
olefinic /V-chloro amides, the amido radical shows little  re
activity in intramolecular abstraction of allylic hydrogens so 
that its intramolecular addition to the double bond competes 
mainly with intermolecular processes. In the chromous chlo
ride promoted reactions, the main intermolecular competing 
process is most probably chromium(II) reduction of the amido

radical leading to the formation of the parent amide. In the 
peroxide-initiated reactions,3 it  is most likely the abstraction 
of hydrogen from dioxane by the amido radical, which leads 
also to the parent amide. In the photochemical cyclizations,3’12 
the most probable intermolecular process is the abstraction 
of allylic hydrogen by chlorine atoms formed in the initiation 
step, which leads to chlorinated derivatives and the parent 
amide according to the Goldfinger mechanism.20 This then 
would explain the poorer material balance, cyclized products 
plus parent amide, obtained with the photochemical method 
as compared to the other two methods.

1,H-Cyclic Adducts. In intermolecular additions initiated 
by chromous chloride, nonhalogenated adducts, termed 
l,H-adducts, were currently observed.2® Deuterium incor
poration experiments have shown that their formation results 
mainly from chromium(II) reduction of an intermediate ad
duct-radical followed by protonolysis.2b By analogy, we pro
pose a similar mechanism (Scheme II) for the formation of the 
l,H-cyclic adducts 3 and 6 in the cyclization of lb and 4b, 
respectively. A primary carbon radical should be reduced more 
readily than a secondary one. Indeed, no l,H-cyclic adducts 
were isolated in the cyclization of the other olefinic /V-chloro 
amides where the intermediate adduct-radical is secondary. 
A primary carbon radical should also be a more efficient hy
drogen abstractor than a secondary one. This accounts for the 
fact that, whereas no l,H-cyclic adduct was isolated from the 
photochemical cyclization of 7b, 13b, and 17b,3 some 15% of 
3 and 9% of 6 was obtained from lb and 4b, respectively.12

Stereochemistry. The stereochemistry is strongly de
pendent on the substrate (Table I). Interestingly, only two 
A-chloro amides gave predominantly the endo isomer, N- 
chloro carboxamide 7b (endo/exo = 2.5) and /V-chloro car
boxamide 29b (endo/exo = 2.3). The stereochemistry was 
found to be also dependent on the method of initiation in the 
case of ./V-chloro amides 7b and 13b. For 7b, the endo/exo ratio 
varies from 2.5 with chromous chloride to 1.3 by irradiation 
in methylene chloride3 (0.94 in benzene11), and 0.86 with 
benzoyl peroxide.3 For 13b, the following endo/exo ratios were 
observed: 0.35 with chromous chloride, 0.57 by irradiation in 
methylene chloride,3 and 0.39 with benzoyl peroxide.3 In order 
to see whether these differences in stereoselectivity could be 
due, at least in part, to variations of solvent and temperature, 
we carried out the photochemical cyclization of 7b under 
conditions similar to those used for chromous chloride cycli
zation, and obtained an endo/exo ratio (2.0) close to that ob
served with chromous chloride (2.5).21

Reaction Mechanism. The fact that the chromous chloride 
method generally gives better yields of cyclization than the 
benzoyl peroxide method3 and the photochemical method3'12 
could be due, to some extent, to an association complex be
tween the metal ion and the amido radical. The “ complexed 
radical”  could then be more reactive toward a double bond 
than a “ noncomplexed radical” . The generation of an amido 
radical in the presence of chromous chloride is in itself quite 
different from t he same generation in the presence of perox
ides or under photochemical conditions. As already suggested 
for intermolecular additions,2*3 the formation of a monoden- 
tate complex, in the initia tion step, w ill liberate an amido 
radical which could remain associated with the metal ion23
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Scheme III

^ N *  Cl
c h 3

(Scheme III) ;  and/or the IV-chloro amide could also act as a 
bidentate ligand leading to an amido radical bonded to the 
chromium ion (Scheme III) ,  a process which would be more 
favorable than the former because of the entropy factor. 
Whether or not the geometry of the substrate can accommo
date the octahedral structure of chromium(II), a tridentate 
complex could also be involved as depicted in Scheme IV. This 
would be the case for iV-chloro amides 7b and 29b according 
to the inspection of models. The formation of such a complex 
could result in a larger proportion of endo epimer by allowing 
an intramolecular ligand (chlorine) transfer as shown in 
Scheme IV. The IV-chloro amides 7b and 29b are the two 
IV-chloro amides that did give predominantly the endo isomer 
as already pointed out. However, as mentioned above, the 
photochemical cyclization of 7b under conditions of solvent 
and temperature similar to those used for the chromous 
chloride reactions led to an endo/exo ratio of 2.0 as compared 
to 2.5 w ith chromous chloride. We therefore have no conclu
sive evidence for or against a ligand-transfer mechanism. The 
same situation was encountered for the intermolecular addi- 
tions;2b a classical chain mechanism was considered more 
probable than a ligand-transfer mechanism mainly on the 
basis of the low redox potential of the chromic ion. However, 
it  is likely that both mechanisms are involved.

Conclusion
The present work allowed us to show the synthetic potential 

of the chromous chloride promoted cyclization of olefinic

IV-chloro amides for the preparation of functionalized n itro 
gen heterocycles. I t  also allows us to compare the effectiveness 
and convenience of three methods of cyclization.

The benzoyl peroxide method appears to be quite effective 
for the cyclization of olefinic IV-chloro carboxamides (e.g., 7b, 
13b, and 17b).3 Whenever i t  works, i t  could be the method of 
choice, since it  is very simple (technical operation and workup 
are easy) and amenable to large-scale reactions.

The chromous chloride method is more general, giving good 
to high yields of cyclization w ith olefinic IV-chloro acetamides 
as well as with olefinic IV-chloro carboxamides. I t  is amenable 
to large-scale work and furthermore, the larger the scale, the 
higher the yield of cyclization. Indeed, the reduction of the 
amido radical competes w ith its intramolecular addition to 
the double bond. Thus the smaller the relative amount of 
chromous chloride added at a time (which can be achieved by 
working on larger scales and adding the chromous chloride 
solution slowly), the better should be the yield of cyclization 
(as in the case of intermolecular additions2®). For instance, the 
cyclization of IV-chloro acetamide 4b carried out on a 3.5- 
mmol scale, adding the chromous chloride solution over 45 
min led to 6% of 6 (Table I). When the reaction was carried out 
on a 8-mmol scale, adding the chromous chloride solution over 
90 min, a 20% yield of 6 was obtained.

The photochemical method is very simple from the point 
of view of technical operation and workup. However, i t  is 
lim ited to small-scale reactions and proved generally less ef
fective than the two other methods.3’12 In addition, it  may give 
a more complex mixture of products due to the competing 
reactions of the chlorine atoms produced in the initia tion 
step.

Experimental Section
T h e  p e r t i n e n t  g e n e r a l  in f o r m a t io n  h a s  b e e n  g iv e n  in  t h e  p r e c e d i n g  

p a p e r .3

Preparation of Olefinic Amides. T h e  p r e p a r a t i o n  o f  a m i d e s  7a, 
10a, 13a, 16a, 17a, a n d  19a h a s  b e e n  d e s c r ib e d  in  t h e  p r e c e d in g  p a p e r ,3  

a n d  t h a t  o f  a m id e  21a in  r e f  4 d . A m i d e s  la a n d  4a h a v e  b e e n  p r e p a r e d  

f r o m  4 - p e n t e n o i c  a c i d  b y  s t a n d a r d  p r o c e d u r e s :  la,24 7 5 %  y i e l d ;  4a,6 
5 2 %  y i e l d  [ a f t e r  p u r i f i c a t io n  b y  m ic r o d is t i l l a t io n  a t  5 5 - 6 0  ° C  ( 1  m m ) ] . 

A m i d e  29a w a s  p r e p a r e d  a c c o r d in g  t o  t h e  m e t h o d  d e s c r i b e d  b y  S t a a s  

a n d  S p u r l o c k : 25  5 5 %  y i e l d ;  m p  8 9 - 9 2  ° C  ( l i t . 25  m p  9 4 - 9 6  ° C ) .

IV-[(2-Bicyclo[2.2.2]octen-5-yI)methyl]acetamide (24a). A  

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

Scheme IV
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5 - f o r m y l b i c y c l o [ 2 . 2 . 2 ] o c t - 2 - e n e . 26  T r e a t m e n t  o f  t h i s  a l d e h y d e  b y  

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

t a t i v e  y i e l d  o f  o x i m e .  R e d u c t i o n  o f  t h i s  o x i m e  b y  a l u m i n u m  h y d r i d e  

a f f o r d e d  t h e  p r i m a r y  a m in e  in  2 4 %  y ie ld .  A c e t a m i d e  24a w a s  o b t a i n e d  

b y  t h e  u s u a l  a c e t y l a t i o n  p r o c e d u r e  in  7 7 %  y i e l d :  m p  7 5 - 7 7  ° C ;  I R  

( C H C l s )  3 4 6 0 ,  3 3 8 0 , 1 6 7 0 ,  a n d  1 5 2 0  c m “ 1 ; N M R  ( C D C 1 3 ) 8 0 . 8  ( m , 1  

H ) ,  1 . 1 - 2 . 6  ( m , 8  H ) ,  1 . 9 8  ( s ,  3  H ) ,  2 .9 2  ( t ,  2  H ) ,  a n d  6 .2  ( m , 3  H ) .

lV-MethyI-2-methylene-5-bicyclo[2.2.2]octanecarboxamide 
(26a). 5 - C a r b o m e t h o x y b i c y c l o [ 2 . 2 . 2 ] o c t a n - 2 - o n e  w a s  p r e p a r e d  a s  

d e s c r i b e d  b y  L e e . 27  A  W i t t i g  r e a c t i o n  o n  t h i s  k e t o n e  ( 8  g , 4 4  m m o l)  

in  d r y  b e n z e n e  ( 2 0 0  m L )  u s i n g  m e t h y l t r i p h e n y lp h o s p h o n i u m  io d id e  

( 4 1 . 6  g ,  1 0 3  m m o l)  a n d  p o t a s s i u m  t e r i - b u t o x i d e  ( 1 1 . 2  g , 0 . 1  m o l)  a f 

fo r d e d  5 - c a r b o m e t h o x y - 2 - m e t h y le n e b ic y c lo [ 2 .2 .2 ] o c t a n e  ( 5 .5  g , 7 0 % ). 
T r e a t m e n t  w i t h  m e t h y la m i n e  ( 5 0  m L  o f  a  3 0 %  s o lu t io n  in  m e t h a n o l )  

f o r  1 0  d a y s  g a v e ,  a f t e r  s u b l i m a t i o n  o f  t h e  c r u d e  p r o d u c t ,  t h e  a m i d e  

26a ( 3 0 %  y i e l d ) :  m p  7 9 - 8 5  ° C  ( s e a le d  t u b e ) ;  IR ( C H C 1 3 ) 3 4 6 0 , 1 6 5 0 ,  

a n d  1 5 3 0  c m ' 1 ; NMR ( C D C 1 3 ) 8 1 . 4 5 - 2 . 8  ( m , 1 1  H ) ,  2 .7 4  (d , 3  H ) ,  4 .5 0  

a n d  4 .6 8  ( t w o  m , 2  H ) ,  a n d  7 .4 5  ( m , 1  H ) ;  m a s s  s p e c t r u m  m /e  ( r e l  i n 

t e n s i t y )  1 7 9  (M+, 1 4 ) ,  2 4  ( 1 8 ) ,  8 6  ( 1 0 0 ) ,  7 9  ( 2 6 ) .

A n a l .  C a l c d  f o r  C „ H 1 7 N O : C ,  7 3 . 7 1 ;  H ,  9 .5 6 ;  N ,  7 . 8 1 .  F o u n d :  C ,  

7 3 . 9 2 ;  H ,  9 . 5 1 ;  N ,  7 .8 2 .

7V-Methyl-3-bicyclo[3.3.1]non-6-enecarboxamide (27a). T h i s  

a m id e  w a s  p r e p a r e d  f r o m  6 - b i c y c l o [ 3 . 3 . 1 ] n o n - 3 - e n e c a r b o x y l i c  a c i d .28 

T h e  p r e p a r a t i o n  o f  t h e  a c i d  c h lo r i d e  g a v e  a  m i x t u r e  c o n t a i n i n g  6 0 %  

o f  t h e  a c i d  c h lo r id e  a n d  3 7 %  o f  4 - c h l o r o a d a m a n t a n - 2 - o n e .29  A d d i t i o n  

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

f o r d e d  a m i d e  27a in  6 0 %  y i e l d .  T h e  c r u d e  a m i d e  w a s  r e c r y s t a l l i z e d  

f r o m  c y c l o h e x a n e :  m p  7 4  ° C ;  I R  ( C H C 1 3 ) 3 5 2 0 ,  3 4 4 0 , 1 6 7 5 ,  a n d  1 5 4 0  

c m ’ 1 ; N M R  ( C D C 1 3 ) 8 1 . 5 - 2 . 5  ( m , 1 1  H ) ,  2 . 7 5  ( d , 3  H ) ,  a n d  5 .6  ( m , 3  

H ) .

Preparation of Olefinic JV-Chloro Amides. T h e  M - c h lo r o  a m id e s  

26b, 27b, a n d  29b w e r e  p r e p a r e d  f r o m  t h e  p a r e n t  a m id e  b y  t h e  m e t h o d  

d e s c r i b e d  b y  K u e h n e  a n d  H o r n e .6 T h e  y i e l d s  a r e  r e c o r d e d  in  T a b l e

I .
Typical Procedure for the Sodium Hypochlorite Method. 

JV-Chloro-JV-methyl-5-cycloheptenecarboxamide (13b). A m i d e  

13a ( 0 .7 7 5  g , 5  m m o l)  d i s s o l v e d  in  m e t h y le n e  c h lo r i d e  ( 1 0  m L )  w a s  

t r e a t e d  w i t h  s o d i u m  h y p o c h l o r i t e  ( 1 2 . 1  m L  o f  a  0 .8 3  N  s o l u t i o n ,  1 0  

m m o l) .  S u l f u r i c  a c i d  ( 1 . 2  m L  o f  a  1  N  s o l u t i o n )  w a s  t h e n  a d d e d .  T h e  

m i x t u r e  w a s  s t i r r e d  v i g o r o u s l y  a t  r o o m  t e m p e r a t u r e  in  t h e  d a r k .  T h e  

r e a c t i o n  w a s  f o l l o w e d  b y  N M R  u n t i l  t h e  c o m p l e t e  d i s a p p e a r a n c e  o f  

t h e  A - m e t h y l  d o u b l e t  a t  2 .8  p p m . T h e  o r g a n i c  l a y e r  w a s  s e p a r a t e d  

a n d  t h e  a q u e o u s  s o l u t i o n  e x t r a c t e d  w i t h  m e t h y le n e  c h lo r i d e  ( 5  X  1 0  

m L ) .  T h e  c o m b in e d  o r g a n ic  p h a s e s  w e r e  d r i e d  ( N a 2S 0 4). E v a p o r a t i o n  

o f  t h e  s o l v e n t  g a v e  13b ( 0 .8 6 5  g , 9 1 %  a c t i v e  c h lo r in e  b y  io d o m e t r y ,  8 2 %  

y i e l d ) :  N M R  ( C D C 1 3 ) 8 2 . 2  ( m , 6  H ) ,  3 . 1  ( m , 1  H ) ,  3 .4  ( s ,  3  H ) ,  a n d  5 .8  

( m , 2  H ) .

T h e  A - c h l o r o  a m id e s  4b t o  24b ( T a b l e  I) w e r e  p r e p a r e d  in  t h e  s a m e  

w a y  o n  a  5 - 1 0 - m m o l  s c a l e  w i t h  0 . 8 - 1 . 3  M  s o d i u m  h y p o c h l o r i t e  s o l u 

t io n s .  B e t t e r  y i e l d s  c o u ld  b e  o b t a i n e d  b y  s t o p p i n g  t h e  r e a c t i o n  b e f o r e  

t h e  c o m p l e t e  d i s a p p e a r a n c e  o f  t h e  s t a r t i n g  a m i d e .

2-Chloro-4-oxahomoadamantane-5-one (32). A n  a t t e m p t  t o  

N - c h l o r i n a t e  a m i d e  27b b y  t h e  a b o v e  m e t h o d  le d  t o  a  m i x t u r e  w h ic h  

a f t e r  s e p a r a t i o n  o n  s i l i c a  g e l  p la t e s  ( e t h e r - h e x a n e  1 : 1 ) g a v e  t h e  c h lo r o  

l a c t o n e  32 ( 5 4 % ) .  T h e  a n a l y t i c a l  s a m p l e  w a s  o b t a i n e d  a f t e r  r e c r y s 

t a l l i z a t io n  f r o m  c y c lo h e x a n e  ( i t  s u b l im e d  r e a d i l y  a n d  n o  m e l t in g  p o in t  

w a s  r e c o r d e d ) :  I R  ( C H C 1 3) 1 7 4 0  c m " 1 ; N M R  ( C D C 1 3) 6 1 . 4 - 2 . 6  ( 1 0  H ) ,

3 .0 9  (m , 1  H ) ,  4 .2 6  (m , 1  H ) ,  a n d  4 .4 6  (m , 1  H ) ;  m a s s  s p e c t r u m  m /e  ( r e l  

i n t e n s i t y )  2 0 0  ( M + ,  2 ) ,  1 5 6  (8 ) , 1 2 1  ( 3 0 ) ,  7 9  ( 1 0 0 ) ,  a n d  3 9  ( 4 2 ) ;  m /e  
c a lc d  f o r  C i 0H 1 3 C 1 O 2  2 0 0 .0 6 0 4 0 4 ,  f o u n d  2 0 0 .0 5 9 7 6 3 .

A n a l .  C a l c d  f o r  C 1 0 H 1 3 C I O 2 : C ,  5 9 .8 6 ;  H ,  6 .5 3 .  F o u n d :  C ,  5 9 .4 6 ;  H ,

6 . 8 1 .

Typical Procedure for the Buffered Sodium Hypochlorite 
Method. A-Chloro-A-methyl-4-pentenecarboxamide (lb). T h e

p h o s p h a t e  b u f f e r  ( 3  M  s o lu t io n )  w a s  p r e p a r e d  b y  a d d i n g  a  s a t u r a t e d  

p o t a s s i u m  h y d r o x i d e  s o l u t i o n  t o  p h o s p h o r i c  a c i d  u n t i l  p H  1 2 . 5 .  T h e  

a m id e  la ( 1 . 5 0  g ,  1 3  m m o l)  w a s  d i s s o l v e d  in  c h lo r o f o r m  ( 1 0  m L ) .  T h e  

b u f f e r  ( 3 7  m L )  w a s  a d d e d ,  t h e n  s o d i u m  h y p o c h l o r i t e  ( 3 7  m L  o f  a  0 . 7 1  

N  s o l u t i o n ) .  T h e  r e a c t i o n  w a s  f o l l o w e d  b y  N M R  a n d  w a s  s t o p p e d  

w h e n  t h e  in t e g r a t i o n  r a t i o  o f  t h e  s i n g le t  a t  3 . 3 3  p p m  a n d  t h e  d o u b l e t  

a t  2 . 7 5  p p m  r e a c h e d  a  m a x i m u m .  W o r k u p  a s  a b o v e  g a v e  A - c h l o r o  

a m i d e  lb ( 2 .0 4  g , 8 4 %  a c t i v e  c h lo r i n e ,  7 4 %  y i e l d ) .  T h e  c r u d e  p r o d u c t  

s t i l l  c o n t a i n e d  c h lo r o f o r m  a n d  1 4 %  o f  p a r e n t  a m i d e  la b y  N M R .  I t  

w a s  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .

Chromous Chloride Promoted Cyclizations. Typical Proce
dure. Cyclization of A-Chloro-A-methyl-4-pentenecarboxa- 
mide (lb). T h e  r e a c t i o n  w a s  c a r r i e d  o u t  a s  d e s c r i b e d  f o r  t h e  in t e r -  

m o l e c u l a r  a d d i t i o n s , 2“  a d d i n g  s lo w l y  a  1  M  m e t h a n o l i c  c h r o m o u s  

c h lo r i d e  s o l u t i o n  ( 1 0  m L  a d d e d  o v e r  9 0  m in )  t o  a  s o l u t i o n  o f  lb ( 2 . 1 7  

g , 7 8 %  a c t i v e  c h lo r i n e ,  1 1 . 5  m m o l)  in  c h lo r o f o r m  ( 1 0  m L ) - m e t h a n o l

( 2  m L )  c o o le d  a t  - 7 8  ° C  ( d r y  i c e - m e t h a n o l  b a t h )  u n t i l  a  n e g a t i v e  

s t a r c h - i o d i d e  t e s t .  T h e  c r u d e  p r o d u c t  o b t a i n e d  a f t e r  t h e  u s u a l  w o r k u p  

a n d  m e t h y le n e  c h lo r id e  e x t r a c t i o n  w a s  d i lu t e d  in  a  1 0 - m L  v o lu m e t r ic  

f l a s k .  A n  a l i q u o t  ( 2  m L )  w a s  s e p a r a t e d  b y  p r e p a r a t i v e  T L C  ( h e x -  

a n e - e t h e r - m e t h a n o l  1 0 : 1 0 : 1 )  t o  y i e l d  t h r e e  f r a c t i o n s .  T h e  l e s s  p o l a r  

f r a c t io n  c o n s is t e d  o f  A - m e t h y l - 5 - c h l o r o m e t h y l - 2 - p y r r o l i d o n e  (2 ; 0 . 1 2 1  

g , 3 6 % ) ,  w h ic h  w a s  p u r i f i e d  b y  m i c r o d i s t i l l a t i o n  a t  7 0  ° C  ( 0 .5  m m ) : 

N M R  ( C D C I 3 ) 8 1 . 9 - 2 . 7  ( m , 4  H ) ,  2 .7 9  ( s , 3  H ) ,  3 .6 4  ( m , 2  H ) ,  a n d  3 .8 0  

( m , 1  H ) ;  m a s s  s p e c t r u m  m /e  1 4 7 ,  1 4 9  ( 3 : 1 ,  M + ). T h e  s e c o n d  f r a c t io n  

c o n s is t e d  o f  A - m e t h y l - 5 - m e t h y l - 2 - p y r r o l i d o n e  (3; 0 . 1 3 1  g , 5 0 % ) , w h ic h  

p r o v e d  i d e n t i c a l  ( I R ,  ' H  N M R )  w i t h  a n  a u t h e n t i c  s a m p l e  ( A l d r i c h ) .  

T h e  t h i r d  f r a c t i o n  c o n s i s t e d  o f  t h e  p a r e n t  a m i d e  la ( 0 .0 6 3  g ) .  C o n 

t in u o u s  e x t r a c t i o n  o f  t h e  a q u e o u s  p h a s e s  ( f r o m  t h e  e x t r a c t i o n  a b o v e )  

w i t h  m e t h y le n e  c h lo r i d e  y i e l d e d  a d d i t i o n a l  q u a n t i t i e s  o f  la, 2, a n d

3. V P C  a n a l y s i s  ( O S - 1 3 8 )  o f  t h i s  f r a c t i o n  a n d  o f  t h e  c r u d e  p r o d u c t  

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

l o w in g  r e s u l t s :  la, 2 2 %  ( a m o u n t  p r e s e n t  in  t h e  s t a r t i n g  m a t e r i a l ) ;  2, 
4 4 % ; 3, 6 1 % .

T h e  s a m e  p r o c e d u r e  w a s  f o l l o w e d  f o r  t h e  c y c l i z a t i o n  o f  A - c h l o r o  

a m i d e  4b ( a d d i t i o n  o f  t h e  c h r o m o u s  c h lo r i d e  s o l u t i o n  o v e r  4 5  m in ) .  

F o r  t h e  o t h e r  A - c h l o r o  a m id e s  o f  T a b l e  I ,  i t  w a s  n o t  n e c e s s a r y  t o  c a r r y  

o u t  a  c o n t i n u o u s  e x t r a c t i o n  o f  t h e  a q u e o u s  p h a s e s .  T h e  y i e l d s  w e r e  

d e t e r m i n e d  b y  V P C  u s in g  a u t h e n t i c  s a m p l e s  a s  s t a n d a r d s .  T h e s e  

s a m p l e s  w e r e  o b t a i n e d  e i t h e r  b y  p r e p a r a t i v e  V P C  o r  p r e p a r a t i v e  
T L C .

Cyclization of A-Chloro-A-(4-penten-l-yl)acetamide (4b).
T h e  c y c l i c  p r o d u c t s  5 a n d  6  p r o v e d  i d e n t i c a l  ( I R ,  * H  N M R )  w i t h  

s a m p l e s  p r e p a r e d  a s  fo l lo w s .  ( 2 - P y r r o l i d i n o ) m e t h a n o l  w a s  c o n v e r t e d  

t o  i t s  d i a c e t a t e  ( 9 5 % )  b y  a c e t y l a t i o n  u n d e r  t h e  u s u a l  c o n d i t io n s  ( 1  h ) . 

M i l d  h y d r o ly s i s  ( p o t a s s iu m  h y d r o x i d e ,  1  e q u iv ,  in  a q u e o u s  m e t h a n o l)  

a t  r o o m  t e m p e r a t u r e  f o r  3  h  a f f o r d e d  A - a c e t y l ( 2 - p y r r o l i d i n o ) m e t h -  

a n o l  ( q u a n t i t a t i v e ) .  I t  w a s  t r e a t e d  w i t h  t r i p h e n y l p h o s p h i n e  a n d  

c h lo r i n e  in  d r y  m e t h y le n e  c h lo r i d e  a t  2 5  ° C  f o r  3  h .  T h e  s o l u t i o n  w a s  

w a s h e d  w i t h  a  s a t u r a t e d  s o l u t i o n  o f  s o d i u m  b i s u l f i t e  a n d  d r i e d ,  a n d  

t h e  s o l v e n t  w a s  e v a p o r a t e d .  M o s t  o f  t h e  t r i p h e n y l p h o s p h i n e  o x id e  

w a s  r e m o v e d  b y  c r y s t a l l i z a t i o n .  S h o r t - p a t h  d i s t i l l a t i o n  a t  6 8 ° C  ( 0 .5  

m m )  a f f o r d e d  p u r e  5 in  5 8 %  y i e l d :  I R  ( C H C 1 3 ) 1 6 4 5  a n d  1 4 0 5  c m - 1 ; 

N M R  ( C D C I 3 ) 8 2 .0 0  (m , 4  H ) ,  2 .0 8  ( s , 3  H ) ,  3 .5 0  ( t ,  2  H ) ,  3 .7 6  (m , 2  H ) ,  

a n d  4 .3 0  (m . 1  H ) ;  m /e  1 6 1 , 1 6 3  ( 3 : 1 ,  M + ). 5 - M e t h y l - 2 - p y r r o l i d o n e  w a s  

r e d u c e d  w i t h  L i A l H 4 in  e t h e r  t o  2 - m e t h y l p y r r o l i d i n e ,  w h ic h  w a s  t h e n  

a c e t y l a t e d  (A C 2O , a q u e o u s  N a 2 C 0 3 ) t o  a f f o r d  p u r e  A - a c e t y l - 2 -  

m e t h y lp y r r o l i d i n e  (6 ) a s  a  l iq u id  (2 6 %  y ie ld ) :  I R  (CCI4) 1 6 4 5  a n d  1 4 0 5  

c m “ 1 ; N M R  ( C D C 1 3) 8 1 . 1 7  ( d , 3  H ) ,  1 . 5 - 2 . 3  (m , 4  H ) ,  2 .0  a n d  2 .0 6  ( tw o  

s ,  3  H ) ,  3 .4 3  ( m , 2  H ) ,  a n d  4 .0 6  ( b r  m , 1  H ) .

Cyclization of A-Chloro Amides 7b, 13b, 17b, and 19b. T h e  

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

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

p a p e r .3

Cyclization of A-Chloro-A-[(3-cyclohexen-l-yl)methyl]- 
acetamide (10b). C y c l i z a t i o n  o f  t h e  o l e f i n i c  A - c h l o r o  a c e t a m i d e  10b 
a f f o r d e d  a  m ix t u r e  o f  t h e  t w o  i s o m e r s  11 a n d  12. T h e  le s s  p o la r  is o m e r  

1 1  w a s  i d e n t i f i e d  a s  e x o - 4 - c h l o r o - 6 - a c e t y l - 6 - a z a b i c y c l o [ 3 .2 . 1 ] o c t a n e :  

m p  3 5  ° C ;  I R  ( C H C 1 3 ) 1 6 3 0  c m " 1 ; N M R  ( C D C 1 3 , 2 5 0  M H z )  8 1 . 5 - 2 . 1  

( m , 5  H ) ,  2 . 1 1  a n d  2 .0 6  ( 2  s ,  3  H ) ,  2 .4 2  ( m , 2  H ) ,  3 . 3 1  a n d  3 . 3 7  ( 2  d ,  1  

H ) ,  3 . 5 1  a n d  3 .5 6  ( 2  q ,  1  H ) ,  4 . 1 8  a n d  4 . 3 8  ( 2 1 , 1  H ) ,  4 .0 8  a n d  4 . 5  ( 2 1 ,  

1 H ) .
A n a l .  C a l c d  f o r  C9H14CINO: C ,  5 7 . 6 0 ;  H ,  7 . 5 2 ;  N ,  7 .4 6 .  F o u n d :  C ,  

5 7 . 8 3 ;  H ,  7 . 1 3 ;  N ,  7 .2 6 .

T h e  m o r e  p o l a r  i s o m e r  12 w a s  en d o-4 - c h l o r o - 6 - a c e t v T 6  a z a b i c y -  

c l o [ 3 . 2 . 1 ] o c t a n e :  I R  ( C H C 1 3 ) 1 6 2 5  c m “ 1 ; N M R  ( C D C 1 3 , 2 5 0  M H z )  8
1 . 5 - 2 . 1 8  ( m , 5  H ) ,  2 . 2 3  ( b r ,  1  H ) ,  2 . 2 7  ( s ,  3  H ) ,  2 .5  ( b r ,  1  H ) ,  3 . 3 4  (m , 

1  H ) ,  3 .6  ( q , 1  H ) ,  4 .0 5  ( q , 1  H ) ,  a n d  4 .2 6  (d , 1  H ) .  T h e  m a s s  s p e c t r a  o f  

t h e  t w o  i s o m e r s  w e r e  i d e n t i c a l :  m /e  ( r e l  i n t e n s i t y )  1 8 7  ( M + , 1 8 ) ,  1 1 0

( 5 3 ) ,  6 8  ( 1 0 0 ) ,  4 3  ( 2 0 ) ;  f o r  t h e s e  a n d  a l l  t h e  o t h e r  c y c l i z a t i o n  p r o d u c t s  

P / ( P  +  2 )  =  2 . 8 - 3 .
Reaction of A-Chloro-A-[(4-cyclohepten-l-yl)methyl]- 

acetamide (16b) in a Deuterated Medium. Chromous Chloride 
Solution ( 1  M). A n h y d r o u s  c h r o m o u s  c h lo r i d e  ( 2 .4 6  g , 2 0  m m o l)  

( M e r c k )  w a s  d i s s o l v e d  in  2 0  m L  o f  m e t h a n o l - d i  c o n t a i n i n g  2  m L  o f  

h e a v y  w a t e r  a n d  0 .3  m L  o f  d e u t e r a t e d  h y d r o c h l o r i c  a c i d  ( 3 7 % )  u n d e r  

n i t r o g e n  a t m o s p h e r e .

Reaction. O l e f i n i c  A - c h l o r o  a m i d e  16b ( 1 . 0 3  g ,  5  m m o l)  w a s  d i s 

s o l v e d  in  a  c h lo r o f o r m - m e t h a n o l - d i  ( 5 : 1 )  m i x t u r e  a n d  t h e  s o l u t i o n  

w a s  c o o le d  t o  —7 8  ° C  ( m e t h a n o l - d r y  i c e ) .  T h e n  1 0  m L  ( 1 0  m m o l)  o f  

t h e  c h r o m o u s  c h lo r i d e  s o l u t i o n  w a s  a d d e d  v e r y  s lo w l y .  T h e  r e a c t i o n  

w a s  f o l lo w e d  b y  io d o m e t r i c  t e s t  a n d  s t o p p e d  a f t e r  c o m p le t i o n ;  2 0  m L  

o f  h e a v y  w a t e r  w a s  a d d e d  b e f o r e  t h e  r e a c t io n  m i x t u r e  w a s  a l lo w e d  t o  

w a r m  u p  t o  r o o m  t e m p e r a t u r e .  E x t r a c t i o n  f o l lo w e d  b y  s i l i c a  g e l  c o l 

u m n  c h r o m a t o g r a p h y  a f f o r d e d  q u a n t i t a t i v e l y  t h e  p a r e n t  a m i d e  16a. 
T h e  m a s s  s p e c t r u m  o f  t h e  r e a c t io n  p r o d u c t  s h o w e d  n o  in c o r p o r a t i o n
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o f  d e u t e r i u m  in  t h e  m o l e c u l e  a n d  w a s  i d e n t i c a l  w i t h  t h e  m a s s  s p e c 

t r u m  o f  a n  a u t h e n t i c  s a m p l e  o f  16a.
Cyclization of JV-Chloro-iV-methyl-5-bicyclo[2.2.2]oct-2- 

enecarboxamide (21b). C y c l iz a t io n  o f  IV - c h lo r o  a m id e  21b g a v e  8 5 %  

o f  c y c l i z e d  p r o d u c t s .  O n e  c o u ld  i s o la t e  8 0 %  o f  t h e  t r i c y c l i c  e x o  i s o m e r  

22 a n d  d e t e c t  a  p r o d u c t  (5%) w h i c h  c o u l d  b e  t h e  e n d o  i s o m e r  23 o n  

t h e  b a s i s  o f  i t s  m a s s  s p e c t r u m .  T h e  e x o  i s o m e r  22 w a s  r e c r y s t a l l i z e d  

f r o m  c y c l o h e x a n e  t o  g i v e  p u r e  e x o - 1 0 - c h l o r o - 3 - m e t h y l - 3 - a z a t r i c y -  

c l o [ 4 . 3 . 1 . 0 I ,5] d e c a n - 2 - o n e  (2 2 ) : m p  6 5 - 6 6  ° C ;  I R  ( C H C I 3 ) 1 6 9 0  c m ' 1 ; 

N M R  ( C D C L )  b 1 . 3 - 2 . 4 3  ( m , 9  H ) ,  2 .9  ( s ,  3  H ) ,  3 .4 6  ( d ,  1  H ) ,  a n d  4 .0  

( d , 1  H ) .  T h e  m a s s  s p e c t r a  o f  22 a n d  23 w e r e  i d e n t i c a l :  m/e ( r e l  i n 

t e n s i t y )  199  ( M + ,  6 9 ) ,  1 6 4  ( 5 3 ) ,  1 3 6  (6 8 ) , 9 6  ( 1 0 0 ) ,  7 8  ( 2 1 ) ,  4 2  ( 3 4 ) .

Cyclization of lV-Chloro-Ai-[(2-bicyclo[2.2.2]octen-5-yl)- 
methyl]acetamide (24b). e x o - 1 0 - C h l o r o - 3 - a c e t y l - 3 - a z a t r i -  

c y c l o [ 4 . 3 . 1 . 0 ’ '5] d e c a n e  (25) w a s  o b t a i n e d  f r o m  t h e  c y c l i z a t i o n  o f  o le -  

f i n i c  N - c h l o r o  a m i d e  24b in  8 5 % y i e l d :  I R  ( C H C I 3 ) 1 6 3 5  c m - 1 ; N M R  

( C D C I 3 , 2 5 0  M H z )  b 1 . 2 8  ( m , 2  H ) ,  1 . 6 - 2 . 5  ( m , 7  H ) ,  2 .0 3  a n d  2 . 1 9  ( 2  

s ,  3  H ) ,  2 .8 4  a n d  3 .2 0  ( 2  d ,  1  H ) ,  3 .2 9  a n d  3 .4  ( 2  q ,  1  H ) ,  3 .8 4  a n d  4 . 1 9  

( 2  d ,  1  H ) ;  m a s s  s p e c t r u m  m / e  ( r e l  i n t e n s i t y )  2 1 3  ( M + , 2 6 ) ,  1 7 8  ( 1 9 ) ,  

1 3 6  ( 6 1 ) ,  8 0  ( 1 0 0 ) ,  6 8  ( 4 8 ) ,  4 3  ( 3 4 ) .

Reaction of lV-Chloro-]V-methyl-2-methylene-5- 
bicyclo[2.2.2]octanecarboxamide (26b). A t t e m p t s  t o  c y c l i z e  t h e  

N - c h lo r o  a m id e  26b y ie ld e d  a  m ix t u r e  c o n t a in in g  7 0 %  o f  p a r e n t  a m id e  

26a a n d  3 2 %  o f  a  p r o d u c t  w h i c h  w a s  i d e n t i f i e d  a s  N - m e t h y l - 2 -  

m e t h y l- 5 - b ic y c lo [ 2 .2 .2 ] o c t - 2 - e n e c a r b o x a m id e :  I R  ( C H C I 3 ) 1 6 6 0 ,  1 5 2 0  

c m ' 1 ; N M R  ( C D C I 3 ) 6  1 . 1 - 2 . 8 8  ( m , 9  H ) ,  1 . 8 3  ( d , 3  H ) ,  2 .7 7  ( d ,  3  H ) ,

5 . 5  (m , 1  H ) ,  a n d  5 .8 3  ( b r ,  1 H ) ;  m a s s  s p e c t r u m  m /e  ( r e l  i n t e n s i t y )  1 3 9  

( M + ,  1 8 ) ,  9 4  ( 4 8 ) , 8 6  ( 1 0 0 ) ,  7 9  ( 5 8 ) .

Cyclization of jV-Chloro-N-methyl-3-bicyclo[3.3.1]non-6- 
enecarboxamide (27b). C y c l i z a t i o n  o f  I V - c h lo r o  a m id e  27b a f f o r d e d  

7 4 %  o f  anti- 5 - c h l o r o - 3 - m e t h y l - 3 - a z a h o m o a d a m a n t a n - 2 - o n e  (28) a n d  

1 5 %  o f  p a r e n t  a m i d e  27a. T h e  t r i c y c l i c  l a c t a m  28 w a s  r e c r y s t a l l i z e d  

f r o m  c y c l o h e x a n e :  m p  9 8  ° C ;  I R  ( C H C I 3 ) 1 6 5 0  c m - 1 ; N M R  ( C D C I 3 , 

2 5 0  M H z )  b 1 . 4 7 - 2 . 4 5  ( m , 1 0  H ) ,  2 .8 8  ( m , 1  H ) ,  3 .0 2  ( s ,  3  H ) ,  3 . 4 5  ( m , 

1  H ) ,  a n d  4 . 2 2  ( b r ,  1  H ) ;  m a s s  s p e c t r u m  m / e  ( r e l  i n t e n s i t y )  2 1 3  ( 3 9 ) ,  

1 7 8  ( 1 0 0 ) ,  1 2 2  ( 2 1 ) ,  8 0  ( 2 3 ) ,  5 7  ( 2 6 ) .

A n a l .  C a l c d  f o r  C „ H i fiC l N O :  C , 6 1 . 8 3 ;  H ,  7 . 5 5 ;  N ,  6 .5 5 .  F o u n d :  C ,

6 1 . 6 9 ,  H ,  7 .2 4 ;  N ,  6 .2 8 .

Cyclization of jV-Chloro-N-(6-bicyclo[3.3.1]nonen-3-yl)- 
acetamide (29b). C y c l i z a t i o n  o f  t h e  o l e f i n i c  N - c h l o r o  a m i d e  29b a f 

fo r d e d  a  m ix t u r e  o f  6 2 %  o f  i s o m e r s  30 a n d  31,2 1 %  o f  p a r e n t  a m id e  29a, 
a n d  1 5 %  o f  a n  u n i d e n t i f i e d  p r o d u c t .  T h e  l e s s  p o l a r  i s o m e r  w a s  i d e n 

t i f i e d  a s  a n f i - 4 - c h l o r o - 2 - a c e t y l - 2 - a z a a d a m a n t a n e  (30): IR ( C H C I 3 ) 

1 6 2 5  c m “ 1 ; N M R  ( C D C I 3 , 2 5 0  M H z )  b 1 . 5 6 - 2 . 4 6  ( m , 1 0  H ) ,  2 .0 9  ( s ,  3  

H ) ,  3 .9 8  ( b r ,  1  H ) ,  4 . 1 8  a n d  4 . 2 2  ( 2  b r ,  1  H ) ,  4 . 8 1  a n d  4 .8 6  ( 2  b r ,  1  

H ) .

A n a l .  C a l c d  f o r  C n H i e C l N O :  C ,  6 1 . 8 3 ;  H ,  7 .5 5 ;  N ,  6 .5 5 .  F o u n d :  C , 

6 1 . 6 6 ;  H ,  7 . 5 5 ;  N ,  6 .5 2 .

T h e  m o r e  p o la r  i s o m e r  w a s  s y n - 4 - c h l o r o - 2 - a c e t y l - 2 - a z a a d a m a n t a n e

(31): m p  3 5  ° C ;  I R  ( C H C 1 3 ) 1 6 3 0  c m ' 1 ; N M R  ( C D C I 3 , 2 5 0  M H z )  b 
1 . 5 2 - 2 . 5 2  ( m , 1 0  H ) ,  2 . 1 2  ( s ,  3  H ) ,  4 . 0 1  a n d  4 . 1  ( 2  b r ,  1  H ) ,  4 . 3 1  ( b r ,  1  

H ) ,  4 .8 6  a n d  5 .0  ( 2  b r ,  1  H ) .

A n a l .  C a l c d  f o r  C n H i 6C l N O :  C ,  6 1 . 8 3 ;  H ,  7 . 5 5 ;  N ,  6 .5 5 .  F o u n d :  C ,  

6 1 . 8 5 ;  H ,  7 .5 0 ;  N , 6 . 5 1 .

T h e  m a s s  s p e c t r a  o f  t h e  t w o  i s o m e r s  w e r e  i d e n t i c a l :  m / e  ( r e l  i n 

t e n s i t y )  2 1 3  ( M + , 4 1 ) ,  1 7 8  ( 8 0 ) , 1 7 1  ( 5 2 ) ,  1 3 6  ( 9 6 ) , 9 4  ( 3 0 ) ,  8 0  ( 1 0 0 ) ,  

4 3  ( 3 5 ) .

Registry No.— la, 5 2 5 6 5 - 6 1 - 4 ;  16, 6 6 7 6 9 - 7 6 - 4 ;  2, 6 6 7 6 9 - 8 5 - 5 ;  3, 
5 0 7 5 - 9 2 - 3 ;  4a, 5 4 3 8 5 - 2 1 - 6 ;  4b, 5 4 3 8 5 - 0 4 - 5 ;  5,5 4 3 8 5 - 0 6 - 7 ;  6,1 8 9 1 2 - 6 1 - 3 ;  

7a, 5 4 3 8 5 - 2 4 - 9 ;  7b, 3 6 3 9 3 - 9 8 - 3 ;  8, 3 6 3 9 4 - 0 4 - 4 ;  9, 3 6 3 9 4 - 0 3 - 3 ;  10a, 
5 4 3 8 5 - 2 3 - 8 ;  10b, 5 4 3 8 5 - 0 9 - 0 ;  11, 6 6 7 6 9 - 8 6 - 6 ;  12, 6 6 7 6 9 - 8 7 - 7 ;  13a, 
5 3 1 0 2 - 8 9 - 9 ;  13b, 6 6 7 6 9 - 7 7 - 5 ;  14, 6 6 7 6 9 - 8 8 - 8 ;  15, 6 6 7 9 1 - 9 8 - 8 ;  16a, 
6 6 7 6 9 - 6 7 - 3 ;  16b, 6 6 7 6 9 - 7 8 - 6 ;  17a, 1 3 2 9 5 - 4 0 - 4 ;  17b, 6 6 7 6 9 - 7 9 - 7 ;  18, 
6 6 7 6 9 - 8 9 - 9 ;  19a, 6 6 7 6 9 - 6 8 - 4 ;  19b, 6 6 7 6 9 - 8 0 - 0 ;  20, 6 6 7 6 9 - 9 0 - 2 ;  21a, 
6 2 4 6 0 - 7 3 - 5 ;  21b, 6 6 7 6 9 - 8 1 - 1 ;  22, 6 6 7 6 9 - 9 1 - 3 ;  23, 6 6 7 9 1 - 9 9 - 9 ;  24a, 
6 6 7 6 9 -6 9 -5 ; 24b, 6 6 7 6 9 - 8 2 - 2 ;  25,6 6 7 9 2 - 1 7 - 4 ;  20a, 6 6 7 6 9 - 7 0 - 8 ; e x o - 26a, 
6 6 7 9 1 - 9 6 - 6 ;  26b, 6 6 7 6 9 - 8 3 - 3 ;  27a, 6 6 7 6 9 - 7 1 - 9 ;  27b, 6 6 7 8 7 - 4 3 - 7 ;  28, 
6 6 7 6 9 - 6 5 - 1 ;  29a, 5 3 0 9 2 - 7 9 - 8 ;  29b, 6 6 7 6 9 - 8 4 - 4 ;  30, 6 6 7 6 9 - 6 6 - 2 ;  31, 
6 6 7 9 1 - 9 5 - 5 ;  32, 6 6 7 6 9 - 7 2 - 0 ;  5 - f o r m y l b i c y c l o [ 2 . 2 . 2 ] o c t - 2 - e n e ,  4 0 5 7 0 -  

9 5 - 4 ;  5 - f o r m y l b i c y c l o [ 2 . 2 . 2 ] o c t - 2 - e n e  o x i m e ,  6 6 7 6 9 - 7 3 - 1 ;  b i c y -

c l o [ 2 .2 .2 ] o c t - 2 - e n e - 5 - m e t h a n a m i n e ,  6 6 7 9 1 - 9 7 - 7 ;  5 - c a r b o m e t h o x y -  

b i c y c l o [ 2 .2 .2 ] o c t a n - 2 - o n e ,  4 9 8 2 6 - 5 5 - 3 ;  5 - c a r b o m e t h o x y - 2 - m e t h y l -  

e n e b i c y c l o [ 2 .2 .2 ] o c t a n e ,  6 6 7 6 9 - 7 4 - 2 ;  6 - b i c y c l o [ 3 . 3 . 1 ] n o n - 3 - e n e c a r -  

b o x y l i c  a c id ,  2 1 9 3 2 - 9 8 - 9 ;  6 - b i c y c l o [ 3 . 3 . 1 ] n o n - 3 - e n e c a r b o n y l  c h lo r i d e ,  

5 7 4 3 8 - 4 9 - 0 ;  ( 2 - p y r r o l i d i n o ) m e t h a n o l ,  4 9 8 - 6 3 - 5 ;  ( 2 - p y r r o l i d i n o ) -  

m e t h a n o l  d i a c e t a t e ,  4 2 3 6 6 - 6 0 - 9 ;  N - a c e t y l - ( 2 - p y r r o l i d i n o ) m e t h a n o l ,  

2 7 8 2 2 - 6 8 - 0 ;  A r- m e t h y l - 2 - m e t h y l - 5 - b i c y c l o [ 2 . 2 . 2 ] o c t - 2 - e n e c a r b o x a -  

m id e ,  6 6 7 6 9 - 7 5 - 3 ;  c h r o m o u s  c h lo r i d e ,  1 0 0 4 9 - 0 5 - 5 .
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T h e  i n t r a m o l e c u l a r  p h o t o c y c lo a d d i t i o n  r e a c t i o n s  o f  a  n u m b e r  o f  a l l y l - s u b s t i t u t e d  2 / i - a z i r i n e s  h a v e  b e e n  i n v e s t i 

g a t e d  in  m e c h a n i s t i c  d e t a i l .  I r r a d i a t i o n  o f  t h e s e  s y s t e m s  g i v e s  r i s e  t o  2 - a z a b i c y c l o [ 3 . 1 . 0 ] h e x - 2 - e n e s  w h i c h  a r e  r e a d i 

l y  o x i d i z e d  t o  2 ,6 - d i s u b s t i t u t e d  p y r i d i n e s .  T h e  r e a r r a n g e m e n t s  p r o c e e d  v i a  a  n i t r i l e  y l i d e  i n t e r m e d i a t e  w h i c h  c a n  

b e  i n t e r c e p t e d  w i t h  a d d e d  d i p o l a r o p h i l e s  t o  g i v e  A 1 - p y r r o l i n e  d e r i v a t i v e s .  A  k i n e t i c  i n v e s t i g a t i o n ,  i n v o l v i n g  S t e r n -  

V o l m e r  p lo t s  a n d  r e l a t i v e  r e a c t i v i t y  s t u d i e s ,  s h o w s  t h a t  t h e  i n t e r n a l  c y c l o a d d i t i o n s  a r e  c o n t r o l le d  b y  i n t e r a c t i o n  

o f  t h e  H O M O  o f  t h e  d i p o le  w i t h  t h e  L U M O  o f  t h e  d i p o l a r o p h i l e .  T h u s ,  m e t h y l  ( J f ? ) - 4 - ( 2 - m e t h y l - 3 - p h e n y l - 2 H - a z -  

i r i n - 2 - y l ) - 2 - b u t e n o a t e  ( 1 4 )  w a s  f o u n d  t o  u n d e r g o  i n t e r n a l  c y c l o a d d i t i o n  a t  a  f a s t e r  r a t e  ( t e n f o ld )  t h a n  2 - a l l y l - 2 -  

m e t h y l - 3 - p h e n y l - 2 / / - a z i r i n e  ( 8 ) . T h e  r e l a t i v e  r e a c t i v i t y  s t u d i e s  s h o w  t h a t  t h e r e  is  a  m a r k e d  l e v e l i n g  o f  t h e  r a t e  p r o 

f i l e  a s s o c i a t e d  w i t h  t h e s e  i n t e r n a l  c y c l o a d d i t i o n s  w h e n  c o m p a r e d  w i t h  t h e i r  b i m o l e c u l a r  c o u n t e r p a r t s .  T h e  d a t a  

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

p l a n e  7r - u n o c c u p i e d  o r b i t a l s  o f  t h e  d i p o le  w i t h  t h e  d i p o l a r o p h i l e - f i l l e d  o r b i t a l s .  T h i s  s e c o n d a r y  o r b i t a l  i n t e r a c t i o n  

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

m a r k e d  l e v e l i n g  e f f e c t  n o t e d  w i t h  t h e s e  s y s t e m s .

In earlier papers we have shown that there are two path
ways by which n itrile  ylides react w ith multiple 7r bonds.2 5 

The most frequently encountered path involves a “ parallel- 
plane approach of addends”  6 and can be considered to be an 
orbital symmetry allowed [4 + 2] concerted process.7 W ith this 
path, the relative reactivity of the nitrile  ylide toward a series 
of dipolarophiles w ill be determined prim arily by the extent 
of stabilization afforded the transition state by interaction of 
the dipole highest occupied (HOMO) and dipolarophile lowest 
unoccupied (LUMO) orbitals .8 - 12  Substituents which lower 
the dipolarophile LUMO energy w ill accelerate the 1,3-dipolar 
cycloaddition reaction.1 3  N itrile  ylides are known to react most 
rapidly w ith electron-deficient alkenes since such a pair of 
addends possesses a narrow dipole HOMO-dipolarophile 
LUMO gap. 14 -15  Bimolecular reactions of n itrile  ylides with 
electron-rich olefins have never been observed, thereby in 
dicating that the dipole LUMO-dipolarophile HOMO inter
action is never large. Because of their high nucleophilicities, 
nitrile ylides generally undergo reactions with their precursors, 
dimerize, or isomerize faster than they undergo reactions with 
electron-rich alkenes. 1 6 - 18

The other path by which n itrile  ylides react w ith ir bonds 
occurs only in certain intramolecular cases and has been 
designated as a 1,1-cycloaddition reaction .2 -5  I t  occurs when 
the p orbitals of the olefinic group have been deliberately 
constrained to attack perpendicular to the nitrile  ylide plane. 
Houk and Caramella have suggested that the 1,1-cycloaddi
tion reaction is initiated by interaction of the terminal carbon 
of the olefin with the second LUMO of the nitrile ylide . 19  The 
second LUMO of the dipole is perpendicular to the ylide plane 
and presents a large vacancy at Ci of the dipole for attack by 
the terminus of the neighboring double bond, without the 
possibility of simultaneous bonding at the C3 carbon. In  fact, 
the HOMO and second LUM O of the bent n itrile  ylide bear 
a strong resemblance to the HOMO and LUMO of a singlet 
carbene. According to this argument, the effect of substituents 
upon the rate of the intramolecular carbene-like cycloaddition 
should be controlled by the interaction of the alkene HOMO 
and the second LUMO of the n itrile  ylide. Since electron
releasing substituents raise both the HOMO and LUMO or
bital energies of ethylene,9 one might expect that attachment 
of alkyl groups on the double bond would facilitate the rate 
of the 1,1-cycloaddition reaction. Electron-withdrawing 
substituents, on the other hand, would be expected to d i
minish the rate of the 1,1-cycloaddition reaction. In order to 
assess the effect of substituents on the rate of the 1 ,1 -cy

cloaddition reaction, we have examined the photochemistry 
of a series of olefinic 2 //-azirines containing unsaturation two 
bonds away from the azirine ring. We report here the results 
of these studies.

Results
Product Studies. As a continuation of our studies dealing 

w ith the carbenic behavior of n itrile  ylides, we became inter
ested in examining the photochemistry of 2 -propargylic 
2 /f-azirines in order to determine whether internal cycload
dition of the nitrile ylide would take place across the acetylenic 
7t bond. Our in itia l experiments revealed that the 2 -propar- 
gylic-substituted 2/7-azirines were highly photcchemically 
reactive. Thus, direct irradiation of 2 -methyl-2 -propargyl-
3-phenyl-2ZZ-azirine (1) w ith light of wavelength >250 nm for

1 ,  R  =  H  

5 ,  R  =  C H 8

2  3 .  R  =  H

6 , R  =  C H ;J
CH*— CHOOyCH,

P h
C H ;,

ÿN v
- C H 2C = C R

C0 7 JR.
4 ,  R = H  

7 ,  R  =  C H ,

15 min resulted in the formation of 2-phenyl-6-methylpyri- 
dine (3; 48% isolated yield). Similar irradiation of 2-(2-buty- 
nyl)-2-methyl-3-phenyl-2/i-azirine (5) afforded the analogous 
pyridine 6  in good yield. Chemical confirmation of these 
structures was obtained by comparison with authentic sam
ples. Photolysis of 1 (or 5) in the presence of methyl acrylate 
resulted in the trapping of n itrile  ylide 2  and produced cy
cloadduct 4 (or 7) in high yield. Under these conditions, the 
formation of pyridine 3 (or 6 ) is completely suppressed. This 
result implicates n itrile  ylide 2  as an intermediate in the fo r
mation of the pyridine ring. The formation of 3 (or 6 ) can be 
postulated to arise by attack of the terminal carbon atom of 
the acetylene onto the nitrile ylide followed by a 1 .2 -hydrogen 
shift of the resulting carbene intermediate.

0022-3263/78/1943-3757$01.00/0 © 1978 American Chemical Society
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3 or 6

Attention was next turned to the synthesis of 2-allyl-sub- 
stituted 2/i-azirines which contain electron-withdrawing 
groups on the double bond. A convenient method for pre
paring these systems involved ozonization of the parent 2- 
allyl-substituted 2/i-azirine followed by reaction of the re
sulting aldehyde with various W ittig  reagents. A ll attempts 
to detect an intramolecular cycloadduct from the photolysis 
of aldehyde 9 failed. The in itia lly  generated n itrile  ylide de-

C H ,

PR
- C F L C H O

'C O iC H a

10

rived from 9 could be trapped, however, w ith methyl acrylate 
to afford the normal A'-pyrroline adduct 10 as a mixture of 
stereoisomers.

When a thoroughly deaerated solution of (E)-2-cinnamyl- 
2-methyl-3-phenyl-2//-azirine (11) was irradiated in cyclo-

hexane, an extremely rapid conversion to exo-3,4-diphenyl-
l-methyl-2-azabieyclo[3.1.0]hex-2-ene (12) occurred. The 
identity of azabicyclohexene 12 was determined by its 
straightforward NM R spectrum (CC14, 60 MHz), which 
showed signals at r 9.76 (t, 1 H, J = 4.5 Hz), 9.07 (dd, 1 H, J = 8.0 and 4.5 Hz), 8.31 (s, 3 H), 7.72 (dd, 1 H, J = 8.0 and 4.5 
Hz), 5.83 (s, 1 H), and 2.8 (m, 5 H). Upon standing or on 
chromatographic separation, the in itia lly  produced azabicy
clohexene was converted to 2,3-diphenyl-6-methylpyridine
(13) in quantitative yield. I t  is interesting to note that the i r 
radiation of 11 resulted in the exclusive formation of cy
cloadduct 12. This result stands in marked contrast to the 
photochemistry of the related 2-allyl-substituted 2H-azirine 
system 8, which produced a mixture of azabicyclohexenes.2

The intramolecular photocycloaddition reaction of methyl 
(£)-4-(2-methyl-3-phenyl-2H-azirin-2-yl)-2-butenoate (14) 
was also studied in order to assess the effect of electron- 
withdrawing groups on the double bond. Irradiation of 14 in 
cyclohexane using a 450-W Hanovia immersion apparatus

14 (E isomer)
15 (Z isomer)

17 18

equipped w ith a Vycor filte r sleeve led to the complete con
sumption of reactant in 20 min and produced a m ixture of endo- and exo-6-carbomethoxy-3-methyl-l-phenyl-2-aza- 
bicyclo[3.1.0]hex-2-ene (16) in high yield. The same epimeric 
mixture of isomers was produced from the irradiation of the 
corresponding Z isomer 15. The epimeric mixture of azabi
cyclohexenes was converted to 2-phenyl-3-carbomethoxy-
6-methylpyridine (17; 60%) and methyl (2-phenyl-5-meth- 
ylpyrrol-3-yl)acetate (18; 40%) on silica gel chromatography. 
I t  should be pointed out that no equilibration of the starting 
azirines was detected, and the only product that was formed 
when methyl acrylate was used as the trapping agent was the 
usual A1-pyrroline 19.

The photochemical behavior of the closely related methyl 
(£)-4-(3-methyl-2-phenyl-2H-azirin-2-yl)-2-butenoate (20)

20, R  =  C 0 2C H 3 21, R  =  C O a C H 3

23, R  =  C N  24, R  =  C N

25

was also studied in order to assess the generality of the internal 
cycloaddition reaction. Photolysis of 20 gave 2-methyl-3- 
carbomethoxy-6-phenylpyridine (21) as the only characteri- 
zable material. The structure of 21 was verified by hydrolysis 
to the known carboxylic acid 22.20 W ith this system there were 
no detectable quantities of a 2-azabicyclohexene in the crude 
reaction mixture. I t  would appear as though the in itia lly  
formed azabicyclohexene is rapidly converted to pyridine 21 
during photolysis. We also studied the photochemistry of the 
closely related butenonitrile 23 and found that i t  was con
verted to 2-methyl-3-cyano-6-phenylpyridine (24) in high 
yield. Chemical support for structure 24 was obtained by its 
hydrolysis to carboxylic acid 22. Irradiation of 23 in the 
presence of methyl acrylate was found to afford A'-pyrroline 
25 in excellent yield.
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Table I. Kinetic Data from the Stern-Volmer Analysis of the Internal Photocycloaddition Reactions of 2-Allyl- 
____________________________ Substituted 2fl-Azirines

C o m p d
Slope/

No. 4>o Slope Intercept intercept

26 0.11 2200 9.1 233 1.0

11 0.014 9160 70 130 1.8

27 0.21 212 4.9 43 5.4

8 0.26 152 3.8 40 5.8

28 0.30 112 3.3 34 6.8

15 0.049 960 20 48 4.9

14 0.06 73 17.5 4.2 55.4

Rate Studies. In order to derive additional mechanistic 
information concerning the intramolecular dipolar cycload
dition reaction, a more quantitative investigation of these 
cycloadditions was undertaken. Quantum yields for product 
formation were determined using cyclopentanone as the 
chemical actinometer.21 Degassed and sealed quartz tubes 
containing solutions of the azirines were irradiated with ac
tinometer tubes in a rotating photochemical assembly. Re
actions were carried out to low conversions to prevent ap
preciable light absorption by the products, and yields were 
determined by quantitative NM R analysis. The quantum 
yield for product formation as a function of the concentration 
of added methyl acrylate was also studied. The results of the 
quantum yield measurements for the seven azirines studied 
are given in Table I. Several features become apparent upon 
examination of the data. Good linear relationships are ob
served between the inverse of the quantum yield for product 
formation and the concentration of added methyl acrylate. 
The slopes and intercepts of the plots depend on the structure 
of the azirine used. A t zero dipolarophile concentration, the 
quantum yield for internal cycloaddition varies between 0.014 
and 0.30. The relatively high quantum efficiencies observed 
with these systems indicate that a significant path from the 
electronically excited state of the unsaturated azirine involves 
bond rupture and formation of a n itrile  ylide. The in itia lly  
generated 1,3 dipole is either trapped internally by the adja
cent ir bond or else undergoes bimolecular cycloaddition with 
the added dipolarophile.

The results obtained using these unsaturated azirines as 
n itrile  ylide precursors are consistent w ith the mechanism 
outlined in Scheme I. In this scheme, An = unsaturated azirine, 
NY = n itrile  ylide, P = product, and 0  = dipolarophile (i.e., 
methyl acrylate). By making the usual steady state assump
tion, we can write eq 1, where kd represents the nonradiative

1/3>p = l(kd +  kt)/kr][l + (k2[0]/k1)\ (1 )

Scheme I
hu

A o — ►  A *

A * - ^ N Y

k\
N Y —

N Y  +  0  — ►  a d d u c t

decay of excited azirine, kT is the rate of C-C bond cleavage 
of the excited azirine ring, k\ is the rate of internal cycload
dition, k2 is the rate of 1,3-dipolar cycloaddition with methyl 
acrylate, and 4>p is the quantum yield of product formation.

From the slope and intercept of the Stern-Volmer analysis 
for product formation w ith  a given azirine, we find that the 
slope/intercept = k2/ki. Thus, for the case of azirine 8, k2/kx 
= 40, while w ith azirine 14, k2/ki = 4.2. These values indicate 
that the n itrile  ylide intermediate obtained from azirine 8 is 
much more easily trapped w ith an added dipolarophile than 
the 1,3 dipole derived from the carbomethoxy-substituted 
2/Z-azirine 14. I f  we assume that the rate of cycloaddition (i.e., 
k2) of both n itrile  ylides w ith  methyl acrylate is the same, we 
can obtain the relative rate difference for internal cycload
dition of these two azirines (eq 2). I t  should be pointed out that

[k2/k\ (for azirine 8)/k2/ki (for azirine 14)]
= ku/k& = klel = 9.5 (2)

previous work in our laboratory has shown that the relative 
reactivities of n itrile  ylides generated from 2//-azirine pre
cursors are very similar toward a given dipolarophile.22’23 This 
observation provides strong support for the assumption that 
the absolute rate constants for bimolecular cycloaddition (i.e., 
k2) are extremely similar.
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S c h e m e  I I
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Table I  gives a list of the relative rate constants for internal 
cycloaddition of the seven azirines examined. To facilitate 
comparison, all of the k% values are related to that for 2- 
methyl-2-(2-methylalIyl)-3-phenyl-2/i-azirine (26), which is 
taken as unity. The data presented in the table show that the 
rate of cycloaddition is affected by both electronic and steric 
factors. Attachment of electron-withdrawing substituents to 
the double bond facilitates the internal cycloaddition reaction 
relative to the alkyl-substituted olefinic azirines (i.e., 8 or 26). 
Interestingly, internal cycloaddition of the (Z)-carbome- 
thoxy-substituted 2H-azirine 15 is eleven times slower than 
of the corresponding E isomer 14.

Discussion
Previous papers from this laboratory have established that 

the irradiation of allyl-substituted 2H-azirines produces 2- 
azabicyclo[3.1.0]hex-2-enes as primary photoproducts.2̂ 5 The 
photoreaction has been proposed to proceed via C-C bond 
cleavage and generation of a bent n itrile  ylide intermediate 
(carbene-like). Attack of the carbene carbon of the dipole onto 
the terminal position of the neighboring double bond gener
ates a six-membered ring trimethylene intermediate which 
subsequently collapses to the observed 2-azabicyclohexene 
ring system. I t  should be noted that the cycloaddition se
quence shown in Scheme I I  proceeds in a nonconcerted 
manner and bears a strong resemblance to the stepwise d i
radical mechanism suggested by Firestone25’26 to account for 
bimolecular 1,3-dipolar cycloadditions.

The nonconcerted 1,1-cycloaddition reaction occurs only 
when the p orbitals of the dipolarophile are constrained to 
attack perpendicular to the bent27 nitrile ylide plane. The fact 
that the irradiation of these electron-deficient allyl-substi
tuted azirines gives rise to azabicyclohexenes and products 
derived from them (i.e., 21 or 24) suggests that a similar series 
of intermediates are involved here. This pathway is distinctly 
different from that encountered in the bimolecular 1,3-dipolar 
cycloaddition reactions of nitrile ylides.14’15’28 The bimolecular 
path involves a “ parallel plane approach of addends”  and is 
an orbital symmetry allowed [3 + 2] concerted process.7

As was mentioned earlier, the 1,1-cycloaddition reaction 
has been suggested to be initiated by interaction of the te r
minal carbon of the olefin with the second LUMO of the nitrile 
ylide. Placement of an electron-withdrawing substituent on 
the 7r bond w ill lower both the HOMO and LUMO orbital 
energies of the olefin, and therefore a dim inution in the rate 
of the intramolecular 1,1-cycloaddition reaction might be 
expected relative to the unsubstituted olefinic azirine system
8. Using this rationale, the relative reactivity prediction for 
the second LUMO controlled intramolecular cycloaddition 
reaction of these allyl-substituted 2/i-azirines proves to be

incorrect. Thus, the internal cycloaddition of the nitrile  ylide 
derived from the carbomethoxy-substituted 2/i-azirine 14 
proceeds at a faster rate (10-fold) than that derived from az
irine 8. Furthermore, the 2-methylallyl-substituted azirines 
26 and 27 undergo internal cycloaddition at a slower rate than 
azirines 8 and 28 (see Table I). Alkylethylenes generally have 
ionization potentials 1-2 eV lower than ethylene, depending 
on the type and number of alkyl substituents. Also, the tt  -t t *  

transition energies of alkylethylenes are 0.6-1.0 eV lower in 
energy than that of ethylene.29 These findings indicate that 
alkyl groups should raise both the HOMO and LUMO orbital 
energies of ethylene and therefore should facilitate the rate 
of the intramolecular carbene-like 1,1-cycloaddition i f  the 
reaction is controlled by the second LUMO of the nitrile ylide. 
This is clearly not the case.

The relative reactivity pattern exhibited by these allyl- 
substituted azirines seems more consistent w ith a HOMO 
controlled intramolecular cycloaddition reaction. Houk’s 
latest M INDO calculations show that the parent n itrile  ylide 
is definitely bent with an HCN angle of 114-116°.27 Although 
the highest occupied molecular orbital of the ylide was found 
to be heavily localized at Ci, i t  s till resembles the normal 
three-orbital, four-electron x system present in other 1,3 d i
poles. As was pointed out earlier, n itrile  ylides w ill react most 
rapidly w ith electron deficient alkenes in bimolecular cy
cloadditions since such a pair of addends possesses a narrow 
dipole HOMO-dipolarophile LUMO gap.14 The same effect 
seems to be operating in the internal cycloadditions reported 
here, even though these systems cannot achieve a strictly 
parallel plane approach of addends. I t  should be noted, how
ever, that the rate difference for the internal cycloaddition of 
azirines 8 and 14 is relatively small (i.e., only 10-fold). The rate 
constants associated with bimolecular dipolar cycloadditions 
of n itrile  ylides generally range over many powers of 10. For 
example, fumaronitrile undergoes cycloaddition at a rate 
which is 189 000 times faster than methyl crotonate.29 Ordi
nary olefins react so sluggishly that their bimolecular rate 
constants cannot be measured. Clearly, there has been a 
marked leveling of the rate profile associated w ith the above 
intramolecular cycloadditions.

Bimolecular cycloadditions exhibit large negative entropies 
of activation7 since the reactants must be precisely aligned 
w ith respect to each other. The interplay of entropy and en
thalpy w ill control the rate-determining activation process. 
The larger entropy term associated with the intramolecular 
cycloaddition w ill tend to compress the rate scale since the 
smaller the steric requirements of the transition state the less 
sensitive the system is toward disturbance. Thus, the high 
degree of order already present in the transition state for these 
intramolecular n itrile  ylide cycloadditions could readily ac
count for the leveling of the rate profile.

Another factor which undoubtedly plays an important role 
in the intramolecular 1,1-cycloaddition reaction involves the 
interaction of the secondary orbitals of the dipole and dipo
larophile. W ith nitrile  ylides, the in-plane vacant orbital is of 
lower energy than the vacant tt orbital.10 Consequently, sta
bilization of the transition state can be enhanced by interac
tion of this in-plane orbital w ith the dipolarophile HOMO 
orbital. For this to occur, a contortion away from the strictly 
parallel plane approach of the dipole and dipolarophile would 
be necessary. W ith  these allyl-substituted 2/i-azirines, the 
transition state actually involves a geometry where the p or
bitals of the olefinic group have been deliberately constrained 
to attack perpendicular to the n itrile  ylide plane. Thus, the
1,1-cycloaddition reaction w ill involve appreciable interaction 
of both the in-plane and out-of-plane 7r-unoccupied orbitals 
of the dipole w ith the dipolarophile-filled orbitals. This sec
ondary orbital interaction would be expected to significantly 
enhance the rate of the intramolecular 1,1-cycloaddition w ith



Allyl-Substituted 2/i-Azirines J. Org. Chem., Vol. 43, No. 19,1978 3761

unactivated olefins and could readily account for the leveling 
effect observed. I t  should be pointed out that while the sec
ondary orbital effect is important, the relative reactivities 
toward internal 1,1-cycloaddition w ill s till be controlled by 
the highest occupied molecular orbital of the n itrile  ylide.

Experim enta l Section

A l l  m e l t i n g  p o i n t s  a n d  b o i l i n g  p o i n t s  a r e  u n c o r r e c t e d .  E l e m e n t a l  

a n a l y s e s  w e r e  p e r f o r m e d  b y  A t l a n t i c  M i c r o l a b s ,  A t l a n t a ,  G a .  T h e  

i n f r a r e d  a b s o r p t i o n  s p e c t r a  w e r e  d e t e r m i n e d  o n  a  P e r k i n - E l m e r  

M o d e l  1 3 7  I n f r a c o r d  s p e c t r o p h o t o m e t e r .  T h e  u l t r a v i o l e t  a b s o r p t io n  

s p e c t r a  w e r e  m e a s u r e d  w i t h  a  C a r y  M o d e l  1 4  r e c o r d i n g  s p e c t r o p h o 

t o m e t e r  u s i n g  1 - c m  m a t c h e d  c e l l s .  T h e  p r o t o n  m a g n e t i c  r e s o n a n c e  

s p e c t r a  w e r e  d e t e r m i n e d  a t  1 0 0  M H z  u s i n g  a  J e o l c o - M L - 1 0 0  a n d  a  

V a r i a n  X L - 1 0 0  s p e c t r o m e t e r .  M a s s  s p e c t r a  w e r e  d e t e r m i n e d  w i t h  a  

P e r k i n - E l m e r  R M U 6  m a s s  s p e c t r o m e t e r  a t  a n  io n i z i n g  v o l t a g e  o f  7 0  
e V .

Preparation and Photolysis of 2-Methyl-2-propargyl-3-phe- 
nyl-2ff-azirine ( 1 ) .  A  s a m p l e  o f  a z i r i n e  1  w a s  p r e p a r e d  b y  t h e  

m e t h o d  p r e v i o u s l y  o u t l i n e d 2 in  3 8 %  y i e l d :  N M R  ( C D C 1 3 , 6 0  M H z )  r

8 .5 0  ( s ,  3  H ) ,  7 .9 5  ( t ,  1  H ,  J  =  3 .0  H z ) ,  7 . 5 5  ( d d ,  1  H ,  J  =  1 7 . 5  a n d  3 .0  

H z ) , 7 .2 7  ( d d , 1  H ,  J  =  1 7 . 5  a n d  3 .0  H z ) ,  a n d  2 .0 - 2 . 6  (m , 5  H ) ;  I R  ( n e a t )  

3 3 0 0 , 2 1 2 8 , 1 7 4 0 , 1 6 0 0 , 1 5 8 5 , 1 4 9 5 , 1 4 5 0 , 1 3 7 5 , 1 2 3 5 , 1 2 0 0 , 1 0 7 5 , 1 0 1 0 ,  

9 8 5 , 9 5 2 , 7 6 6 ,  a n d  6 9 0  c m - 1 ; U V  ( c y c l o h e x a n e )  2 4 1  n m  (c 1 1  5 0 0 ) ;  M S  

m /e  1 6 9  ( M + ), 1 2 8  ( b a s e ) ,  1 0 5 , 1 0 4 , 1 0 3 , 1 0 2 ,  a n d  7 7 .

A n a l .  C a lc d  f o r  C 1 2 H n N : C ,  8 5 . 1 7 ;  H , 6 .5 5 ;  N ,  8 .2 8 . F o u n d :  C ,  8 5 .0 8 ; 

H , 6 .4 3 ;  N ,  8 . 3 1 .

A  s o l u t i o n  c o n t a i n i n g  7 5  m g  o f  t h e  a b o v e  a z i r i n e  in  2 0 0  m L  o f  c y 

c lo h e x a n e  w a s  p u r g e d  w i t h  a n  a r g o n  s t r e a m  a n d  i r r a d i a t e d  f o r  1 5  m in  

u s in g  a  4 5 0 - W  H a n o v i a  l a m p  e q u i p p e d  w i t h  a  C o r e x  f i l t e r  s le e v e .  

R e m o v a l  o f  t h e  s o l v e n t  u n d e r  r e d u c e d  p r e s s u r e  l e f t  a  y e l lo w  o i l  w h ic h  

w a s  s u b j e c t e d  t o  p r e p a r a t i v e  t h i c k - l a y e r  c h r o m a t o g r a p h y  u s in g  a  2 5 %  

a c e t o n e - h e x a n e  m i x t u r e  a s  t h e  e lu e n t .  T h e  m a jo r  p r o d u c t  w a s  a  c l e a r  

o i l  ( 3 6  m g ,  4 8 % )  w h o s e  s t r u c t u r e  w a s  a s s i g n e d  a s  2 - p h e n y l - 6 -  

m e t h y lp y r id in e  (3 )  b y  c o m p a r i s o n  w i t h  a n  a u t h e n t ic  s a m p l e :30  p ic r a t e  

d e r i v a t i v e ,  m p  1 3 1 - 1 3 2  ° C  ( l i t . 3 0 m p  1 3 1  ° C ) .

A  t r a p p i n g  e x p e r i m e n t  w a s  a l s o  c a r r i e d  o u t  u s i n g  m e t h y l  a c r y l a t e  

a s  t h e  d i p o la r o p h i l e .  A  s o l u t i o n  c o n t a i n i n g  5 0  m g  o f  1  a n d  1 2  m L  o f  

m e t h y l  a c r y l a t e  in  1 7 5  m L  o f  c y c l o h e x a n e  w a s  i r r a d i a t e d  f o r  1 5  m in  

u s in g  a  4 5 0 - W  H a n o v i a  l a m p  e q u i p p e d  w i t h  a  C o r e x  f i l t e r  s le e v e .  T h e  

p o l y m e r  w h i c h  f o r m e d  w a s  f i l t e r e d ,  a n d  t h e  f i l t r a t e  w a s  e v a p o r a t e d  

u n d e r  r e d u c e d  p r e s s u r e  t o  g iv e  6 5  m g  o f  a  c le a r  o i l  w h ic h  w a s  s u b j e c t e d  

t o  p r e p a r a t i v e  t h i c k - l a y e r  c h r o m a t o g r a p h y  u s i n g  a  1 5 %  a c e t o n e -  

h e x a n e  m i x t u r e  a s  t h e  e lu e n t .  T h e  m a jo r  b a n d  c o n t a in e d  a  2 :3  m ix t u r e  

o f  cis- a n d  f r a n s - 4 - c a r b o m e t h o x y - 5 - m e t h y l - 2 - p h e n y l - 5 - p r o p a r g y l -  

A '- p y r r o l i n e  (4 ) a s  a  c le a r  o i l: N M R  ( C D C I 3 , 1 0 0  M H z )  r  8 .7 4  a n d  8 .3 4  

( s i n g l e t s ,  3  H ) ,  8 .0 5  a n d  8 .0 2  ( t ,  J  =  2 .5  H z ,  1  H ) ,  7 .4 9  a n d  7 .2 4  ( t ,  J  

=  2 .5  H z ,  2  H ) ,  6 . 3 0 - 7 . 0 0  ( m , 3  H ) ,  6 . 2 5  ( s ,  3  H ) ,  2 . 5 0 - 2 . 6 6  ( m , 3  H ) ,  

a n d  2 . 1 0 - 2 . 2 4  ( m , 2  H ) ;  I R  ( n e a t )  3 3 0 0 , 2 9 6 0 , 2 1 4 0 , 1 7 4 0 , 1 6 3 0 , 1 5 8 5 ,  

1 4 5 0 , 1 4 4 0 , 1 3 4 5 , 1 2 1 0 , 1 1 7 5 , 1 1 2 5 , 1 0 7 5 ,  7 6 6 ,  a n d  6 9 5  c m “ 1 ; M S  m /e  
2 5 5  ( M + ) ,  2 5 4 ,  2 2 4 ,  2 1 6  ( b a s e ) ,  1 9 6 , 1 8 4 , 1 6 9 , 1 5 8 , 1 5 7 , 1 5 6 , 1 2 3 , 1 1 5 ,  

1 0 5 ,  9 1 ,  a n d  7 7 .

Irradiation of 2-(2-Butynyl)-2-methyl-3-phenyl-2H-azirine
( 5 ) .  A  s o lu t io n  c o n t a in in g  1 6 5  m g  o f  5 3 1  i n  1 5 0  m L  o f  c y c l o h e x a n e  w a s  

i r r a d i a t e d  f o r  1 5  m in  u s i n g  a  C o r e x  f i l t e r  s le e v e .  T h e  s o l v e n t  w a s  r e 

m o v e d  u n d e r  r e d u c e d  p r e s s u r e ,  a n d  t h e  c r u d e  p h o t o l y s a t e  w a s  

s u b j e c t e d  t o  p r e p a r a t i v e  t h i c k - l a y e r  c h r o m a t o g r a p h y  u s i n g  a  3 0 %  

a c e t o n e - h e x a n e  m i x t u r e  a s  t h e  e lu e n t .  T h e  f a s t e s t  m o v in g  c o m p o n e n t  

c o n t a i n e d  5 0  m g  ( 3 1 % )  o f  2 - p h e n y l - 3 , 6 - d i m e t h y l p y r i d m e  (6 ) :  N M R  

( b e n z e n e - d e ,  1 0 0  M H z )  r  7 .9 7  ( s ,  3  H ) ,  7 .5 4  ( s ,  3  H ) ,  3 . 3 5  ( 1  H ,  d ,  J  =
8 .0  H z ) ,  2 .9 8  ( 1  H ,  d ,  J  =  8 .0  H z ) ,  2 . 7 0 - 2 . 9 0  ( m , 3  H ) ,  a n d  2 . 3 2 - 2 . 4 4  

( m , 2  H ) .  T h e  s t r u c t u r e  o f  t h i s  m a t e r i a l  w a s  f u r t h e r  v e r i f i e d  b y  c o m 

p a r i s o n  w i t h  a n  a u t h e n t i c  s a m p l e ; 3 2  p i c r a t e  d e r i v a t i v e ,  m p  1 3 4 - 1 3 5  

° C  ( l i t .3 2  m p  1 3 4  ° C ) .

T h e  n i t r i l e  y l i d e  d e r i v e d  f r o m  5  c o u ld  b e  t r a p p e d  u s i n g  m e t h y l  

a c r y l a t e  a s  t h e  d i p o la r o p h i l e .  A  s o l u t i o n  c o n t a i n i n g  2 0 0  m g  o f  5  a n d  

1 0  m L  o f  m e t h y l  a c r y l a t e  in  1 5 0  m L  o f  c y c l o h e x a n e  w a s  i r r a d i a t e d  f o r  

1 5  m in  u s in g  a  4 5 0 - W  H a n o v i a  l a m p  e q u i p p e d  w i t h  a  C o r e x  f i l t e r  

s le e v e .  T h e  s o l v e n t  w a s  r e m o v e d  u n d e r  r e d u c e d  p r e s s u r e ,  a n d  t h e  

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

t o g r a p h y .  T h e  m a j o r  c o m p o n e n t  c o n t a i n e d  2 7 0  m g  ( 9 1 % )  o f  a  1 : 2  

m i x t u r e  o f  t h e  c i s  a n d  t r a n s  i s o m e r s  o f  5 - ( 2 - b u t y n y l ) - 4 - c a r b o m e -  

t h o x y - 5 - m e t h y l - 2 - p h e n y l - A 1 - p y r r o l i n e  (7): N M R  ( C D C I 3 , 1 0 0  M H z )  

( i s o m e r  w i t h  m e t h y l  a n d  c a r b o m e t h o x y  g r o u p s  in  a  c is  r e l a t i o n s h i p )  

r  8 .8 2  ( s , 3  H ) ,  8 .3 2  ( t ,  3  H ,  J  =  2 .5  H z ) ,  7 .3 8  ( q ,  2 H , J  =  2 .5  H z ) ,  

6 . 4 0 - 7 . 1 0  ( m , 3  H ) ,  6 .3 6  ( s , 3  H ) ,  2 .6 0 - 2 .7 6  ( m , 3  H ) ,  a n d  2 . 1 8 - 2 . 3 2  (m ,

2  H ) ;  N M R  ( C D C I 3 , 1 0 0  M H z )  ( t r a n s  i s o m e r )  r  8 .4 2  ( s ,  3  H ) ,  8 .3 4  ( t ,  

J  =  2 .5  H z ,  3  H ) ,  7 .6 2  ( q ,  2  H ,  J  =  2 .5  H z ) ,  6 . 4 0 - 7 . 1 0  ( m , 3  H ) ,  6 .3 4  ( s ,

3  H ) ,  2 .6 0 - 2 .7 6  ( m , 3  H ) ,  a n d  2 . 1 8 - 2 . 3 2  ( m , 2  H ) ;  I R  ( n e a t )  2 9 4 0 , 1 7 3 5 ,

1 6 3 5 , 1 5 8 5 , 1 5 0 0 , 1 4 4 0 , 1 3 3 0 , 1 2 0 5 , 1 1 6 5 , 1 1 2 5 , 1 0 2 0 , 8 6 6 , 7 6 0 ,  a n d  6 9 2  

c m " 1 ; M S  m /e  2 6 9  ( M + ) ,  2 6 8 , 2 5 4 ,  2 3 8 ,  2 1 6  ( b a s e ) ,  2 1 0 , 1 8 4 , 1 8 2 , 1 5 8 ,  

1 4 2 , 1 1 5 , 1 0 5 ,  9 1 ,  a n d  7 7 .

Irradiation of (E)-2-Cinnamyl-2-mcthyl-3-phcnyl-2f/-azirine 
(11). A  s o l u t i o n  c o n t a i n i n g  1 0 0  m g  o f  a z i r i n e  l l 31 in  1 5 0  m L  o f  c y 

c l o h e x a n e  w a s  i r r a d i a t e d  f o r  8  m i n  u s i n g  a  4 5 0 - W  H a n o v i a  l a m p  

e q u i p p e d  w i t h  a  V y c o r  f i l t e r  s le e v e .  E v a p o r a t i o n  o f  t h e  s o l v e n t  u n d e r  

r e d u c e d  p r e s s u r e  l e f t  a  c l e a r  o i l  w h o s e  N M R  s p e c t r u m  i n d i c a t e d  i t  

t o  b e  a  m i x t u r e  o f  u n r e a c t e d  s t a r t i n g  m a t e r i a l  ( 5 0 % )  a n d  3 ,4 - d i p h e -  

n y l - l - m e t h y l - 2 - a z a b i c y c l o [ 3 . 1 .0 ] h e x - 2 - e n e  ( 1 2 ) : N M R  ( C C I 4 , 6 0  M H z )  

r  9 .7 6  ( t ,  1 H ,  J  =  4 . 5  H z ) ,  9 .0 7  ( d d ,  1  H ,  J  =  8 .0  a n d  4 . 5  H z ) ,  8 . 3 1  ( s , 

3  H ) ,  7 . 7 2  ( d d ,  J  =  8 .0  a n d  4 . 5  H z ,  1  H ) ,  5 .8 3  ( s ,  1  H ) ,  a n d  2 .8  ( m , 5  

H ) .

U p o n  s t a n d i n g  o r  o n  c h r o m a t o g r a p h i c  w o r k u p ,  t h e  c r u d e  p h o t o 

l y s a t e  w a s  c o n v e r t e d  t o  2 ,3 - d i p h e n y l - 6 - m e t h y l p y r i d i n e  (13) in  4 5 %  

y i e l d :  N M R  ( C F 3 C O 2D ,  6 0  M H z )  r  7 .0 2  ( s ,  3  H ) ,  2 . 4 0 - 2 . 9 0  ( m , 1 0  H ) ,

2 . 1 6  ( d , 1 H ,  J  =  8 .0  H z ) ,  a n d  1 . 5 0  ( d , 1  H ,  J  =  8 .0  H z ) ;  I R  ( n e a t )  3 0 1 0 ,  

2 9 0 0 , 1 7 2 5 , 1 6 8 0 , 1 6 2 6 , 1 5 7 5 , 1 4 9 0 , 1 4 4 0 , 1 3 7 0 , 1 0 7 0 , 7 5 6 ,  a n d  6 9 7  c m “ 1 ; 

M S  m /e  2 4 5  ( M + ), 2 4 4  ( b a s e ) ,  2 0 2 ,  8 6 , a n d  8 4 .

A n a l .  C a lc d  f o r  C i 8H i 5 N : C ,  8 8 . 1 3 ;  H ,  6 . 1 6 ;  N ,  5 . 7 1 .  F o u n d :  C ,  8 8 . 3 1 ;

H ,  6 .0 3 ;  N ,  5 .4 6 .

W h e n  t h e  i r r a d ia t i o n  o f  11 w a s  c a r r ie d  o u t  f o r  lo n g e r  p e r i o d s  o f  t im e  

a n d  w a s  a l lo w e d  t o  r e f l u x  in  t h e  p r e s e n c e  o f  5 %  p a l l a d i u m  o n  c a r b o n ,  

a  q u a n t i t a t i v e  y i e l d  o f  2 , 3 - d i p h e n y l - 6 - m e t h y l p y r i d i n e  (13) w a s  o b 

t a i n e d .

Preparation and Photolysis of (2-Methyl-3-phenyl-2Ji-az- 
irin-2-yl)acetaldehyde (9). A  s o l u t i o n  c o n t a i n i n g  1 5 0  m g  o f  2 -  

a l l y l - 2 - m e t h y l - 3 - p h e n y l - 2 i f - a z i r i n e  (8 ) 2  in  2 0 0  m L  o f  m e t h a n o l  w a s  

o z o n iz e d  a t  —7 8  ° C  u n t i l  a  b l u e  c o lo r  p e r s i s t e d .  T h e  s o lu t io n  w a s  t h e n  

f l u s h e d  w i t h  n i t r o g e n ,  a n d  2 0  m L  o f  d i m e t h y l  s u l f i d e  w a s  a d d e d .  T h e  

m i x t u r e  w a s  a l lo w e d  t o  w a r m  t o  0  ° C  a n d  s t i r r e d  a t  t h i s  t e m p e r a t u r e  

f o r  4  h . T h e  s o l v e n t  w a s  r e m o v e d  u n d e r  r e d u c e d  p r e s s u r e ,  a n d  t h e  

r e s i d u e  w a s  e x t r a c t e d  w i t h  p e t r o l e u m  e t h e r ,  w a s h e d  w i t h  w a t e r ,  a n d  

d r i e d  o v e r  a n h y d r o u s  s o d i u m  s u l f a t e .  R e m o v a l  o f  t h e  s o l v e n t  u n d e r  

r e d u c e d  p r e s s u r e  l e f t  a  c le a r  o i l  w h ic h  w a s  d i s t i l l e d  a t  2 5  ° C  ( 0 .0 5  m m )  

t o  g i v e  ( 2 - m e t h y l - 3 - p h e n y l - 2 . f i - a z i r i n - 2 - y l ) a c e t a l d e h y d e  (9) i n  9 1 %  

y i e l d :  N M R  ( C D C 1 4, 1 0 0  M H z )  r  8 .6 4  ( s , 3  H ) ,  7 . 7 2  a n d  6 .9 4  ( A B  

p a t t e r n  w i t h  J a b  =  1 7 . 0  H z ;  e a c h  p e a k  w a s  f u r t h e r  c o u p l e d  in t o  

d o u b l e t s  w i t h  J  =  1 . 5  a n d  0 .5  H z ,  r e s p e c t i v e l y ) ,  2 . 4 - 2 . 6  ( m , 3  H ) ,

2 . 0 -  2 .2  (m , 2  H ) ,  a n d  0 .2 4  ( d d , 1  H ,  J  =  1 . 5  a n d  0 .5  H z ) ;  I R  ( n e a t )  3 0 1 0 ,  

2 8 9 0 ,  2 8 2 0 ,  2 6 9 0 , 1 7 2 0 , 1 6 8 0 , 1 6 0 0 , 1 4 8 5 , 1 4 4 7 , 1 3 7 0 , 1 1 9 8 , 1 1 1 5 ,  9 3 8 ,  

7 6 3 ,  a n d  6 9 0  c m - 1 ; U V  ( c y c l o h e x a n e )  2 4 3  n m  (« 1 2  5 0 0 ) ,  2 7 8  ( 1 3 0 0 ) ,  

a n d  2 8 8  ( 1 0 0 0 ) ;  M S  m /e  1 7 3  ( M + ,  b a s e ) ,  1 5 8 , 1 4 4 , 1 3 0 , 1 1 5 , 1 0 5 , 1 0 4 ,  

9 1 ,  a n d  7 7 . T h i s  m a t e r ia l  w a s  e x t r e m e l y  s e n s i t iv e  a n d  w a s  im m e d ia t e ly  

u s e d  in  t h e  n e x t  s t e p .

T h e  d i r e c t  i r r a d i a t i o n  o f  9 a f f o r d e d  i n t r a c t a b l e  m a t e r i a l .  T h e  i r 

r a d i a t i o n  o f  9 w a s  a l s o  c a r r i e d  o u t  in  t h e  p r e s e n c e  o f  m e t h y l  a c r y l a t e .  

A  s o lu t io n  c o n t a in in g  1 0 0  m g  o f  9 a n d  3 0  m L  o f  m e t h y l  a c r y l a t e  in  1 3 0  

m L  o f  c y c l o h e x a n e  w a s  i r r a d i a t e d  f o r  8  m i n  u s i n g  a  4 5 0 - W  H a n o v i a  

l a m p  e q u i p p e d  w i t h  a  V y c o r  f i l t e r  s le e v e .  R e m o v a l  o f  t h e  s o l v e n t  

u n d e r  r e d u c e d  p r e s s u r e  a f f o r d e d  a  9 8 %  y i e l d  o f  ( 4 - c a r b o m e t h o x y -

5 - m e t h y l - 2 - p h e n y l - A 1 - p y r r o l i n - 5 - y l ) a c e t a l d e h y d e  ( 1 0 )  a s  a  2 :3  m i x 

t u r e  o f  c is  a n d  t r a n s  i s o m e r s :  N M R  ( C D C I 3 , 1 0 0  M H z )  ( c is  i s o m e r )  

r  8 . 8 8  ( s ,  3  H ) ,  7 .4 0  a n d  7 . 1 6  ( A B  p a t t e r n ,  J a b  =  1 6 . 0  H z ,  f u r t h e r  

c o u p l e d  i n t o  d o u b l e t s  w i t h  J  =  1 . 5  H z ,  2  H ) ,  6 . 5 2 - 7 . 1 0  ( m , 3  H ) ,  6 .3 2  

( s , 3  H ) ,  2 . 6 0 - 2 . 9 0  ( m , 3  H ) ,  2 . 1 6 - 2 . 3 0  ( m , 2  H ) ,  a n d  0 .2 4  ( t ,  1 H ,  J  =

I .  5  H z ) ;  N M R  ( C D C I 3 , 1 0 0  M H z )  ( t r a n s  i s o m e r )  t  8 .4 4  ( s ,  3  H ) ,  7 .5 6  

a n d  7 . 7 5  ( A B  p a t t e r n ,  J a b  =  1 6 . 0  H z ,  f u r t h e r  c o u p l e d  i n t o  d o u b l e t s  

w i t h  J  =  1 . 5  H z ,  2  H ) ,  6 . 5 2 - 7 . 1 0  ( m , 3  H ) ,  6 .3 7  ( s ,  3  H ) ,  2 .6 0 - 2 . 9 0  (m , 

3  H ) ,  2 . 1 6 - 2 . 3 0  ( m , 2  H ) ,  a n d  0 .3 4  ( t ,  1 H ,  J  =  1 . 5  H z ) ;  I R  ( n e a t )  3 0 3 0 ,  

2 9 4 0 ,  1 7 3 6 , 1 6 2 3 , 1 5 8 0 , 1 4 5 0 , 1 3 4 2 , 1 2 0 5 , 1 1 7 0 , 1 1 3 6 , 1 0 2 0 ,  7 6 3 ,  a n d  

6 9 2  c m “ 1 ; M S  m /e  2 5 9  ( M + ) ,  2 3 1 , 2 3 0 , 1 8 4 , 1 7 2  ( b a s e ) ,  1 7 0 , 1 5 6 , 1 4 4 ,  

1 1 5 ,  1 0 5 ,  9 1 ,  a n d  7 7 .

Preparation of Methyl 4-(2-Methyl-3-phenyl-2fT-azirin-2- 
yl)-2-butenoate. T o  a  s o l u t i o n  c o n t a i n i n g  1 . 7 3  g  o f  ( 2 - m e t h y l - 3 -  

p h e n y l - 2 f f - a z i r i n - 2 - y l ) a c e t a l d e h y d e  (9 ) in  2 0  m L  o f  m e t h y l  c h lo r id e  

w a s  a d d e d  3 . 5  g  o f  c a r b o m e t h o x y m e t h y l e n e t r i p h e n y l p h o s p h o r a n e .3 3  

T h e  m i x t u r e  w a s  s t i r r e d  f o r  2 4  h  a t  r o o m  t e m p e r a t u r e ,  a n d  t h e n  t h e  

s o l v e n t  w a s  r e m o v e d  u n d e r  r e d u c e d  p r e s s u r e .  T h e  r e s u l t i n g  o i l  w a s  

t r i t u r a t e d  w i t h  c y c l o h e x a n e  t o  r e m o v e  t h e  p r e c i p i t a t e d  t r i p h e n y l -  

p h o s p h in e  o x id e .  A f t e r  f i l t r a t i o n ,  t h e  s o lu t io n  w a s  c o n c e n t r a t e d  u n d e r  

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

g e l  u s i n g  a  1 0 %  a c e t o n e - h e x a n e  m i x t u r e  a s  t h e  e l u e n t  t o  g i v e  t h e  Z  
( 0 .3 5  g ,  1 7 % ;  15) a n d  E  ( 1 . 5 4  g , 6 7 % ; 14) i s o m e r s  o f  m e t h y l  4 - ( 2 -  

m e t h y l - 3 - p h e n y l - 2 H - a z i r i n - 2 - y l ) - 2 - b u t e n o a t e .  T h e  Z  i s o m e r  1 5  w a s  

i d e n t i f i e d  o n  t h e  b a s i s  o f  i t s  c h a r a c t e r i s t i c  s p e c t r a l  p r o p e r t i e s :  N M R  

( C C 1 4, 1 0 0  M H z )  r  8 .6 4  ( s ,  3  H ) ,  7 .0 4  ( d d t ,  1  H ,  J  =  1 6 . 0 , 7 . 0 ,  a n d  1 . 5  

H z ) ,  6 . 8 6  ( d d t ,  1  H ,  J  =  1 6 . 0 ,  7 .0 ,  a n d  1 . 5  H z ) ,  6 .4 2  ( s ,  3  H ) ,  4 . 2 8  ( d t ,  

1  H ,  J  =  1 1 . 0  a n d  1 . 5  H z ) ,  3 .8 6  ( d t ,  1  H ,  J  =  1 1 . 0  a n d  7 .0  H z ) ,  a n d

2 . 1 -  2 .6  ( m , 5  H ) ;  I R  ( n e a t )  3 0 1 0 ,  2 9 4 0 , 1 7 1 5 , 1 6 4 5 , 1 4 3 0 , 1 4 0 0 , 1 3 6 5 ,  

1 1 7 5 ,  1 0 1 0 ,  8 2 0 ,  7 6 6 ,  a n d  6 9 0  c m - 1 ; U V  ( c y c l o h e x a n e )  2 4 3  n m  (e
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1 6  7 0 0 ) ;  M S  m /e  2 2 9  ( M + ) ,  1 8 6 , 1 7 0  ( b a s e ) ,  1 0 5 ,  a n d  7 7 .

A n a l .  C a l c d  f o r  C i 4H ! 5 N 0 2 : C ,  7 3 , 3 4 ;  H ,  6 .5 9 ;  N ,  6 . 1 1 .  F o u n d :  C ,  

7 3 . 1 2 ;  H ,  6 .6 6 ; N ,  6 .0 3 .

T h e  c o r r e s p o n d i n g  E  i s o m e r  1 4  s h o w e d  t h e  f o l l o w i n g  s p e c t r a l  

p r o p e r t i e s :  N M R  ( C C I 4 , 1 0 0  M H z )  r  8 . 6 1  ( s ,  3  H ) ,  7 .6 7  ( d d ,  1  H ,  J  =

1 4 . 0  a n d  8 .0  H z ) ,  7 .3 8  ( d d ,  1  H ,  J  =  1 4 . 0  a n d  8 .0  H z ) ,  6 .3 6  ( s , 3  H ) ,  4 .2 0  

(d , 1  H ,  J  =  1 6 .0  H z ) ,  3 . 1 2  ( d t ,  1  H ,  J  =  1 6 .0  a n d  8 .0  H z ) ,  2 .4 8  (m , 3  H ) ,  

a n d  2 .2 8  ( m , 2  H ) ;  I R  ( n e a t )  3 0 1 0 ,  2 9 4 0 , 1 7 2 5 , 1 6 6 7 , 1 4 9 0 , 1 4 4 0 , 1 3 8 0 ,  

1 3 3 0 , 1 2 6 5 , 1 1 8 0 , 1 0 7 5 , 1 0 4 2 , 9 8 2 , 9 3 0 , 7 6 6 ,  a n d  6 9 0  c m “ 1 ; U V  ( c y c l o 

h e x a n e )  2 4 3  n m  R  1 4  3 0 0 ) ;  M S  m / e  2 2 9  ( M + ) , 1 7 0  ( b a s e ) ,  1 0 5 ,  a n d  

7 7 .

A n a l .  C a l c d  f o r  C I4 H 1 6 N 0 2 : C ,  7 3 . 3 4 ;  H ,  6 .5 9 ;  N ,  6 . 1 1 .  F o u n d :  C ,  

7 3 . 0 5 ;  H ,  6 .7 7 ;  N ,  5 .7 7 .
Irradiation of Methyl (U)-4-(2-Methyl-3-phenyl-2ff-azirin- 

2-yl)-2-butenoate (14). A  s o lu t io n  c o n t a in in g  1 7 0  m g  o f  14 in  2 0 0  r a L  

o f  c y c lo h e x a n e  w a s  i r r a d i a t e d  f o r  1 7  m in  u s in g  a  4 5 0 - W  H a n o v i a  la m p  

e q u i p p e d  w i t h  a  V y c o r  f i l t e r  s le e v e .  R e m o v a l  o f  t h e  s o l v e n t  l e f t  a  

y e l lo w  r e s i d u e  w h o s e  N M R  s p e c t r u m  r e v e a l e d  i t  t o  b e  a  1 : 1  m i x t u r e  

o f  exo-  a n d  e n d o - 6 - c a r b o m e t h o x y - 3 - m e t h y l - l - p h e n y l - 2 - a z a b i c y -  

c l o [ 3 . 1 . 0 ] h e x - 2 - e n e  (16): N M R  ( C D C I 3 , 1 0 0  M H z )  r  7 .9 4  a n d  7 .8 4  

( s i n g l e t s ,  3  H ) ,  8 .4 4  ( d , 1  H ,  J  =  4 .0  H z ) ,  7 . 5 0 - 7 . 8 0  ( m , 2  H ) ,  7 .2 4  (d ,

1  H ,  J  =  1 7 . 5  H z ) ,  6 .6 0 - 7 .0 0  ( m , 1  H ) ,  6 .5 3  a n d  6 .3 8  ( s in g le t s ,  3  H ) ,  a n d

2 . 4 - 2 .8  ( m , 5  H ) ;  I R  ( n e a t )  1 7 5 5 , 1 6 8 0 , 1 6 2 5 , 1 4 3 0 ,  a n d  1 1 6 0  c m “ 1 .

W h e n  t h e  c r u d e  p h o t o l y s a t e  w a s  s u b j e c t e d  t o  p r e p a r a t i v e  t h i c k -  

l a y e r  c h r o m a t o g r a p h y ,  i t  w a s  n o t  p o s s i b le  t o  i s o l a t e  t h e  a z a b i c y c l o -  

h e x e n e s .  I n s t e a d ,  t w o  n e w  c o m p o u n d s  w e r e  i s o la t e d  a n d  w e r e  d e r iv e d  

b y  a n  a c i d - c a t a l y z e d  r e a r r a n g e m e n t  o f  1 6 .  T h e  f a s t e r  m o v in g  c o m 

p o n e n t  ( 6 0 % )  w a s  i d e n t i f i e d  a s  2 - p h e n y l - 3 - c a r b o m e t h y o x y - 6 -  

m e t h y l p v r i d i n e  ( 1 7 )  o n  t h e  b a s i s  o f  i t s  s p e c t r a l  p r o p e r t i e s :  N M R  

( C D C I 3 , 1 0 0  M H z )  r 7 . 3 4  ( s ,  3  H ) ,  6 .3 2  ( s ,  3  H ) ,  2 .7 4  ( 1  H ,  d ,  J  =  8 .0  

H z ) ,  2 .4 6  ( m , 5  H ) ,  a n d  1 . 9 0  ( 1  H ,  d .  J  =  8 .0  H z ) ;  I R  ( n e a t )  3 0 3 0 ,  2 9 4 0 , 

1 7 1 5 , 1 5 9 0 , 1 4 3 0 ,  1 3 8 0 ,  1 2 9 0 ,  1 2 3 6 , 1 2 1 7 , 1 1 3 5 ,  1 1 1 0 ,  1 0 5 5 ,  8 1 8 ,  8 0 3 ,  

7 6 9 , 7 4 3 ,  a n d  7 0 0  c m “ 1 ; M S  m /e  2 2 7  ( M + ), 2 1 2  ( b a s e ) ,  1 9 6 ,  a n d  1 5 3 ;  

U V  ( c y c l o h e x a n e )  2 5 5  n m  R  2 2  8 0 0 ) .

A n a l .  C a l c d  f o r  C i 4 H 1 3 N 0 2 : C ,  7 3 . 9 9 ;  H ,  5 . 7 7 ;  N ,  6 . 1 6 .  F o u n d :  C ,  

7 4 .0 6 ;  H ,  5 .6 8 ;  N ,  6 .0 4 .

T h e  m in o r  c o m p o n e n t  (4 0 % ) i s o la t e d  f r o m  t h e  t h i c k - l a y e r  p la t e  w a s  

a s s i g n e d  t h e  s t r u c t u r e  o f  m e t h y l  ( 2 - p h e n y l - 5 - m e t h y l p y r r o l - 3 - y l ) -  

a c e t a t e  ( 1 8 )  o n  t h e  b a s i s  o f  i t s  c h a r a c t e r i s t i c  s p e c t r a :  N M R  ( C C 1 4, 1 0 0  

M H z )  r  7 .8 0  ( s ,  3  H ) ,  6 .6 0  ( s ,  2  H ) ,  6 .3 8  ( s ,  3  H ) ,  4 . 2 4  ( s ,  1  H ) ,  2 . 6 - 2 . 9  

( m , 5  H ) ,  a n d  2 .0 8  ( b r o a d  s , 1  H ,  e x c h a n g e d  w i t h  D 20 ) ;  I R  ( n e a t )  3 3 8 0 ,  

2 9 1 0 , 1 7 5 5 , 1 6 0 0 , 1 5 2 0 , 1 4 3 0 , 1 2 6 0 , 1 2 0 0 , 1 0 1 5 , 7 9 5 , 7 6 5 ,  a n d  7 0 0  c m - 1 ; 

U V  ( e t h a n o l )  2 9 3  n m  R  5 8 0 0 )  a n d  2 1 7  ( 2 7 0 0 ) ;  M S  m /e  2 2 9  ( M + ) ,  2 1 7 ,  

1 7 0  ( b a s e ) ,  1 5 5 , 1 2 9 , 1 0 5 ,  a n d  7 7 .

A n a l .  C a l c d  f o r  C 1 4 H i 5 N 0 2: C ,  7 3 . 3 4 ;  H ,  6 .5 9 ;  N ,  6 . 1 1 .  F o u n d :  C ,  

7 3 . 1 8 ;  H ,  6 .4 6 ; N ,  6 . 1 7 .

T h e  i r r a d i a t i o n  o f  a z i r i n e  1 4  w a s  a l s o  c a r r i e d  o u t  in  t h e  p r e s e n c e  

o f  a  t r a p p i n g  a g e n t .  A  s o l u t i o n  c o n t a i n i n g  1 0 0  m g  o f  1 4  a n d  1 5  m L  o f  

m e t h y l  a c r y l a t e  in  1 5 0  m L  o f  c y c l o h e x a n e  w a s  i r r a d i a t e d  f o r  2 0  m in  

u s i n g  a  4 5 0 - W  H a n o v i a  l a m p  e q u i p p e d  w i t h  a  V y c o r  f i l t e r  s le e v e .  

R e m o v a l  o f  t h e  s o l v e n t  u n d e r  r e d u c e d  p r e s s u r e  l e f t  1 3 5  m g  (9 8 % )  o f  

a n  o i l  w h o s e  N M R  s p e c t r u m  in d i c a t e d  i t  t o  b e  a  1 : 1  m i x t u r e  o f  t h e  c is  

a n d  t r a n s  i s o m e r s  o f  m e t h y l  ( E ) - 4 - ( 4 - c a r b o m e t h o x y - 5 - m e t h y l - 2 -  

p h e n y l - A 1 - p y r r o l i n - 5 - y l ) - 2 - b u t e n o a t e  ( 1 9 ) .  T h e  m i x t u r e  o f  i s o m e r s  

c o u l d  n o t  b e  s e p a r a t e d  b u t  s h o w e d  t h e  f o l l o w i n g  p r o p e r t i e s :  N M R  

( C C 1 4, 1 0 0  M H z )  r  8 .8 6  a n d  8 .4 8  ( s i n g l e t s ,  3  H ) ,  7 .8 0  ( d d ,  1  H ,  J  =  1 6  

a n d  8 .0  H z ) ,  7 .2 8  ( d d ,  1  H ,  J  =  1 6 . 0  a n d  8 .0  H z ) ,  6 . 3 0 - 7 . 0 6  ( m , 3  H ) ,

6 .3 0  ( s ,  3  H ) ,  7 .2 6  a n d  6 .2 4  ( s i n g l e t s ,  3  H ) ,  4 . 1 6  ( d , 1  H ,  J  =  1 6 . 0  H z ) ,

3 . 1 0  ( d t ,  1  H ,  J =  1 6 . 0  a n d  8 .0  H z ) ,  a n d  2 . 1 0 - 2 . 7 6  ( m , 5  H ) ;  I R  ( n e a t )  

2 9 1 5 ,  1 7 2 5 ,  1 6 5 5 ,  1 6 0 0 ,  1 5 7 0 ,  1 4 3 0 ,  1 3 3 0 ,  1 2 6 5 ,  1 1 9 8 ,  1 0 1 0 ,  7 6 3 ,  a n d  

6 9 3  c m " 1 : U V  ( c y c lo h e x a n e )  2 4 3  n m  R  1 7  2 0 0 ) ; M S  m /e  3 1 5  ( M + ) ,  2 8 4 , 

2 5 6 ,  2 1 6 ,  2 1 2 , 1 7 0 , 1 5 6 ,  1 1 9 , 1 1 7 , 1 0 5  ( b a s e ) ,  a n d  7 7 .

A n a l .  C a l c d  f o r  C 1 8 H 2 1 N 0 4: C ,  6 8 .5 5 ;  H ,  6 . 7 1 ;  N ,  4 .4 4 . F o u n d :  C ,  

6 8 .9 0 ;  H ,  6 . 9 1 ;  N ,  4 . 1 3 .

Irradiation of Methyl (Z)-4-(2-Methyl-3-phenyl-2H-azirin- 
2-yI)-2-butenoate ( 1 5 ) .  A  s o l u t i o n  c o n t a i n i n g  8 0  m g  o f  1 5  in  1 5 0  m L  

o f  c y c lo h e x a n e  w a s  i r r a d i a t e d  f o r  1 5  m in  u s in g  a  4 5 0 - W  H a n o v i a  la m p  

e q u i p p e d  w i t h  a  V y c o r  f i l t e r  s le e v e .  R e m o v a l  o f  t h e  s o l v e n t  a f f o r d e d  

a  1 : 1  m ix t u r e  o f  t h e  s a m e  exo- a n d  e n d o - 2 - a z a b i c y c l o [ 3 . 1 .0 ] h e x - 2 - e n e s  

1 6  a s  w a s  o b t a i n e d  f r o m  t h e  i r r a d i a t i o n  o f  t h e  E  i s o m e r .  P r e p a r a t i v e  

t h i c k - l a y e r  c h r o m a t o g r a p h y  o f  t h e  m i x t u r e  a f f o r d e d  p y r i d i n e  1 7  a n d  

p y r r o l e  1 8 .

T h e  i r r a d i a t i o n  o f  t h e  ( Z ) - a z i r i n e  1 5  w a s  a l s o  c a r r i e d  o u t  in  t h e  

p r e s e n c e  o f  m e t h y l  a c r y l a t e .  A  s o l u t i o n  c o n t a i n i n g  7 5  m g  o f  1 5  a n d  

1 0  m L  o f  m e t h y l  a c r y l a t e  in  1 5 0  m L  o f  c y c l o h e x a n e  w a s  i r r a d i a t e d  f o r  

1 5  m in  w i t h  a  4 5 0 - W  H a n o v i a  l a m p  e q u i p p e d  w i t h  a  V y c o r  f i l t e r  

s le e v e .  R e m o v a l  o f  t h e  s o l v e n t  u n d e r  r e d u c e d  p r e s s u r e  f o l l o w e d  b y  

p r e p a r a t i v e  t h i c k - l a y e r  c h r o m a t o g r a p h y  u s in g  a  2 5 %  a c e t o n e - h e x a n e  

m i x t u r e  a s  t h e  e l u e n t  g a v e  9 5  m g  ( 9 1 % )  o f  a  m i x t u r e  ( 2 :3 )  o f  t h e  c is  

a n d  t r a n s  i s o m e r s  o f  m e t h y l  ( Z ) - 4 - ( 4 - c a r b o m e t h o x y - 5 - m e t h y l - 2 -  

p h e n y l - A 1 - p y r r o l i n - 5 - y l ) - 2 - b u t e n o a t e  ( 1 9 )  w h i c h  c o u l d  n o t  b e  s e p a 

r a t e d :  N M R  ( C D C I 3 , 1 0 0  M H z )  r  8 .7 8  a n d  8 .4 0  ( s i n g l e t s ,  3  H ) ,  

6 . 2 8 - 7 , 2 0  ( m , 5  H ) ,  6 .2 8  a n d  6 .2 4  ( s ,  3  H ) ,  6 .2 2  a n d  6 .2 0  ( s ,  3  H ) ,  4 .0 8  

a n d  3 .9 6  ( d , 1 H ,  J  =  1 2 . 0  H z ) ,  3 . 5 2  ( d t ,  1  H ,  J  =  1 2 . 0  a n d  8 .0  H z ) ,  a n d

2 . 0 - 2 . 5 6  ( m , 5  H ) ;  I R  ( n e a t )  2 9 6 0 , 1 7 3 0 , 1 6 4 0 , 1 5 9 0 , 1 4 4 5 , 1 3 5 0 , 1 1 9 0 ,

1 0 4 5 , 8 3 1 , 7 6 9 ,  a n d  6 9 5  c m - 1 ; U V  ( c y c lo h e x a n e )  2 4 3  n m  R  1 6  4 0 0 ) ; M S  

m /e  3 1 5  ( M + ) ,  2 8 4 ,  2 5 6 ,  2 1 6 , 1 8 4 , 1 7 0 , 1 5 7 , 1 5 6 , 1 1 5 , 1 1 3 , 1 0 5  ( b a s e ) ,  

a n d  7 7 .

A n a l .  C a l c d  f o r  C ] 8H 2 i N 0 4: C ,  6 8 .5 5 ;  H ,  6 . 7 1 ;  N ,  4 .4 4 .  F o u n d :  C ,  

6 8 .3 7 ;  H ,  6 .6 4 ;  N ,  4 .3 8 .

Preparation of (3-Methyl-2-phenyl-2JH-azirin-2-yl)acetal- 
dehyde. A  s o l u t i o n  c o n t a i n i n g  1 5 0  m g  o f  2 - a l l y l - 3 - m e t h y l - 2 - p h e -  

n y l - 2 / i - a z i r i n e 2  in  2 0 0  m L  o f  m e t h a n o l  w a s  o z o n iz e d  a t  —7 8  ° C  u n t i l  

a  b l u e  c o lo r  p e r s i s t e d .  T h e  s o l u t i o n  w a s  f l u s h e d  w i t h  n i t r o g e n ,  a n d  

2 0  m L  o f  d i m e t h y l  s u l f i d e  w a s  a d d e d .  T h e  m i x t u r e  w a s  a l l o w e d  t o  

w a r m  t o  0  ° C  a n d  s t i r r e d  a t  t h i s  t e m p e r a t u r e  f o r  4  h . T h e  s o l v e n t  w a s  

r e m o v e d  u n d e r  r e d u c e d  p r e s s u r e ,  a n d  t h e  r e s i d u e  w a s  e x t r a c t e d  w i t h  

e t h e r ,  w a s h e d  w i t h  w a t e r ,  a n d  d r i e d  o v e r  s o d i u m  s u l f a t e .  T h e  r e m 

a i n i n g  o i l  w a s  q u i t e  l a b i l e  t o  a t m o s p h e r e  c o n d i t i o n s  a n d  w a s  i m m e 

d i a t e l y  u s e d  in  a  W i t t i g  r e a c t i o n .  T h e  c r u d e  a z i r i n y l  a l d e h y d e  e x 

h i b i t e d  t h e  f o l l o w i n g  s p e c t r a l  p r o p e r t i e s :  N M R  ( C D C 1 3 , 1 0 0  M H z )  

r  7 .5 8  ( s ,  3  H ) ,  7 .2 4  ( d , 1  H ,  J =  1 8 . 0  H z ) ,  6 .8 4  ( d ,  1  H ,  J  =  1 8 . 0  H z ) ,

2 . 6 - 3 . 0  ( m , 5  H ) ,  a n d  0 .3 0  ( s ,  1  H ) ;  I R  ( n e a t )  3 0 1 0 ,  2 9 5 0 ,  2 7 0 0 , 1 7 3 0 ,  

1 5 9 0 , 1 4 9 5 , 1 4 5 0 , 1 3 7 0 , 1 1 0 0 , 7 7 0 ,  a n d  6 9 8  c m “ 1 ; MS m /e  1 5 8  ( M +  a n d  

b a s e ) .
Preparation of Methyl ( F))-4-(.3-Methyl-2-phenyl-2f/-az- 

irin-2-yl)-2-butenoate (20). T r e a t m e n t  o f  1 7 5  m g  o f  ( 2 - p h e n y l - 3 -  

m e t h y l - 2 / / - a z i r i n - 2 - y l ) a c e t a l d e h y d e  w i t h  4 0 0  m g  o f  c a r b o m e t h o x y -  

m e t h y le n e t r ip h e n y lp h o s p h o r a n e  in  a n  a n a lo g o u s  f a s h io n  t o  t h a t  u s e d  

t o  p r e p a r e  14 g a v e  1 8 1  m g  ( 7 9 % )  o f  m e t h y l  ( i ? ) - 4 - ( 3 - m e t h y l - 2 - p h e -  

n y l - 2 H - a z i r i n - 2 - y l ) - 2 - b u t e n o a t e  (20): N M R  ( C C 1 4, 1 0 0  M H z )  r  7 .6 4  

( s ,  3  H ) ,  7 .2 4  ( d d t ,  1  H ,  J  =  1 5 . 5 , 6 . 5 ,  a n d  1 . 5  H z ) ,  7 .0 4  ( d d t ,  1  H ,  J  =

1 5 . 5 ,  6 .5 ,  a n d  1 . 5  H z ) ,  6 .4 2  ( s , 3  H ) ,  4 . 2 2  ( d t ,  1  H ,  J  =  1 6 . 0  a n d  1 . 5  H z ) ,

3 .2 6  ( d t ,  1  H ,  J  =  1 6 . 0  a n d  6 .5  H z ) ,  a n d  2 . 7 - 3 . 0  ( m , 5  H ) ;  I R  ( n e a t )  

3 0 3 0 , 2 9 1 0 ,  2 8 0 0 , 1 7 5 4 , 1 7 1 0 , 1 6 5 0 , 1 6 0 0 , 1 4 9 5 , 1 4 3 0 , 1 2 6 5 , 1 2 0 5 , 1 1 6 0 ,  

1 0 7 5 ,  1 0 2 0 ,  9 8 0 , 7 7 0 ,  a n d  6 9 3  c m - 1 ; U V  ( c y c l o h e x a n e )  2 5 3  n m  R  

1 2  6 0 0 ) ;  M S  m /e  2 2 9  ( M + ) ,  2 1 4 ,  1 7 0  ( b a s e ) ,  1 5 7 ,  1 3 0 ,  1 1 5 ,  9 1 ,  a n d  

7 7 .
A n a l .  C a l c d  f o r  C i 4H 1 5 N 0 2 : C ,  7 3 . 3 4 ;  H ,  6 .5 9 ;  N ,  6 . 1 1 .  F o u n d :  C ,  

7 3 . 2 1 ;  H ,  6 .4 6 ;  N ,  6 .0 8 .
Irradiation of Methyl (K)-4-(3-Methyl-2-phenyl-2/I-azirin- 

2-yl)-2-butenoate (20). A  s o l u t i o n  c o n t a i n i n g  1 2 0  m g  o f  a z i r i n e  20 
in  1 5 0  m L  o f  c y c l o h e x a n e  w a s  i r r a d i a t e d  f o r  7 . 5  m i n  u s i n g  a  4 5 0 - W  

H a n o v i a  l a m p  e q u i p p e d  w i t h  a  V y c o r  f i l t e r  s le e v e .  R e m o v a l  o f  t h e  

s o lv e n t  u n d e r  r e d u c e d  p r e s s u r e  l e f t  a  y e l lo w  o i l  w h o s e  N M R  s p e c t r u m  

s h o w e d  a  c o m p l e x  p a t t e r n  f r o m  r  6 .0 - 9 .0 .  P u r i f i c a t i o n  o f  t h e  c r u d e  

p h o t o l y s i s  m i x t u r e  b y  t h i c k - l a y e r  c h r o m a t o g r a p h y  r e s u l t e d  in  t h e  

i s o la t io n  o f  4 5  m g  o f  2 - m e t h y l - 3 - c a r b o m e t h o x y - 6 - p h e n y l p y r i d i n e  (21): 
N M R  ( C C 1 4, 1 0 0  M H z )  r  7 . 1 6  (s , 3  H ) ,  6 .0 6  ( s , 3  H ) ,  2 .6 0 - 2 .7 4  ( m , 3  H ) ,

2 .4 8  ( d ,  1  H  ,J  =  8 .0  H z ) ,  1 . 9 6 - 2 . 0 8  ( m , 2  H ) ,  a n d  1 . 8 8  ( d , 1  H ,  J  =  8 .0  

H z ) ;  I R  ( n e a t )  2 9 0 0 ,  1 7 2 0 , 1 5 7 5 , 1 4 3 0 , 1 3 7 0 ,  1 2 6 5 , 1 1 9 0 ,  1 1 5 0 ,  1 0 8 7 ,  

7 6 8 ,  a n d  6 9 4  c m - 1 ; M S  m /e  2 2 7  ( M + , b a s e ) ,  2 1 2 , 1 9 6 , 1 6 9 , 1 6 8 , 1 6 7 ,  

1 4 1 , 1 1 5 , 9 1 ,  a n d  7 7 .  W h e n  a  m i x t u r e  o f  t h e  c r u d e  p h o t o l y s a t e  a n d  5 %  

p a l l a d i u m  o n  c a r b o n  in  b e n z e n e  w a s  h e a t e d  a t  r e f l u x ,  t h e  o n ly  p r o d u c t  

o b t a i n e d  in  7 4 %  y i e l d  w a s  2 - m e t h y l - 3 - c a r b o m e t h o x y - 6 - p h e n y l p y r i -  

d i n e  (2 1 ).

T h e  s t r u c t u r e  o f  t h i s  m a t e r i a l  w a s  f u r t h e r  v e r i f i e d  b y  a q u e o u s  h y 

d r o l y s i s  t o  t h e  k n o w n  c a r b o x y l i c  a c i d .20  A  s o l u t i o n  c o n t a i n i n g  2 5  m g  

o f  t h e  a b o v e  p y r i d i n e  in  1 0  m L  o f  a  5 0 %  d i o x a n e - w a t e r  m i x t u r e  c o n 

t a i n i n g  1 0 0  m g  o f  p o t a s s i u m  h y d r o x i d e  w a s  h e a t e d  a t  r e f l u x  f o r  4  h . 

T h e  s o l u t i o n  w a s  c o o le d ,  a c i d i f i e d  w i t h  h y d r o c h l o r i c  a c i d ,  a n d  e x 

t r a c t e d  w i t h  c h lo r o f o r m .  T h e  o r g a n i c  l a y e r  w a s  d r i e d  o v e r  s o d i u m  

s u l f a t e  a n d  c o n c e n t r a t e d  u n d e r  r e d u c e d  p r e s s u r e  t o  g iv e  a  q u a n t i t a t i v e  

y i e l d  o f  2 - m e t h y l - 3 - c a r b o x y - 6 - p h e n y l p y r i d i n e  ( 2 2 ) :  m p  1 9 4 - 1 9 6  ° C  

( l i t ..20  m p  1 9 6  ° C ) ;  N M R  ( M e 2 S O - d 6, 1 0 0  M H z )  r  7 . 1 8  ( s ,  3  H ) ,  

2 . 4 0 - 2 . 5 2  ( m , 3  H ) ,  1 . 7 6 - 1 . 9 0  ( m , 2  H ) ,  a n d  1 . 7 2  a n d  2 .0 8  ( A B  d o u b le t ,  

J  =  8 .0  H z ,  2  H ) ;  I R  ( K B r )  3 3 0 0 - 2 1 0 0 , 1 6 8 0 , 1 6 1 0 , 1 4 9 5 , 1 3 9 5 , 1 2 8 0 ,  

1 1 8 8 , 1 1 4 9 , 1 0 9 0 , 1 0 7 0 , 9 3 0 , 8 5 5 , 7 7 5 , 7 5 5 , 7 0 6 , 6 9 4 ,  a n d  6 8 7  c m - 1 ; M S  

m /e  2 1 3  ( M + , b a s e ) ,  1 9 6 , 1 9 5 , 1 6 9 , 1 6 8 , 1 5 7 , 1 1 5 , 1 0 5 ,  a n d  9 3 .

Preparation of 4-(3-Methyl-2-phenyl-2if-azirin-2-yl)-2- 
butenonitrile (23). T h e  m e t h o d  u s e d  t o  p r e p a r e  t h i s  a z i r i n e  w a s  e s 

s e n t i a l l y  i d e n t i c a l  w i t h  t h a t  u s e d  t o  p r e p a r e  20. T o  a  s o l u t i o n  c o n 

t a i n i n g  9  m m o l  o f  t h e  a l d e h y d e  in  2 7  m L  o f  m e t h y l e n e  c h lo r i d e  w a s  

a d d e d  3 .6  g  o f  c y a n o m e t .h y l e n e t r i p h e n y l p h o s p h o r a n e 34  in  1 0  m L  o f  

m e t h y le n e  c h lo r i d e .  A f t e r  s t i r r i n g  f o r  2 5  h ,  t h e  s o l v e n t  w a s  r e m o v e d  

a n d  t h e  c r u d e  r e a c t i o n  m i x t u r e  w a s  s u b j e c t e d  t o  s i l i c a  g e l  c h r o m a 

t o g r a p h y  u s in g  a  5 %  a c e t o n e - h e x a n e  m i x t u r e  a s  t h e  e lu e n t .  T h e  m a jo r  

p r o d u c t  o b t a i n e d  in  2 7 %  y i e l d  w a s  i d e n t i f i e d  as ( £ ) - 4 - ( 3 - m e t h y l - 2 -  

p h e n y I - 2 H - a z i r i n - 2 - y l ) - 2 - b u t e n o n i t r i l e  (23): b p  8 5  ° C  (0 . 0 2  m m ) ;  

N M R  ( C C 1 4, 1 0 0  M H z )  r  7 .6 4  ( s , 3  H ) ,  7 . 3 4  ( d d d ,  1  H ,  J  =  1 6 . 5 ,  6 .5 ,  

a n d  1 . 6  H z ) ,  7 .0 7  ( d d d ,  1 6 . 5 ,  6 .5 ,  a n d  1 . 6  H z ) ,  4 . 7 0  ( d t ,  1  H ,  J  =  1 6 . 0  

a n d  1 . 6  H z ) ,  3 . 5 2  ( d t ,  1  H ,  J  =  1 6 . 0  a n d  6 .5  H z ) ,  a n d  2 . 7 2 - 3 . 1 6  ( m , 5



Allyl-Substituted 2/f-Azirines J. Org. Chem., Vol. 43, No. 19, 1978 3763

H ) ; I R  ( n e a t )  3 0 1 0 , 2 9 0 0 , 2 2 1 7 , 1 7 5 5 , 1 6 3 0 , 1 5 9 0 , 1 4 9 0 , 1 4 4 0 , 1 4 2 0 , 1 3 6 0 ,

1 2 5 3 . 9 7 1 . 7 7 0 ,  a n d  6 9 6  c m - 1 ; U V  ( c y c l o h e x a n e )  2 5 5  n m  (« 2 0 9 0 ) ;  M S  

m /e  1 9 6  ( M + ) , 1 9 5 , 1 8 1 ,  1 6 9 , 1 6 8  ( b a s e ) ,  1 5 4 ,  1 4 4 ,  1 2 7 , 1 1 5 , 1 0 3 ,  a n d  
9 3 .

A n a l .  C a l c d  f o r  C i 3H 12 N 2 : C ,  7 9 .5 6 ;  H ,  6 . 1 6 ;  N ,  1 4 . 2 8 .  F o u n d :  C ,  
7 9 .3 4 ;  H ,  6 . 0 1 ;  N ,  1 4 . 0 3 .

T h e  m in o r  p r o d u c t  ( 2 3 % )  o b t a i n e d  f r o m  t h e  c o lu m n  w a s  i d e n t i f i e d  

a s  t h e  Z  i s o m e r :  N M R  ( C C 1 4, 1 0 0  M H z )  r  7 .6 2  ( s ,  3  H ) ,  7 .2 0  ( d d d ,  1

H ,  J  =  1 5 . 5 , 7 . 0 ,  a n d  1 . 3  H z ) ,  4 . 7 2  ( d t ,  1  H ,  J  =  1 1 . 0  a n d  1 . 3  H z ) ,  3 .6 7  

( d t ,  1  H ,  J  =  1 1 . 0  a n d  7 .0  H z ) ,  a n d  2 . 7 2 - 3 . 0 4  ( m , 5  H ) ;  I R  ( n e a t )  3 0 3 0 ,  

2 9 4 0 , 2 2 3 0 , 1 7 7 9 , 1 6 3 0 , 1 6 1 0 , 1 5 0 5 , 1 4 5 0 , 1 4 3 0 , 1 3 5 5 , 1 2 5 0 , 1 1 6 5 , 1 0 7 5 ,  

7 6 0 ,  a n d  6 9 9  c m - 1 ; U V  ( c y c l o h e x a n e )  2 5 5  n m  (e 1 7 5 0 ) ;  M S  m / e  1 9 6  

( M + ) , 1 8 1 , 1 6 9 , 1 6 8  ( b a s e ) ,  1 5 4 , 1 4 4 , 1 0 3 ,  a n d  9 2 .

A n a l .  C a l c d  f o r  C I3 H 12 N 2: C ,  7 9 .5 6 ;  H ,  6 . 1 6 ;  N ,  1 4 . 2 8 .  F o u n d :  C ,  

7 9 . 5 1 ;  H ,  6 . 1 9 ;  N ,  1 4 . 2 8 .

Irradiation of 4-(3-Methyl-2-phenyl-2//-azirin-2-yl)-2-bu- 
tenonitrile (23). A  s o l u t i o n  c o n t a i n i n g  5 0  m g  o f  e i t h e r  t h e  E  o r  Z  

i s o m e r  o f  a z i r i n e  23 in  1 5 0  m L  o f  b e n z e n e  w a s  i r r a d i a t e d  f o r  1 5  m in  

u s i n g  a  4 5 0 - W  H a n o v i a  l a m p  e q u i p p e d  w i t h  a  V y c o r  f i l t e r  s le e v e .  

R e m o v a l  o f  t h e  s o l v e n t  u n d e r  r e d u c e d  p r e s s u r e  l e f t  a  y e l lo w  o i l  w h o s e  

N M R  s p e c t r u m  c o n t a i n e d  a  s e r i e s  o f  b a n d s  f r o m  r  7 . 2  t o  9 .0 . T h e  

c r u d e  p h o t o l y s a t e  w a s  d i s s o l v e d  in  5  m L  o f  b e n z e n e ,  2 5  m g  o f  5 %  

p a l la d iu m  o n  c a r b o n  w a s  a d d e d ,  a n d  t h e  m i x t u r e  w a s  h e a t e d  a t  r e f lu x  

f o r  4  h . F i l t r a t i o n  o f  t h e  c r u d e  r e a c t i o n  m i x t u r e  a n d  e v a p o r a t i o n  o f  

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

w a s  r e c r y s t a l l i z e d  f r o m  p e n t a n e  t o  g i v e  3 8  m g  ( 7 6 % )  o f  2 - m e t h y l - 3 -  

c y a n o - 6 - p h e n y l p y r i d i n e  (24): m p  1 2 7 - 1 2 8  ° C ;  N M R  ( C D C 1 3 , 1 0 0  

M H z )  x  7 . 1 3  ( s ,  3  H ) ,  2 . 3 6 - 2 . 4 8  ( m , 3  H ) ,  2 .2 4  ( d ,  1  H ,  J  =  8 .5  H z ) .

I .  8 0 - 1 . 9 6  (m , 2  H ) ,  a n d  1 . 9 6  ( d , 1  H ,  J  =  8 .5  H z ) ;  I R  ( K B r )  2 2 2 0 , 1 5 7 5 ,  

1 5 5 0 , 1 4 4 0 , 1 3 7 5 , 1 3 0 0 , 1 2 8 2 , 1 1 2 0 ,  8 6 4 ,  8 4 0 , 7 8 7 ,  7 4 1 ,  a n d  6 9 3  c m " 1 ; 

M S  m /e  1 9 4  ( M + ,  b a s e ) ,  1 9 3 , 1 0 2 ,  a n d  7 7 .

A n a l .  C a l c d  f o r  C 1 3 H i 0N 2: C ,  8 0 .3 8 ;  H ,  5 . 1 9 ;  N ,  1 4 . 4 2 .  F o u n d :  C ,  

8 0 . 1 6 ;  H ,  5 .5 0 ;  N ,  1 4 .4 4 .

F u r t h e r  s u p p o r t  f o r  t h e  s t r u c t u r e  o f  p y r i d i n e  24 w a s  o b t a i n e d  b y  

i t s  h y d r o ly s i s  t o  t h e  k n o w n  c a r b o x y l i c  a c id  2 2 .20 A  s o lu t io n  c o n t a in in g  

7 0  m g  o f  24 a n d  2 0 0  m g  o f  p o t a s s i u m  h y d r o x i d e  in  2 0  m L  o f  a  5 0 %  

w a t e r - d i o x a n e  m i x t u r e  w a s  h e a t e d  a t  r e f l u x  f o r  4  h . T h e  s o lu t io n  w a s  

t h e n  a c i d i f i e d  w i t h  h y d r o c h l o r i c  a c i d ,  e x t r a c t e d  w i t h  c h lo r o f o r m ,  a n d  

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

s a m p l e  o f  2 - m e t h y l - 3 - c a r b o x y - 6 - p h e n y l p y r i d i n e  (22), m p  1 9 4 - 1 9 6  

° C .

T h e  i r r a d i a t i o n  o f  23 w a s  a l s o  c a r r i e d  o u t  in  t h e  p r e s e n c e  o f  a  

t r a p p i n g  a g e n t .  A  s o lu t io n  c o n t a in in g  3 5  m g  o f  23 a n d  2 0  m L  o f  m e t h y l  

a c r y l a t e  in  5 0  m L  o f  b e n z e n e  w a s  i r r a d i a t e d  f o r  1 5  m in  u s in g  a  4 5 0 - W  

H a n o v i a  l a m p  e q u i p p e d  w i t h  a  V y c o r  f i l t e r  s le e v e .  R e m o v a l  o f  t h e  

s o l v e n t  f o l lo w e d  b y  p r e p a r a t i v e  t h i c k - l a y e r  c h r o m a t o g r a p h y  g a v e  2 8  

m g  o f  a  m i x t u r e  o f  t h e  c i s  a n d  t r a n s  ( 1 : 1 )  i s o m e r s  o f  4 - ( 4 - c a r b o m e -  

t h o x y - 2 - m e t h y l - 5 - p h e n y l - A 1 - p y r r o l i n - 5 - y l ) - 2 - b u t e n o n i t r i l e  (25): 
N M R  ( C D C 1 3 , 1 0 0  M H z )  r  7 .8 4  ( s ,  3  H ) ,  7 . 5 0  ( s ,  3  H ) ,  6 . 5 2 - 7 . 4 0  ( m , 

5  H ) ,  6 .2 0  ( s ,  c i s ) ,  4 .8 4  ( d t ,  1  H ,  J  =  1 7 . 0  a n d  2 .0  H z ) ,  4 . 5 4  ( d t ,  1  H ,  J  
=  1 7 . 0  a n d  2 .0  H z ) ,  3 .4 4  ( d d ,  1  H ,  J  =  1 0 . 0  a n d  6 .5  H z ) ,  3 . 2 8  ( d d ,  1  H , 

J  =  1 0 . 0  a n d  6 .5  H z ) ,  a n d  2 . 5 0 - 3 . 0 0  ( m , 5  H ) ;  I R  ( n e a t )  2 9 3 5 ,  2 2 2 0 ,

1 7 2 5 . 1 6 6 5 . 1 6 4 0 . 1 4 9 5 . 1 4 3 0 . 1 3 6 0 . 1 2 5 8 . 1 1 7 5 . 9 6 6 . 7 7 0 ,  a n d  6 9 8  c m “ 1 ; 

M S  m /e  1 9 6 , 1 9 5 ,  1 9 4 , 1 6 9 , 1 6 8  ( b a s e ) ,  1 0 3 , 9 3 ,  a n d  7 7 .

Quantum Yield Determinations. A l l  q u a n t i t a t i v e  m e a s u r e m e n t s  

w e r e  m a d e  o n  a  r o t a t i n g  a s s e m b l y  a t  r o o m  t e m p e r a t u r e  u s i n g  a  R a y -  

o n e t  r e a c t o r  e q u i p p e d  w i t h  2 5 3 7 - A  la m p s .  S a m p l e s  w e r e  d e g a s s e d  t o  

5  X  1 0 ~ 3 m m  in  t h r e e  f r e e z e - t h a w  c y c l e s  a n d  t h e n  s e a l e d .  C y c l o p e n -  

t a n o n e  s o l u t i o n s  w e r e  u s e d  a s  t h e  c h e m i c a l  a c t i n o m e t e r ,  f o r  w h i c h  a  

q u a n t u m  y i e l d  o f  0 .3 8  w a s  u s e d ,2 1  g i v i n g  a  r e p r o d u c i b l e  l a m p  o u t p u t  

o f  1 . 7 3  X  1 0 17  q u a n t a  s _ I . A f t e r  i r r a d i a t i o n ,  t h e  d e g r e e  o f  r e a c t io n  w a s  

d e t e r m in e d  b y  q u a n t i t a t i v e  N M R  s p e c t r o s c o p y .  T h e  c o n v e r s io n s  w e r e  

r u n  t o  1 5 %  o r  le s s .

Competitive studies w e r e  c a r r ie d  o u t  p h o t o c h e m ic a l ly  o n  m ix t u r e s  

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

e x t e r n a l  d i p o la r o p h i l e .  S i n c e  c y c l o a d d i t i o n  r a t e s  v a r i e d  c o n s i d e r a b l y  

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

r i o d i c a l l y  b y  N M R  s p e c t r o s c o p y  u n t i l  o p t i m u m  c o n v e r s io n  t i m e s  f o r  

a n a l y s i s  h a d  b e e n  d e t e r m i n e d .  A l l  m e a s u r e m e n t s  w e r e  m a d e  o n  a  

“ m e r r y - g o - r o u n d ”  a s s e m b l y  a t  r o o m  t e m p e r a t u r e  u s in g  a  2 4 3 7 - A  

s o u r c e .  V a r y i n g  q u a n t i t i e s  o f  m e t h y l  a c r y l a t e  w e r e  a d d e d  t o  s o lu t io n s  

o f  t h e  a z i r i n e ,  a n d  t h e  f i n a l  p e a k  a r e a s  o f  r e a r r a n g e d  p r o d u c t  w e r e

d e t e r m i n e d  b y  N M R  s p e c t r o s c o p y  a f t e r  c a .  3 0 %  o f  t h e  s t a r t i n g  m a 

t e r i a l  h a d  b e e n  c o n s u m e d .

Acknowledgment. We gratefully acknowledge support of 
this work by the National Science Foundation and the Hoff- 
mann-La Roche Co. Aid in the purchase of the NMR spec
trometer (XL-100) used in this work was provided by the NSF 
via an equipment grant.

Registry No.— 1, 6 6 4 1 6 - 6 2 - 4 ;  3, 4 6 1 8 1 - 3 0 - 0 ;  c i s - 4 , 6 6 4 1 6 - 6 4 - 6 ;  

trans- 4 ,6 6 4 1 6 - 6 3 - 5 ;  5 ,6 5 4 9 5 - 9 1 - 2 ;  6, 2 7 0 6 8 - 6 9 - 5 ;  c is -7 ,6 6 4 1 6 - 6 6 - 8 ;  

trans- 7, 6 6 4 1 6 - 6 5 - 7 ;  8 ,5 6 4 3 4 - 9 5 - 8 ;  9 ,6 6 4 1 6 - 6 7 - 9 ;  c is -10, 6 6 4 1 6 - 6 8 - 0 ;  

tra n s-10,6 6 5 3 8 - 2 6 - 9 ;  11, 6 5 4 9 5 - 8 3 - 2 ;  12, 6 6 4 1 6 - 4 2 - 0 ;  13,6 6 4 1 6 - 4 3 - 1 ;  

14, 6 6 4 1 6 - 6 1 - 3 ;  15, 6 6 4 1 6 - 6 0 - 2 ;  e x o - 1 6 ,  6 6 4 1 6 - 4 4 - 2 ;  e n d o -16, 
6 6 5 1 3 - 1 4 - 2 ;  17, 6 6 4 1 6 - 4 5 - 3 ;  18, 6 6 4 1 6 - 4 6 - 4 ;  (E ) -c is -19, 6 6 4 1 6 - 4 7 - 5 ;  

(E )-tr a n s -19, 6 6 4 1 6 - 5 4 - 4 ;  (Z ) -c is -19, 6 6 4 1 6 - 5 5 - 5 ;  (Z )-tr a n s-19, 
6 6 4 1 6 - 5 6 - 6 ;  20, 6 5 4 9 5 - 7 1 - 8 ;  21, 6 6 4 1 6 - 4 8 - 6 ;  22, 6 6 4 1 6 - 4 9 - 7 ;  (£)-23, 
6 6 4 1 6 - 5 0 - 0 ;  (Z)-23, 6 6 4 1 6 - 5 1 - 1 ;  24, 6 6 4 1 6 - 5 2 - 2 ;  c is -25, 6 6 4 1 6 - 5 3 - 3 ;  

trans- 25, 6 6 5 3 8 - 2 5 - 8 ;  26, 5 9 1 7 5 - 2 4 - 5 ;  27, 6 6 4 1 6 - 5 9 - 9 ;  28,5 9 1 7 5 - 1 8 - 7 ;  

m e t h y l  a c r y l a t e ,  9 6 - 3 3 - 3 ;  c a r b o m e t h o x y m e t h y l e n e t r i p h e n y l p h o s -  

p h o r a n e ,  2 6 0 5 - 6 7 - 6 ;  2 - a l l y l - 3 - m e t h y l - 2 - p h e n y l - 2 / / - a z i r i n e ,  5 9 1 7 5 -

1 8 - 7 ;  c y a n o m e t h y l e n e t r i p h e n y l p h o s p h o r a n e ,  16 6 4 0 - 6 8 - 9 .

References and Notes
(1) Photochemical Transformations ofSmall Ring Heterocyclic Compounds. 

100. For part 99, see A. Padwa, P. H. J. Carlsen, and A. Tremper, J. Am. 
Chem. Soc., 100, 4481 (1978).

(2) A. Padwa and P. H. J. Carlsen, J. Am. Chem. Soc., 97, 3862 (1975); ibid., 
98, 2006(1976); ibid., 99, 1514(1977).

(3) A. Padwa and N. Kamigata, J. Am. Chem. Soc., 99, 1871 (1977).
(4) A. Padwa and A. Ku, J. Am. Chem. Soc., 100, 2181 (1978).
(5) A. Padwa, P. H. J. Carlsen, and A. Ku, J. Am. Chem. Soc., 99, 2798 (1977); 

ibid., 100, 3494(1978).
(6) R. Huisgen, Angew. Chem., Int. Ed. Engl., 2, 565 (1963).
(7) R. Huisgen, J. Org. Chem., 33, 2291 (1968); ibid., 41, 403 (1976).
(8) K. N. Houk, J. Am. Chem. Soc., 94, 8953 (1972).
(9) K. N. Houk, J. Sims, C. R. Watts, and L. J. Luskus, J. Am. Chem. Soc., 95, 

5798(1973); ibid., 95, 7301 (1973).
(10) K. N. Houk, J. Sims, R. E. Duke, Jr., R. W. Strozier, and J. K. George, J. Am. 

Chem. Soc., 95, 7287 (1973).
(11) K. N. Houk, Acc. Chem. Res., 8, 361 (1975).
(12) R. Sustmann, Tetrahedron Lett., 2717(1971).
(13) A. Padwa, M. Dharan, J. Smolanoff, and S. I. Wetmore, Jr., J. Am. Chem. 

Soc., 95, 1954(1973).
(14) A. Padwa, Acc. Chem. Res., 9, 371 (1976).
(15) P. Gilgen, H. Heimgartner, H. Schmid, and H. J. Hansen, Heterocycles, 6, 

143 (1977).
(16) A. Padwa, M. Dharan, J. Smclanoff, S. I. Wetmore, Jr., and S. Clough, J. 

Am. Chem. Soc., 94, 1395 (1972).
(17) A. Padwa, J. Smolanoff, and S. I. Wetmore, Jr., J. Chem. Soc., Chem. 

Commun., 409 (1972).
(18) R. Huisgen, R. Sustmann, and K. Bunge, Chem. Ber., 105, 1324 (1972).
(19) P. Caramella and K. N. Houk, J. Am. Chem. Soc., 98, 6397 (1976).
(20) W. Brugel, Z. Elektrochem., 66, 159 (1962).
(21) J. C. Dalton, P. A. Wriede, and N. J. Turro, J. Am. Chem. Soc., 92, 1318 

(1970).
(22) A. Padwa, J. Smolanoff, and A. I. Tremper, J. Am. Chem. Soc., 97, 4682  

(1975).
(23) We had previously presented evidence which showed that nitrile ylides 

do not cyclize back to starting azirine,24 and consequently this path was 
not considered as a possible deactivation mode in Scheme II.

(24) A. Padwa and S. I. Wetmore, Jr., J. Am. Chem. Soc., 96, 2414 (1974).
(25) R. A. Firestone, J. Org. Chem., 33, 2285 (1968); ibid., 37, 2181 (1972);

J. Chem. Soc. A, 1570 (1970); Tetrahedron, 33, 3009 (1977).
(26) It should be noted that Firestone’s arguments regarding the involvement 

of a spin-paired diradical intermediate in 1,3-dipolar cycloadditions have 
been rebutted by Huisgen,7 who concluded that the available evidence is 
only compatible with a concerted process.

(27) P. Caramella, R. W. Gandour, J. A. Hall, C. G. Deville, and K. N. Houk, J. 
Am. Chem. Soc., 99, 385 (1977).

(28) R. Huisgen, H. Stangle, H. J. Sturm, and H. Wagenhofer, Angew Chem., 
Int. Ed. Engl., 1, 50 (1962); Chem. Ber., 105, 1258 (1972).

(29) A. Padwa, M. Dharan, J. Smolanoff, and S. I. Wetmore, Jr., J. Am. Chem. 
Soc., 95, 1954(1973).

(30) J. M. Bonrier, J. Court, and T. Fay, Bull. Soc. Chim. Fr., 1204 (1967).
(31) A. Padwa and P. H. J. Carlsen, J. Org. Chem., 43, 2029 (1978).
(32) J. M. Bonrier and J Court, Bull. Soc. Chim. Fr., 142 (1970).
(33) O. Isler, H. Gutmann, M. Montavan, R. Ruegg, G. Ryser, and P. Zeller, Helv. 

Chim. Acta, 40, 1242 (1957).
(34) R. Novikov and M. Shvekhgeimer, Izv. Akad. Nauk SSSR, Ser. Khim., 2061

(1960).



3764 J. Org. Chem., Vol. 43, No. 19,1978 Schmid, Garratt, and Yeroushalmi

Transmission of Substituent Effects across Both Double Bonds 
of Allenes. Rates and Products of Addition of Arenesulfenyl 
Chlorides to Allene and Its Methyl-Substituted Derivatives1

George H. Schmid,* Dennis G. Garratt,2 and Shahin Yeroushalmi

Department of Chemistry, University of Toronto, Toronto M5S 1A1, Canada 

Received May 8, 1978

The rates and products of addition of benzenesulfenyl chloride in methylene chloride and 4-chlorobenzenesulfe- 
nyl chloride in 1,1,2,2-tetrachloroethane to allene and its five methyl-substituted derivatives have been deter
mined. Substituting the hydrogens on allene by methyl groups has a large effect upon the rate of addition. The rates 
of addition to 2,3-pentadiene and 3-methyl-l,2-butadiene are almost identical, indicating that the effect of a meth
yl group is transmitted across both double bonds. Products are formed by addition to both double bonds. The 
mechanistic implication of these results is discussed.

The effect of substituents upon molecular properties has 
been a subject of continuing interest to chemists. Considerable 
effort has been made to learn how substituents affect the 
positions of equilibria and the rates of many chemical reac
tions. Most of what is known about the transmission of sub
stituent effects from one part of a molecule to another has 
been obtained from studies on aromatic or simple aliphatic 
compounds. While the reactions of propadiene (allene) and 
its derivatives have been extensively studied,3~5 little is known 
about the ability of the two double bonds in allene to transmit 
substituent effects. To study this problem, we have examined 
the effect of progressively substituting the hydrogens on allene 
by methyl groups on the rates and products of addition of 
arenesulfenyl chlorides. The results, reported in this paper, 
support the view that substituent effects are transmitted 
across both double bonds in electrophilic additions to al
lenes.

R esu lts

We have measured the rates of addition of benzenesulfenyl 
chloride (1) in methylene chloride and 4-chlorobenzenesul- 
fenyl chloride (2) in 1,1,2,2-tetrachlorethane to allene (3) and 
its five methylated derivatives (4-8) at 25 °C by means of the

R2 R4

w <
Ri R3

3, R, = H; R2 = H; R3 = H; R4 = H
4, R, = H; R2 = H; R3 = H; R4 = CH3
5, R, = CH3; R2 = H; R3 = CH3; R„ = H 

R, = H; R2 = CH3;R 3 = H; R„ = CH3
6, Rj = H; R2 = H; R3 = CH3; R„ = CH3
7, R, = CH3; R2 = H; R3 = CH3; R4 = CH3
8, R, = CH3; R2 = CH3; R3 = CH3; R4 = CH3

stopped-flow technique using a Durrum-Gibson stopped-flow 
spectrophotometer. The rates of disappearance of 1 and 2 were 
followed by measuring the decrease in their absorptions at 392 
nm. The additions were found to exhibit second-order ki
netics, first order in both allene and arenesulfenyl chloride, 
to at least 80% completion of the reaction. The observed rate 
constants which are averages of at least three measurements 
are given in Table I.

The initially observed products of the addition of ar
enesulfenyl chlorides to allenes are 1:1 adducts. Their struc
tures were determined by proton and carbon-13 magnetic 
resonance spectroscopy. The regiochemistry of the adducts 
was established from the chemical shifts of the protons and 
carbons a to chlorine. This assignment is based upon the ob
servation that protons and carbons a to chlorine are de- 
shielded relative to those a to sulfur.7 The proton and car

bon-13 data for the adducts and several model compounds are 
given in Tables II and III.

Several workers have reported that the addition of sulfenyl 
chlorides to allenes forms products in which the sulfur is 
bonded to the vinyl carbon (eq l ).4-8’9 Our results are in

Cl

/  \  I /
C = C = Q  +  ArSCl -*■  ,C C = C /  (1)

/  \  / /  \
SAr

agreement. Thus, the chemical shifts of the methylene protons 
of the product of the addition of benzenesulfenyl chloride to 
allene are similar to those of 2,3-dichloropropene. Further
more the one-bond C-H coupling constant for the methylene 
carbon, 152.3 Hz, is in the range expected for a carbon directly 
bonded to a halogen: e.g., CH3C1, J = 148.6 Hz; CHsBr, J =
150.05 Hz; CH3I, J  = 150.3 Hz. A smaller coupling constant 
would be expected for a carbon bonded to sulfur; e.g., (CHs^S, 
J = 138 Hz.10 Thus, the use of both proton and carbon-13 
magnetic resonance spectroscopy establishes the structure of 
the adduct as 9, in accord with the results of Mueller and

H
V

H

/SPh

nc h ĉi

Butler.8 The regiochemistry of the other adducts can be es
tablished in a similar manner from the data in Tables II and
III.

The additions to 4, 5, and 7 form E and Z isomeric adducts 
whose structures were established by carbon-13 magnetic 
resonance spectroscopy. The assignments are based upon the 
well-established relationship that the carbon-13 chemical 
shifts of carbons bonded to a carbon-carbon double bond 
appear at higher field when the carbons are oriented cis to 
another functional group than when they are trans to it.11

After standing for several hours at 25 °C, the NMR spec
trum of the product is observed to change in some cases. For 
propadiene (3), this change is due to formation of the diad
duct. When E and Z isomers are formed as products, an in
crease in the amount of the Z isomer is observed at the ex
pense of the E isomer. The formation of the diadduct can be 
explained by the well-established reversibility of the additions 
of arenesulfenyl chlorides to alkenes,6 while the latter isom
erization is due to an allylic rearrangement. These observa
tions suggest that the product composition may change during 
the addition. We are unable to check this because the rates of 
addition are too fast. Consequently, we cannot establish 
.conclusively that the observed products are those of kinetic 
control.
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Table I. Second-Order Observed Kates of Addition of Arenesulfenyl Chlorides to a Series of Allenes at 25 °C

4-chlorobenzenesulfenyl chloride in
benzenesulfenyl chloride in CH2CI2_________________ TCE°

h.L.j 1\Æ—1 jb 1 h 1 1 M“ 1 Ö—Ïcompd ôbad, M  ̂ S ^ &rel ¿obsd,M is “ 1 r̂el
CH2=C =C H 2 (3) 0.698 1.0 2.65 1.0
CH2=C=CHCH3 (4) 12.9 18.5 115 43
CH3CH=C=CHCH3 (5) 171 245 554 213
CH2=C=C(CH 3)2 (6) 159 230 512 193
CH3CH=C=C(CH3)2 (7) 1039 1488 3760 1418
(CH3)2C=C=C(CH3)2 (8) 2360 3400 8605 3309

0 TCE = 1,1,2,2-tetrachloroethane.

The percentage of each product was determined from the 
integrated area of nonoverlapping peaks in the proton spec
trum (either 60 or 100 MHz) immediately after mixing. The 
initially observed product distribution for each allene is given 
in Table IV. These results are in agreement with previous 
results with one exception. Jacobs has reported that the ad
dition of 2,4-dinitrobenzenesulfenyl chloride to 5 forms the 
two regioisomers 10 and 1 l.4a We believe that the NMR data

CHCICH3 CH(SAr)CH3
CH;jCH=C^ ch3ch= cX

SAr Cl
10 11

A r = - H ^ ~ y ~  N°,

/
NO,

stricted to the double bond to which it is bonded.
Rearrangement of the allenes to either isomeric alkynes or 

dienes does not occur prior to addition. This is evident from 
the rates of addition to the allenes, which are all faster than 
the addition to isomeric alkynes14 or dienes15 under identical 
conditions.

Two mechanisms can be proposed to account for the ob
served effect of the methyl groups. One involves an allylic 
intermediate 14, while the other involves a thiiranium ion (or 
ion pair) intermediate 1516’17 The former mechanism involves

SAr Ar

14 15

are better explained by a product composition consisting of 
a mixture of (£)- and (Z)-4-chloro-2-penten-3-yl phenyl 
sulfide (12 and 13, respectively). This conclusion is based upon

CH3 CHC1CH, CH.3 SPh
\ = c x  x c==c/

H SPh HX  X CHC1CH3
12 13

the following facts. Firstly carbon and protons geminal or 
vicinal to chlorine are considably deshielded relative to sulfur.7 
Therefore, it would be surprising that the chemical shifts of 
the methyl groups bonded to the saturated carbon are nearly 
identical for the two isomers.12 Similarly, the carbon-13 
chemical shifts at 6 55.14 and 61.29 are in the region expected 
for such a carbon bonded to chlorine. If bonded to sulfur, its 
chemical shift would be at 5 45 based upon the carbon-13 
spectra of the model compounds (E)-(2RS,5RS)- and (E)- 
(2RS,5SR)-5-chloro-3-hexen-2-yl 4'-chlorophenyl sulfide. 
Finally, the mass spectra of both 12 and 13 give rise to M+ — 
63 fragments (m/e 149) corresponding to the loss of C2H4CI 
radicals. In neither case were ions observed at m/e 137, which 
would correspond to the loss of a C2H4SC6H5 fragment. 
Consequently, we conclude that the regiochemistries of 12 and 
13 are identical and that they are E and Z isomers. A similar 
result has been observed in the methoxymercuration of 5.5a

Discussion
From the rate data in Table I, it is clear that substituting 

the hydrogens on allene by methyl groups has a large effect 
on the observed rate of addition. The effect is almost multi
plicative. A plot of log E2 vs. the number of methyl groups 
shows a slight curvature, unlike a similar plot for ethylene 
which is linear.13 Particularly interesting is the similarity of 
the observed rates of addition to 5 and 6 in the same solvent, 
indicating that the polar effect of a methyl group is not re-

a rate-determining transition state that must resemble the 
intermediate ion 14. Rate-determining formation of 14 di
rectly from the allene requires bond rotation in the allene 
portion while bond formation occurs with the electrophile. 
Such a concerted process seems unlikely. Alternatively, it is 
possible that a sulfurane such as 16 may be formed first, which

R.

H

/
C = C = C ^  +  ArSCl 

H

v s
v - \

V
/  R

H
16

SAr
R I

> - " C  
+ \ 1

H C— R
\

H

then undergoes a rate-determining ring opening. For the ad
dition to unsymmetrical allenes, such a mechanism would 
involve at least two sulfuranes and consequently two or more 
competing paths.

A bridged rate-determining transition state is in accord with 
the usual mechanism of electrophilic additions of arenesul
fenyl chlorides to alkenes and alkynes.18 For the addition to 
unsymmetrical allenes, such a mechanism would involve the 
formation of the two intermediates 17 and 18. We cannot es
tablish experimentally that the intermediates 17 and 18 are 
formed irreversibly. Therefore we cannot use the product 
composition to obtain the ratio k\/k\, and consequently we 
are limited to comparing observed rate constants. Despite this 
limitation, it is possible to compare the rates of addition of
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Table III. O bserved Carbon-13 M agnetic Resonance Param eters fo r  the Benzenesulfenyl C hloride Adducts
Cl

C\ ,
c = c  2'

\
C SPh

compd
chemical shifts, 5 coupling constants, Hz

C4 c 3 C2 Ci Cr C;r Jc=CCH J C1S CC=CH JtransCc=CH

H2C =C (SP h)C H 2Cl 119.52 129.29 46.03 4.5 6.3 11.5
H2C=C(SPh)CH ClCH 3 116.82 146.89 58.47 24.83 4.2 4.8 11.3
H 2C=C (SPh)C (C H 3)2Cl 113.61 152.48 70.40 32.66 4.5
CH3C H =C (SPh)C H 2Cl (Z) 15.76 130.04 135.18 48.12 6.5
CH3CH =C (SPh)C H 2Cl (E) 15.10 128.93 136.39 41.33 8.7
(CH3)2C =C (SP h)C H 2Cl 29.78 20.64 125.93 137.83 45.35
CH3CH =C(SPh)CH ClCH 3 (Z) 15.81 61.29 24.75 4.2
CH3CH =C(SPh)CH ClCH 3 (E) 14.84 55.14 23.83 11.7
CH3C H =C(SPh)C(CH 3)2Cl (Z) 16.79 67.41 33.28 5.1
CH3C H = C  (SPh)C (CH3)2C1 (E ) 14.99 62.53 33.12 12.3
(CH3)2C=C(SPh)CH ClCH 3 29.99 21.36 65.52 25.02

CH3CH(SAr)CH— CHCH-
C1CH3“ (E)

3 (2RS,5RS) 45.45 132.59 132.94 56.96 25.18
(2RS,5SR) 45.30 132.41 132.70 56.82 25.09

a Model compound.

Table IV. Products o f  the Addition o f Benzenesulfenyl C hloride to A llene and Its M ethyl-Substituted D erivatives

allene products
SPh

propadiene

1,2-butadiene

2-methyl-2,3-pentadiene

CH,=CCH,C1
SPh

CH ,=CCH CH ;

Ci
7194"

SPh
I

(CH hC =C C H 0H
I
Cl

UP/lP
SPh

CH:^ .̂SPh

/ C=C\
H CHjCl

20%“

SPh
1

SPh
1

3-methyl-l,2-butadiene
1

CH .=C— aCH )., 
1

1
# J ;).C=CCH,®

C! •s o t :

74%"
C!1

2,3-pentadiene
CH,^ SPh 

C=C^
v f '  CHCH,

l

1CH, .CHCH; 
C=C^

X SPh
1Cl

55 %"

CH;; / QCH :,)_a

C = < "

SPh
32°/o‘‘

6H , CH.C1

c = C  
/  \

H SPh
1294"

elimination products

0%

H . .O C H p ri
x c = c (

CH,//' SPh

4 0 % "

elimination products

13%

2,4-dimethyl-2,3-pentadiene ÌCH ) C =C C(CH ,), elimination products

2 r-,%
a New compounds.

4-chlorobenzenesulfenyl chloride to m ethyl-substituted 
ethylenes and allenes. Such a com parison is made in Table 
V.

Evidence o f transmission o f substituent effects across both 
double bonds is found in the relative rates o f  addition to the

symmetrical allenes. If both double bonds were com pletely 
independent o f  each other, it would be expected that the ratio 
o f  rates o f addition to 3, 5, and 8 would parallel those o f  ad
dition to ethylene, propene, and methylpropene. This is not 
the case. The ratio o f  the rates o f  addition to the ethylene
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Table V. Rates of Addition of 4~Chlorobenzenesulfenyl Chloride to a Series of Methyl-Substituted Ethylenes and Allenes
____ ________ in 1,1,2,2-Tetrachloroethane at 25 °C________________________________________

&obsd ki no. of
alienes, ethylenes, methyl

allenes M “ 1 s- 1 M “ 1 S“ 1 ethylenes“ groups

CH2= C = C H 2 (3) 2.65 65.1 c h 2= c h 2 0
CH3C H = C = C H 2 (4) 115 205 c h 3c h = c h 2 1
(CH3)2C = C = C H 2 (6) 512 551 (CH3)2C = C H 2 2

CH3C H = C = C H C H 3 (5) 554
1340
434

CH3C H =C H C H 3 (cis) 
CH3C H =C H C H 3 (trans)

2
2

(CH3)2C = C = C H C H 3 (7) 3760 3030 (CH3)2C =C H C H 3 3
(CH3)2C = C = C (C H 3)2 (8) 8605 7760 (CH3)2C -C (C H 3)2 4

“ Data from ref 13.

CH3, >Ar
"o— c :  h

¿L VCl \
H

CH,

H

H
/ A

Ar

A
j C — c. 

w

c r

'%  /c.
H

H

C = C = C  +  ArSCl 
r \

H

CH

17

Ar

V

+ c r

,C— C - - . H
H

H

18

SAr

CH I h

X X »
H Cl

derivatives is 1:3.2:8.5, while the ratio for the allene derivatives 
is 1:210:3200.

Furthermore, from the data in Table V  it is clear that except 
for allene, ethylene, and cts-2-butene the observed rates o f  
addition are similar for ethylenes and allenes containing the 
same number o f methyl groups. Such a result is surprising 
when com pared to the difference in rates o f  addition to eth
ylene and allene. This means that the difference in transition 
state energies is larger than the difference in ground state 
energies on addition to ethylene vs. allene. In contrast, the 
difference in the ground state energies is about the same as 
the difference in the transition state energies for the addition 
to 2,3-pentadiene vs. iron s -2-butene since their rates o f ad
dition are almost the same. Thus, the rate-determining 
transition state is stabilized equally well by a methyl as by an 
ethylidene (= C H C H 3) group. From  the data, it seems that 
the isopropylidene (= C (C H 3)2) group is as good as two methyl 
groups in stabilizing the rate-determining transition state.

Our data do not perm it us to distinguish between the two 
mechanistic possibilities: one involving an allylic ion inter-

m ediate 14 and the other a thiiranium ion 15. However, the 
thiiranium ion (or ion pair) mechanism becomes slightly more 
attractive when the data o f previous workers are considered. 
Caserío5“ has reported that the bromination o f  ( /? ) - (—) -2,3- 
pentadiene in CCU or methanol occurs in a highly anti ste
reoselective manner. In general, the additions of arenesulfenyl 
chlorides to alkenes and alkynes occur with a higher degree 
o f anti stereoselectivity than does bromination. Thus, it would 
be expected that the stereochemistry o f  the addition o f 4- 
chlorobenzenesulfenyl chloride to (fi)-(-)-2 ,3 -p en ta d ien e  
would be similar.

In support o f  this view, Jacobs found that the addition o f  
2,4-dinitrobenzenesulfenyl chloride to  2 ,2-dim ethyl-3,4- 
hexadienol, o f unspecified absolute configuration, yielded 
active 3 -(2 ,4 -d in itroph en ylth io )-1 ,5,5 -trim eth y l-A 3-d i-
hydropyran.40 Unfortunately, neither the optical purities nor 
the relative configurations o f  either the product or starting 
allene were determined. Consequently, it is im possible to  es
tablish the stereospecificity o f the addition.

W hile we cannot conclusively establish the mechanism o f 
this addition, it is clear from  our data that the effects o f  sub
stituents are readily transmitted across both double bonds o f 
allene.

Experimental Section
Microanalyses were carried out by A. B. Gygli Microanalysis Lab

oratory, Toronto, Can. JH NMR spectra were obtained on a Varian 
T-60 or HA-100 spectrometer. 13C NMR spectra were obtained on a 
Varian CFT-20 spectrometer using a 16K memory. Chloroform-d was 
used as an internal lock and reference. All spectra were referenced to 
tetramethylsilane as an internal standard.

4-Chlorobenzenesulfenyl chloride was prepared as previously 
reported.19 Benzenesulfenyl chloride was prepared by the method 
of Kharasch.20 1,1,2,2-Tetrachloroethane was purified as previously 
reported.19 Methylene chloride was purified as previously re
ported.21 Kinetics and product compositions were carried out as 
previously described.14

Analytical samples were obtained by adding a solution of 0.14 g 
(0.001 mol) of benzenesulfenyl chloride in 5 mL of CH2CI2 to 0.001 
mol of diene in 3 mL of CH3CI2 at room temperature. The solvent was 
evaporated in a stream of dry nitrogen to a constant weight. Attempts 
to purify the residue by GLC or distillation led to decomposition. 
Satisfactory elemental anlayses for C, H, and Cl (±0.4%) were ob
tained for the adducts of compounds 4 and 5 directly upon removal 
of the solvent. In each case the analytical samples were mixtures of 
isomers.

Propadiene, C.P. grade, was obtained from Matheson of Canada 
Ltd. 1,2-Butadiene, 2,3-pentadiene, and 3-methyl-1,2-butadiene 
were obtained from Chemical Samples Co. 2-Methyl-2,3-pentadiene 
was prepared by the method of Moore and Ward.22 2,4-Dimethyl- 
2,3-pentadiene was a gift from Professor J. Powell of this depart
ment.
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9-Substituted Fluorenes. Evaluation of Substituent 
Effects via Carbon-13 Nuclear Magnetic Resonance Spectroscopy
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The carbon-13 NMR shielding effects for a series of 9-substituted fluorenes and 9-substituted 1-methylfluo- 
renes, where the substituents are OH, Cl, Br, and I, have been determined. Shift data for several other fluorenyl sys
tems are also presented. The substituent effects are discussed in terms of the transmission of electronic interac
tions. The substituent shifts at the meta and para carbon centers are analyzed using the Swain-Lupton parameters. 
Qualitatively, this analysis suggests that rr-inductive effects are twice as important as hyperconjugative interac
tions. The first instances of downfield substituent shifts for y-syn disposed carbons are observed, while upfield 
shifts are seen for the resonances of y-anti carbons.

There has been considerable controversy concerning the 
transmission of the electronic properties of substituents to 
aromatic systems through potentially insulating centers such 
as in I .2,3 Three types of substituent effects aTe generally 
considered to participate in systems like 1: (1) rr-inductive

CHaX

1

effects; (2) 7r-inductive effects; and (3) resonance effects, in 
this case hyperconjugative interactions. Often the discussion 
of the mechanism for the transmission of the substituent effect 
is clouded by a lack of understanding or agreement of the 
terminology involved. So that this is not a problem here, the 
terms pertinent to the discussion (although available in the 
literature) will be reviewed.2g,f’4

The o-inductive effect requires a net charge transfer be
tween the substituent and the a framework, resulting in 
reorganization of the a charge at various positions leading to 
successive polarization of the a electrons. This interaction is 
most probably important only for the a and 3 carbons in these 
systems.5

Resonance effects result in a net transfer of charge between 
the aromatic ir system and the substituent. In the context of 
the present discussion, hyperconjugation accounts for the 
resonance properties. Hyperconjugation requires specific 
stereochemical orientation and is most favorable when the 
dihedral angle of the potential hyperconjugative moiety is 0° 
with the aromatic rr bonds.6 This <r-ir bond interaction is 
shown schematically below.

X -

There are two mechanisms which fall under the heading of 
7r-inductive effects:2>4 (1) a process which causes reorganiza
tion of the aromatic -k electrons by an alternating polarization 
of the ir  electrons,

(2) a polarization of the w electrons toward the ipso carbon. 
This second mechanism is often called a ^-polarization effect.

0022-3263/78/1943-3769$01.00/0 © 1978 American Chemical Society
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T able I. Chem ical Shifts and Substituent Chem ical Shifts 
(ppm ) fo r  the 9-Substituted F luorene Systems (2 )g

X Cl,8 C2,7 C3.6 C4,5 Cioaoo Cinii') ^9
H 124.8 126.5 126.5 119.7 143.1 141.6 36.7
I 126.6 127.8 129.0 120.4 145.8 139.9 22.3

(1.8) (1.3) (2.5) (0.7) (2.7) (-1.7) (-14.4)
Br 126.4 128.1 129.2 120.3 144.2 139.9 46.0

(1.6) (1.6) (2.7) (0.6) (1.1) (-1.7) (9.3)
Cl 125.7 127.9 129.2 120.0 143.8 140.0 57.5

(0.9) (1.4) (2.7) (0.3) (0.7) ( - 1.6) (20.8)
OH 125.1 127,8 129.0 119.9 145.7 140.0 74.9

(0.3) (1.3) (2.5) (0.2) (2.6) ( - 1.6) (38.2)

0 The substituent chemical shifts are in parentheses.

The basic difference between the two ^--inductive effects is 
represented by the magnitude of charge density reorganization 
at the ortho and meta positions.

Ô 4 5 4

2 3
constrained with respect to the planar aromatic n system. The 
incorporation of a methyl moiety in one ring destroys the in
herent symmetry of this system and allows comparisons be
tween two slightly different aromatic centers.

Chemical Shift Assignments. The chemical shift (and 
substituent shift) data for the 9-substituted fluorenyl and 
l-methyl-9-substituted fluorenyl compounds are given in 
Tables I and II, respectively.

Since the discussion of the data depends largely upon cor
rect carbon assignments, substantial care was taken for the 
parent system. The task of making assignments was facilitated 
by inspection of the proton-coupled spectrum as well as by 
consideration of substituent effects observed in some model

The close relationship between charge density changes and 
carbon-13 NMR shifts7 should allow for the dissection of the 
various mechanisms involved in the transmission of substit
uent effects. Unfortunately, it is sometimes difficult to dis
tinguish between the ir-induetive effects by simple inspection 
of carbon-13 chemical shift data. This problem arises because 
ortho carbon shifts are subject to steric and compressional 
effects, while meta carbon chemical shifts often vary over a 
very narrow range and thus are marginally influenced by 
electronic effects.

Separation of inductive-field effects from resonance or 
hyperconjugative contributions can be readily accomplished 
by using the dual substituent parameter equation (DSP).8’9 
By confining the study to a closely related series of com
pounds, the relative importance of the various mechanisms 
can be determined.

Previous work in this laboratory using the DSP analysis has 
shown that the transmission of substituent effects in «-sub
stituted toluenes operates via a ir-inductive mechanism.3b 
However, the structural features inherent in these molecules, 
the freely rotating CH2X  moiety, may preclude the availability 
of hyperconjugative interactions by the CX <7 bond. In order 
to further investigate the transmission of substituent elec
tronic effects through a fully saturated center, a series of

systems. Using the proton-coupled spectrum “ fingerprint” ,10 
the C2 and C3 resonances were readily distinguished from the 
Ci and C4 resonances. Since the chemical shifts for C2 and C3 
are equivalent, this leaves only Ci and C4 to be assigned. The 
C4 resonance is expected to be at higher field than Ci due to 
steric compression effects. Additional information is derived 
from the coupled spectrum, where the Ci resonance is seen to 
be more highly coupled than is C4. The C10 and Cn shift as
signments have been made previously by Johnson and Jan- 
kowsky.11 These latter assignments were presumably made 
by consideration of intensity effects. In the decoupled spec
trum the C10 resonance is seen to be more intense than the Cn 
resonance owing to the greater number of adjacent hydrogens, 
and thus a slightly greater NOE effect is obtained.12 The 
correctness of these shift assignments can be judged by the 
good correlation between the observed and calculated chem
ical shifts in the 1-OH, 1-CH3, 2-1, and 2-N02 fluorenyl sys
tems (Table III).

The shift assignments for the 1-methyl substituted fluo
renyl systems were somewhat more difficult to make owing 
to the increased number of carbon signals. However, this task 
was facilitated by using the fingerprint method and substit
uent effects. A reasonable assumption was also employed to 
make these assignments. That is, the carbon chemical shifts 
in the unsubstituted ring would remain relatively unchanged. 
With the aid of the proton-coupled spectrum, the assignments 
of the protonated carbons will now be described.

By analogy with the unmethylated material, C4 and C5 are
stereochemically well-defined systems 2 and 3, where the a assigned to the two highest field resonances. The assignment 
substituent is held rigid, was studied. These compounds are of C4 to the higher field resonance is consistent with the sub
interesting because the X group at the “sp3” carbon atom is stituent shift induced by a para methyl group.7 The coupling

Table II. Chem ical Shifts and Substituent Chem ical Shifts (ppm ) fo r  the l-M ethyl-9-F luorene Systems (3)

X H I Br Cl OH
1 134.1 135.4 (1.3) 136.2 (2.1) 136.4 (2.3) 136.6 (2.5)
2 127.6 (1.1)“ 128.4 (0.8) 129.0 (1.4) 129.2 (1.6) 129.2 (1.6)
3 127.0 129.4 (2.4) 129.6 (2.6) 129.7 (2.7) 129.7 (2.7)
4 117.4 (-2.3) 118.0 (0.6) 117.8 (0.4) 117.7 (0.3) 117.6 (0.2)
5 120.0 120.5 (0.5) 120.2 (0.2) 120.1 (0.1) 120.2 (0.2)
6 126.5* 129.0 (2.5) 129.6 (3.1) 129.7 (3.2) 129.6 (3.0)
7 126.6* 127.8 (1.2) 127.9 (1.3) 127.9 (1.3) 127.9 (1.3)
8 124.9 126.4 (1.5) 126.1 (1.2) 125.7 (0.8) 125.3 (0.4)
9 35.7 21.7 (-14.0) 46.1 (10.4) 51.4 (21.7) 75.0 (39.3)

10 141.4 (-1.9) 142.9 (1.5) 141.3 (-0.1) 141.1 (-0.3) 143.9 (2.1)
11 142.1* (0.5) 138.7* (-3.4) 139.7 (-2.4) 140.1 (-2.0) 140.3* (-1.8)
10' 143.1 (0.0) 145.4 (2.3) 143.2 (0.1) 143.9 (0.8) 145.9 (2.8)
IT 142.0* (0.4) 139.0* (-3.0) 139.7 (-2.3) 140.1 (-1.9) 140.5* (-1.5)
c h 3 18.7 19.4 (0.7) 18.8 (0.1) 18.6 ( - 0.1) 18.1 ( - 0.6)

0 Substituent shift vs. nonmethylated material; an asterisk indicates that reversal of assignments may be possible.
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Table III. Chemical Shifts and Calculated Chemical 
Shifts (ppm) for Some Fluorenyl Derivatives0

1-OH 1-CH3________ 2-1 2-NO2
1 152.1 (152.0)b 134.1 (133.8) 134.1 (133.9) 121.2 (119.8)
2 113.5 (113.4) 127.6 (127.0) 91.8 (91.8) 146.8 (144.5)
3 126.9 (127.4) 127.0 (126.2) 135.7 (135.6) 123.0 (121.6)
4 113.0 (112.1) 117.4 (116.5) 121.4 (119.0) 120.4 (120.7)
5 120.2 120.0 (119.7) 119.9 (119.9) 119.8 (120.1)
6 126.7 126.5 (126.5) 127.3 (127.0) 127.4 (126.9)
7 128.5 126.6 (126.5) 126.9 (126.7) 128.8 (128.2)
8 125.1 124.9 (124.8) 124.9 (125.0) 125.3 (125.2)
9 33.5 35.7 36.5 36.9

10 128.5 (130.0) 141.4 (143.6) 145.4 (145.3) 144.8 (144.1)
10' 141.6 143.1 142.6 (142.9) 139.4 (139.6)
11 142.8 (142.7) 142.1 (142.1) 140.7 (141.0) 148.0 (148.0)
11' 144.0 142.0 141.2 (141.2) 143.9 (144.0)

a Registry No.: 1-OH, 6344-62-2; 2-1, 2523-42-4; 2-NOa, 607-
57-8. 6 Calculated values are in parentheses.

pattern of the next resonance indicates that this carbon is an 
ortho-type carbon, and therefore it is assigned to Cg. The 
fingerprint method was also used to assign the next three 
signals, all being meta-type carbons.10 These must arise from 
C2, C6, and C7. Assuming a minimal effect of the methyl at Cg 
and C7, the assignments were made as shown in the table. The 
assignment of C3 is obvious from the coupled spectrum be
cause of its lack of long range couplings.

The assignments of the nonprotonated carbons were based 
primarily upon substituent shifts as well as on peak intensity 
considerations. Thus, Ci is assigned to the highest field non
protonated carbon shift. Intensity considerations separate the 
Cio.Cio' signals from the Cn.Cir signals. This is also consistent 
with the upfield shift of the Cu,Cu' signals observed by 
comparison with the parent compound. The C10 assignment 
is made by consideration of substituent effects.

Substituent Effects. Before proceeding with the discussion 
of substituent effects in the 9-substituted fluorenyl systems, 
it may prove worthwhile to look at the unusual substituent 
effects observed for the 1-OH and I-CH3 systems. The sub
stituent shifts are shown below.

0.5

Similar effects are observed in the substituent shifts in o- 
cresol and o-xylene,13 as well as in some 1-substituted naph
thalenes.14

Possible explanations for the observed shifts include par
ticipation of canonical forms such as shown.

CH2+H

An alternative explanation involves deformation of the C i- 
C10-C 9 bond angle to diminish steric interactions. In analogy 
with the 1-substituted naphthalenes, this would lead to 
shielding of C10 and deshielding of the C2 resonances.14 The

actual picture is probably a blend of these two situations. In 
any case, the incorporation of the methyl group at Cj should 
affect the ease and nature of the transmission of substituent 
effects to the substituted ring.

The substituent shifts at C9 in both systems compare well 
with the analogous values obtained for the «-substituted to
luenes.30 The substituent shifts at Cioaoo do not correlate with 
the toluene data, and in 3 it is apparent that the shifts are not 
symmetric with respect to the substituent. The Ci<y substit
uent shifts in 3 compare well with those in 2, but the C10 shifts 
are somewhat smaller in magnitude. This may be a conse
quence of the opening of the C9-C 10- Cj bond angle mentioned 
earlier. If the bond angle opening mechanism is important, 
then the substituent shift of the methyl group should be to 
higher field as X becomes larger. The substituent shifts ob
served at C10 obtained by comparing 2 and 3 are -1.9  (H), 
—2.2 (OH), -2 .7  (Cl), -2 .8  (Br), and -2 .9  (I) ppm, and thus 
they are in agreement with the proposed mechanism.

The substituent shifts observed at the carbons in the 7 
position are interesting owing to the inherent assymmetry in 
these compounds. In 2 there are two different 7 carbons, and 
in 3 there are four different 7 carbons. Because of this as
symmetry, these systems should prove useful in assessing the 
mechanism by which the 7 shift is transmitted to aromatic 
centers. Since the 7 carbons are virtually equidistant, albiet 
differently disposed geometrically from the substituent, as 
measured from molecular models, the differences in the 7 
shifts should reflect electronic interactions. In 1-substituted 
naphthalenes the 7 shift of the peri carbon to higher field was 
interpreted as a steric interaction.15 In the present instance, 
Ci and Os are seen to be in a somewhat similar orientation to 
the substituent. However, these carbon resonances are in
variably shifted to low field while the resonances for the anti 
carbons Cn and Cm are shifted to higher field. It was found 
that in «-substituted toluenes the ortho carbon (to the CH2X  
moiety) resonances were shifted to higher fields.

A simplistic approach to explain the fluorene shift trends 
would be to consider that in the toluene system the methylene 
moiety is freely rotating and on a time averaged basis one 
ortho carbon will be syn and the other anti to the substituent. 
The observed shift would reflect the sum of the syn and anti 
interactions. Based on this notion, the sum of the substituent 
shifts for Ci(g) and Cn(n') observed in the fluorene systems 
2 and 3 should be equal to that found in the «-substituted 
toluenes. In the instance of 2 the values compare favorably 
with the toluene data given in parentheses: X  = Br, —0.1 
(-0.3); X = Cl, -0 .7  (-0 .7); and X = OH, -1 .3  (-2.0) ppm. 
For system 3, the correlation is poor.

In 3 the substituent shifts for the Cn(n') resonances are 
generally much larger than those found in 2 and seem to in
dicate a greater degree of negative charge on this carbon in 3. 
A possible explanation which would account for the upfield 
shift involves a hyperconjugative electron release mechanism.

For system 3, the hyperconjugative electron release is favored 
to a greater degree owing to relief of steric interactions be
tween the methyl and the 9 substituent. The parallelism be
tween substituent shift and substituent size is in accord with 
this possibility. A similar hyperconjugative electron release 
in aliphatic systems has been invoked to explain the upfield 
substituent shifts of 7 -anti carbons.16

There are other interesting trends observed for the 7 car
bons Ci and Cg. In 2 and 3, the substituent shifts are to lower 
field. This is somewhat surprising since these carbons are
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7 -syn to the substituent. In 1-substituted naphthalenes, a 
somewhat similar system at least as far as steric interactions 
are concerned, upfield shifts are observed. These upheld shifts 
were purposed to be due to steric interactions. The observa
tions here suggest that the shifts in the fluorenes, as well as 
in the naphthalenes, are electronic in nature. It is also noticed 
for Cg in 2 and 3 that the magnitude of the substituent shift 
follows an inverse order with respect to substituent electro
negativity. However, for the Cj resonance in 3 the opposite 
trend prevails. This appears to be due to the interaction of the 
substituent and the methyl group at Ci- As the substituent 
shift at the methyl becomes more negative, the substituent 
shift at Ci becomes more positive. It is interesting that the sum 
of the C! and Cg substituent effects stays relatively con
stant.

The analysis of the substituent shifts at 5 carbons C2,7 and 
C4,5 also indicates differences in the electronic transmission 
of charge density as a function of relative position to the 
substituent. The anti carbons C4 and C5 are less affected by 
the substituent than are C2  and C7 . The C2 7 shifts are also 
larger than those observed in the «-substituted toluene series. 
The methyl carbon is also 6 disposed to the substituent, and 
it is believed that these shifts are through space in origin.17 
The substituent effects observed at C2 7  in 2 and at C7 in 3 were 
analyzed by the DSP equation (C2 in 3 did not give good cor
relation, presumably due to the ortho effect of the methyl 
group). The results are as follows.18 For 2 C2/7: pF -  1.77, pR 
= -0.82, r 0.985. For 3 C7: pF = 1.62, pR = -0.79, r 0.997. This 
observation suggests that inductive-type interactions are twice 
as important for the substituent shifts as are resonance ef
fects.

The remaining substituent effects to be discussed are those 
observed at C3 and Cq. In all instances downfield shifts are 
observed, and they indicate a decrease of electron density at 
these carbons. The DSP analysis of these shifts indicates that 
the inductive term F is about twice as important as the reso
nance term R. For 2 C3 6-' pF = 3.16, pR = —1.65, r = 0.991. For 
3 C3: PF = 3.78, PR = -1.78, r = 0.983. For 3 C6: pF = 3.49, pR 
= -0.76, r = 0.996.

The shifts observed at the para position here are about twice 
as large as those observed at the meta position (C2, C7). This 
result is consistent with the observations made on para-sub
stituted benzenes.19

Conclusions
It has been shown that substitution at the 9 position of a 

fluorenyl ring induces substantial changes in the chemical 
shifts of the aryl ring system. It is clear that the magnitude of 
the substituent shift is very dependent upon the relative or
ientation of the interacting nuclei. From the DSP treatment 
of the data at C2, C3, Cg, and C7, both resonance (hypercon- 
jugative) and 7r-inductive effects are important. Judging from 
the pattern of the substituent shifts, rr-bond polarization 
toward the ipso carbon is the dominant 7r-inductive mecha
nism.

Experimental Section
Fluorene, 9-chlorofluorene, 9-hydroxyfluorene, 9-bromofluorene,

1-methylfluorene, 1-hydroxyfluorene, 2-iodofluorene, and 2-ni- 
trofluorene were commercially available and were used as received. 
l-Methyl-9-fluorenone was received from Professor P. D. Bartlett, 
Texas Christian University. The proton NMR spectra were recorded 
on a Jeol MH100 spectrometer system. The carbon-13 magnetic 
resonance spectra were obtained in the Fourier transform mode on 
a Jeol FX-60 spectrometer system equipped with a Texas Instruments 
computer with a 24K memory. The spectra were obtained at an ob
serving frequency of 15.03 MHz. Sample concentrations were ca. 10% 
w/v in deuteriochloroform of the proton-decoupled spectra and ca. 
50% w/v for the proton-coupled spectra in 10 mm o.d. sample tubes. 
General NMR spectral and instrumental parameters that were em
ployed are the following: internal deuterium lock to the solvent;

spectral width of 2500 Hz (166.6 ppm); a pulse width of 5 pa, corre
sponding to a 45° pulse angle; and a pulse repetition time of 1.8 s. For 
all spectra, 8K time-domain data points were used. All shifts reported 
are referenced to internal Me4Si and are estimated to be accurate to 
±0.05 ppm.

High-resolution mass spectra were recorded by Mr. G. Gabel of the 
Biochemistry Department at Texas A&M University, College Station, 
Tex., on a Consolidated Electronics mass spectrometer system.

9-Iodofluorene. A methylene chloride solution of 1.8 g (0.01 mol) 
of 9-fluorenol and 48% hydroiodic acid was stirred at room tempera
ture for 1 h. The organic layer was separated, neutralized by a satu
rated solution of sodium bicarbonate, and washed three times with
50-mL portions of water. After removing the solvent at reduced 
pressure, the crude material was dissolved in petroleum ether and 
placed in the freezer. After about 1 h, 1.6 g (53% yield) of light yellow 
crystals was deposited: mp 148-149 °C dec; NMR (CDCI3) 5 6.42 (1 
H), 7.40 (m, 4 H), 7.70 (m, 4 H). This compound was found to be quite 
unstable, liberating iodine readily. An accurate analysis therefore 
could not be obtained.

9-Hydroxy-l-methylfluorene. This compound was prepared by 
the addition of an excess of sodium borohydride to an ethanol solution 
containing 4.0 g (0.022 mol) of 1-methylfluorenone. The reaction 
mixture was stirred for 0.5 h and quenched with water, and the organic 
material was extracted into methylene chloride. After drying the or
ganic layer with magnesium sulfate, removing the solvent in vacuo, 
and recrystallization from hexane, 3.9 g (91% yield) of colorless cot
ton-like crystals was isolated: mp 162-162,5 °C; NMR (CDCI3) 5 2.56 
(3 H), 5.54 (1 H), 7.20-7.70 (m, 7 H). Anal. Calcd for C14Hi20: 
196.0888. Found: 196.0883.

9-Brom o-l-methylfluorene. To a cooled methylene chloride so
lution (0 °C) containing 2.0 g (10 mmol) of 9-hydroxy-l-methylfluo- 
rene was added 5.4 g (20 mmol) of phosphorus tribromide. The re
action mixture immediately turned brown. After careful quenching 
of the reaction mixture with 100 mL of ice water and neutralization 
by a saturated aqueous solution of bicarbonate, the organic layer was 
collected. After drying the solvent and removal in vacuo, 2.1 g (86%) 
of light brown crystals was deposited. Recrystallization from hexane 
afforded colorless crystals: mp 98-99.5 °C; NMR (CDCI3) 5 2.50 (3 
H), 5.92 (1 H), 7.12-7.68 (m, 7 H). Anal. Calcd for C14HnBr: 258.0044. 
Found: 258.0031.

9-Chloro-l-methylfluorene. A procedure similar to that used to 
prepare the bromo derivative was used here, starting with 2.0 g (10 
mmol) of the alcohol and 7.5 g of phosphorus pentachloride. Recrys
tallization from hexane yielded 1.7 g (85%) of slightly yellow crystals: 
mp 78-80 °C; NMR (CDC13) 5 2.58 (3 H), 5.82 (1 H), 7.20-7.23 (m, 7 
H). Anal. Calcd for Ci4Hn Cl: 216.0510. Found: 216.0526.

9-IodO-l-m ethylfluorene. This compound was prepared by the 
same method used to prepare 9-iodofluorene: 35% yield of pale brown 
crystals; mp 104-105 °C dec; NMR (CDC13) 6 2.42 (3 H), 6.36 (1 H),
7.16-7.75 (m, 7 H). This compound liberated iodine readily and thus 
did not analyze properly.
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Thallium(III) nitrate (TTN) is a versatile reagent for the 
oxidation of a wide variety of olefinic and enolic groups, and 
in almost all cases the exclusive or predominant reaction 
pathway is oxidative rearrangement.2 Occasionally, however, 
nucleophilic displacement of the thallium substituent in the 
intermediate oxythallation adduct leads to unrearranged 
products (eq 1). This latter type of reaction appears to occur

TTN I ’C =C  —-----*- C— C —  Sv-C-C-Nu (1)
solvent i.

T r

0 2 N 0 / /  ! ,0 N 0 2

most frequently when water or methanol is used as solvent 
(i.e., Nu = H2O or CH3OH), but we3 and others4-7 have noted 
instances where nitrate ion participates as the nucleophile to 
give nitrate esters, usually in low yield. Recently, however, 
Ouellette and Bertsch have shown that certain olefins and 
cyclopropanes can be converted into diol dinitrates in mod
erate to excellent yield by treatment with TTN in pentane,8 
and this report prompts us to describe some related stud
ies.

In the course of our systematic study of the utility of TTN 
as an oxidant, we have examined the reactions of various types 
of functional groups with TTN in aprotic, poorly or nonnu- 
cleophilic solvents. We describe now one aspect of these

studies, namely the smooth conversion of enolizable ketones 
into the corresponding a-nitrato ketones9 by treatment with 
TTN in either dimethyl or diethyl carbonate or, preferably, 
acetonitrile.

Addition of TTN to an equimolar amount of acetophenone 
dissolved in dimethyl or diethyl carbonate resulted in the 
immediate formation of a dark brown color as the TTN dis
solved. When the mixture was heated to 60-80 °C, however, 
the brown color rapidly discharged and thallium(I) nitrate 
precipitated. NMR spectroscopic examination of the product 
obtained after workup showed that it consisted of approxi
mately equal amounts of unreacted acetophenone and its 
a-nitrato derivative, C6H5COCH2ONO2. Similar results were 
obtained with a variety of substituted acetophenones and with 
propiophenone. When 2 equiv of TTN10 were used, however, 
acetophenone was converted into the a-nitrato ketone in
84-87% yield; propiophenone was similarly converted into 
C6H5C0 CH(0 N0 2)CH3 in 86-89% yield.

Use of dimethyl and diethyl carbonate for the oxidation of 
substituted acetophenones was not entirely satisfactory. In 
certain cases, most notably with 3-methoxyacetophenone, the 
a-nitrato ketone was obtained in poor yield (10-15%); in other 
cases the reactions proceeded exothermically, and NMR ex
amination of the crude products revealed the presence of 
variable amounts of decomposition products. Fortunately, 
these problems were readily eliminated by the use of aceto
nitrile as solvent; 2 equiv of TTN were again necessary.10 
Oxidations were carried out at 60-80 °C for 12 h and led to 
excellent yields of the a-nitrato ketones. Yield data for the 
various conversions are listed in Table I. Unsymmetrical di
alkyl ketones of the type RCH9COCH2R1 (butan-2-one, 
pentan-2-one) were also smoothly oxidized in high yield, but 
as anticipated, approximately equal amounts of isomeric a- 
nitrato ketones were obtained (eq 2).

ONO, ON02
I ' I

RCH2COCH2R' — > RCHCOCHjR' + RCH.COCHR' (2)

It is now well established11 that oxidation of acetophenones 
by TTN in methanol results in initial methoxythallation of 
the enol C =C  bond and that a subsequent 1,2-aryl migration

0022-3263/78/1943-3773S01.00/0 © 1978 American Chemical Sncietv
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Table I. Oxidation of Ketones to a-Nitrato Ketones with
t t n / c h 3c n

R R

R registry no. mp, °C yield, %“ registry no.

H 98-86-2 b 97 66702-75-8
4-CH3 122-00-9 60 89 66702-76-9
3-CHaO 586-37-8 b 90 66702-77-0
4-CH3O 100-06-1 97 89 66702-78-1
4-C1 99-91-2 82 91 66702-79-2
4-Br 99-90-1 79 (dec) 90 66702-80-5
4-N02 100-19-6 100 84 66702-81-6

RCH2COCH2R  — R C H (0N 02)C 0C H 2R

R registry no. mp, °C yield, % a registry no.

H 67-64-1 b 78 6745-71-7
c h 3c h 2 123-19-3 b 85 66702-82-7
CH3(CH2)2 502-56-7 6 88 66702-83-8
c 6h 5 102-04-5 b 90 66702-84-9

RCOCH2R ' R C 0 C H (0 N 0 2)R'

yield,
R registry no. R ' mp, °C %a registry no.

i-C 4Hg 75-97-8 H b 87 66702-85-0
c 6h 5 93-55-0 CH3 b 90 60434-74-4
2-C,0H7 93-08-3 H 89 81 66702-86-1

a Estimated by NMR. b Liquid; no attempt was made to purify 
liquid a-nitrato ketones, as these are known to be thermally un
stable.12’13 The spectroscopic data (IR, NMR) for all products 
were consistent with the assigned structures.

Scheme I

ArCOCH;,

gives methyl arylacetates (2) (Scheme I, path a). In a nonnu- 
cleophilic solvent such as diethyl carbonate or acetonitrile, 
however, reaction of the electrophilic Tl(III) salt with the enol 
C =C  bond can proceed only as far as 1, which would be ex
pected to undergo rapid deprotonation to 3. Reductive dis
placement of the weak C-Tl bond by nitrate anion (an intra
molecular route is shown in Scheme I, path b) then leads to 
the a-nitrato ketone (4).

Experimental Section14
General Procedure for the Preparation of a-Nitrato Ketones.

A solution of the ketone (10 mmol) in acetonitrile (5 mL) was added 
in one portion to a solution of TTN (20 mmol) in acetonitrile (25 mL) 
and the mixture was heated at 60-80 °C for 12 h. It was then cooled 
and the precipitated thallium(I) nitrate was collected by filtration 
and washed well with ether (3 X 100 mL). The filtrate was washed 
with water (2 X 150 mL), dried (MgS04), and evaporated under re
duced pressure to give the crude a-nitrato ketone; yields were deter
mined by NMR.

No attempt was made to purify liquid a-nitrato ketones as these 
are known to be thermally unstable. Solid products (Table I) were 
recrystallized from aqueous methanol for microanalysis.

4-CHjC6H4C0CH20N02. Anal. Calcd for C9H9NO4: C, 55.39; H, 
4.65; N, 7.18. Found: C, 54.95; H, 4.73; N, 6.97.

4-CH3OC6H4COCH2ONO2. Anal. Calcd for C9H9NO5: C, 51.19; 
H, 4.30; N, 6.63. Found: C, 50.93; H, 4.31; N, 6.66.

4-ClC6H4C0CH20N02. Anal. Calcd for C8H6C1N04: C, 44.57; H, 
2.80; Cl, 16.44; N, 6.49. Found: C, 45.71; H, 3.10; Cl, 16.81; N, 5.95.

4-BrC6H4C0CH20N02. Anal. Calcd for C8H6BrN04: C, 36.95; 
H, 2.33; Br, 30.73; N, 5.38. Found: C, 37.01; H, 2.18; Br, 31.15; N,
5.15.

4-02NC6H4C0CH20N02. Anal. Calcd for C8H6N206: C, 42.11; 
H, 3.53; N, 12.28. Found; c, 42.34; H, 2.69; N, 12.46.

2-C ioH7COCH2O N 02. Anal. Calcd for C12H9N 04: C, 62.34; H, 
3.92; N, 6.06. Found: C, 62.42; H, 4.21; N, 6.27.
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Acid Catalysis of the Claisen Rearrangement. 1.
Formation of 4,4'-Bis(2i/-chromenyl)mercury 

Derivatives from Aryl 2-Propynyl Ethers
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Schmid1 has reported that phenyl propynyl ether when 
refluxed with silver tetrafluoroborate in chloroform gives 
2i/-chromene via a charge-induced Claisen rearrangement. 
Extending this reaction to l,4-bis(aryloxy)-2-butynes we 
found2 that the product may be a 4-substituted-2//-chromene 
or a 6/i-benzofuro[3,2-c]-l,6a-dihydro-lla-methylbenzopyran 
depending on the aryl group and the reaction time. We felt 
that soft Lewis acids3 other than Ag+ ion might also induce 
such rearrangements and therefore undertook a survey of the 
interaction of various soft Lewis acids with aryl 2-propynyl 
ethers (1). The initial phase of this study revealed a very novel 
reaction of mercury(II) trifluoroacetate4 with 1, which we now 
report.

Treatment of a series of 1 in dichloromethane solution with 
an equimolar amount of Hg(0 2CCF3)2 at room temperature 
followed by quenching with alkaline sodium borohydride5 
produced good to excellent yields of crystalline products. 
Elemental analysis of these products, listed in Table I, indi
cated the incorporation of a mercury atom. The fact that these 
compounds survived NaBH4 treatment indicates the mercury 
atom is covalently bound. The NMR spectra are very similar 
to that reported6 for 2/i-chromene except the coupling due 
to H-4 is absent. Based on these data the 4,4'-bis(2H-chro- 
menyl)mercury structure (2) is assigned to these compounds.

Organomercurials of this type have not been previously re
ported.7

Additional support for this assignment comes from the mass 
spectral fragmentation8 of 2, e.g., for 2a: m/e 464 (14%, M+, 
Ci8Hi4Hg202O2), 262 (10%, M -  Hg), and 131 (100%, 
C9H70+).

Since terminal alkynes are known9 to yield mercury bis- 
(acetylides) on treatment with certain mercuric salts, it is 
reasonable to postulate the intermediacy of 3 in the formation 
of 2. Indeed compound 3a, prepared via standard procedures, 
produces 2a smoothly under the rearrangement conditions. 
The mechanism of conversion of 3 into 2 could involve two 
quite different mechanisms depending upon whether the 
mercuric ion triggers rearrangement via a a or a it complex 
with the triple bond. After formation of 3 a 7r complex between 
3 and remaining mercuric ion could effect a charge-induced 
Claisen rearrangement analogous to the process proposed1 for 
rearrangement of 1 in the presence of silver(I) ion. Unlike 
silver ion, however, mercuric ion may form strong a complexes 
as well as 7r complexes. Conversion of the initial tt complex into 
a a complex capable of cyclization via intramolecular elec
trophilic aromatic substitution, a process which may be viewed 
as a metal ion promoted Friedel-Crafts alkenylation of an 
aromatic ring by an alkyne,11’12 is therefore an additional 
possibility.

Two different a complexes 4 and 5, differing by the site of 
charge localization, may form. The preferred site of charge 
localization was determined by hydration (mercuric acetate, 
methanol, trace of sulfuric acid or methanol, sulfuric acid) of 
3a. Under these conditions the only product isolated was 
phenoxypropanone. That this product arises directly from 3a 
and not from prior decomposition of 3a to la is evidenced by 
the fact that la does not produce the ketone nearly as quickly 
as 3a under identical conditions. Phenoxypropanone would 
be expected to readily form from compounds such as 6, as the 
facile protonolysis of vinylic C-Hg bonds is well known.13 
Intermediate 6 in turn would arise from nucleophilic attack

PhOCHU=C-— H g -j-  PhOCH2C=(j>— ■Hg-j-

HgX HgX
4 5

H

PhO
OH
6

on 5. Thus hydration of 3a implicates 5 as the more favorable 
a complex. Since 5 can form only a five-membered ring on 
cyclization with the adjacent aromatic ring (under aprotic 
conditions), we favor an electrocyclic mechanism initiated by 
a 7r complex for 2H -chromene formation as shown in Scheme 
I.14

Results of the interaction of 1 with other soft Lewis acids

T able I. Physical and Spectral Data fo r  4 ,4 '-B is(2H -ch rom enyl)m ercu ry  D erivatives

R (1)
registry

no. Yield,c % mp, °C (corr) N M R 6 (CDCI3), Ô

a H a 66901-46-0 75 141-142 6.03 (2 H, t, J =  3.4 Hz), 4.90 (4 H, d, J = 3.4 Hz)
b 4-CH3“ 66901-45-9 83 177-178.5 6.07 (2 H, t, J = 3.6 Hz), 4.88 (4 H, d, J =  3.6 Hz)
c 4-OCH3 66901-44-8 97 172-173 6.17 (2 H, t, J = 3.6 Hz), 4.88 (4 H, d, J = 3.6 Hz)
d 4-C1 83 d
e 2-C1 66901-43-7 54 196.5-197 6.13 (2 H, t, J = 3.8 Hz), 5.08 (4 H, d, J = 3.8 Hz)
f 2,4-Cl2 72e
a IR (KBr) 2a: 1470 (s), 1220 (s), 1080 (s), 750 (s) cm*1. IR (KBr) 2b: 1480 (s), 1220 (s), 820 (s) cm -1. 6 Compare 2i/-chromene (ref

6): (CC14) 5 6.30 (1 H, d with t-like fine structure, H-4), 5.60 (1 H, d X t, Jai4 = 10 Hz, H-3), 4.72 (2 H, d X d, 5/ 2,3 = 3.5 Hz, s/2j4 = 1-7 
Hz, H-2). The resemblance of the spectrum of 2b to that of 4,4'-bis(6-methyl-2//-chromene) is even more striking: mp 715-116 °C; 
NMR S 6.8 (3 H, m), 5.8 (1 H, t, J = 4 Hz), 4.7 (2 H, d, J = 4 Hz), 2.3 (3 H, s ).c Isolated product. Correct elemental analysis (±0.4%) 
was obtained for all new compounds. Purification consisted of filtration through alumina followed by recrystallization from hexane- 
chloroform. d The product isolated was l-(4-chlorophenoxy)-2-propanone characterized by NMR and by conversion to the semicar - 
bazone; mp 189.5-190.5 °C (lit.10 mp 181-182 °C). An authentic sample gave a semicarbazone, mp 189.5-190.5 °C. e The product isolated 
was l-(2,4-dichlorophenoxy)-2-propanone characterized by comparison with an authentic sample.

0022-3263/78/1943-3775S01.00/0 © 1978 American Chemical Society
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Scheme I
1 +  H g(02CCF3)2

will be reported in due course as will the utility of 2 in organic 
synthesis.

Experimental Section
Melting points were determined on a Fischer-Johns melting point 

apparatus and are corrected. Spectral data was collected as follows: 
IR, Perkin-Elmer 435B (KBr); NMR, CDC13; Me4Si reference (5 0.00), 
Varian T-60; mass spectra, Hitachi Perkin-Elmer RMU-6E. The mass 
spectra were kindly provided by Dr. J. D. Willett of the University 
of Idaho, Moscow, Idaho. Microanalyses were performed under the 
supervision of Mr. Mike Gilles in the Michigan Technological Uni
versity microanalytical laboratory.

General Procedure for the Preparation o f 2. Equimolar 
amounts of la and mercuric trifluoroacetate were mixed, under N2, 
in dichloromethane (5 mL/mmol) and stirred at room temperature 
for 2 h. The reaction was then quenched slowly (frothing) with excess 
alkaline (2 M NaOH) 2 M NaBH4 solution. The mixture was filtered 
and the organic phase was washed with water. The dried (MgS04) 
organic layer was rotary evaporated, to yield the products listed in 
Table I as colorless crystalline solids.
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Photocyclodimerization of 
Bicyclo[6.3.0]undec-l(8)-en-9-one. Synthesis of 
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There has been considerable interest recently in pentacy- 
clopropellanes wherein two propellane units share a common 
cyclobutane ring from theoretical and synthetic viewpoints.1 
Within this class of highly strained compounds, those con
stituted of large carbocyclic rings fused to the cyclobutane ring 
are expected to show unusual chemical and physical properties 
as a consequence of significantly repulsive nonbonded inter
action of hydrogens between two kinds of carbocyclic rings 
facing each other. In this connection, we present here the 
synthesis of highly congested pentacyclopropellanes as a part 
of studies on the synthesis of sterically crowded polycyclic 
propellanes.2

For the purpose of building up such pentacyclic skeleton, 
photocyclodimerization of bicyclic cyclopentenones 1-4 was

0022-3263/78/1943-3776$01.00/0 © 1978 American Chemical Societ.v
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Figure 1. Molecular structure of 5.

attempted, because we have already found that these enones 
are very reactive toward photocycloaddition to monocyclic 
olefins.2 When a 0.5 M solution of enone 4  in ethyl ether was 
irradiated, crystalline cyclodimer (5) (mp 271-272 °C) was 
obtained in 42% yield ($ = 0.041) along with small amounts 
of its isomer (6) (5.3%, mp 253-254 °C) and bicyclo[6.3.0]- 
undecan-9-one (9.6%). Absence of olefinic absorption in XH 
NMR, 13C NMR, and IR spectra of 5 and 6 suggests that these 
are cyclodimers of 4 . Configuration around cyclobutane of the 
major cyclodimer 5 was established to be anti-head-to-tail by 
X-ray crystallographic study (Figure l ).3 On the other hand, 
in the cases of enones 1 - 3 ,  consumption of enones was very 
slow and small amounts (15-19%) of the corresponding satu
rated ketones were obtained as the only product identified 
without any formation of cyclodimers.

It is significant that reactivity of bicyclic cyclopentenones 
toward photocyclodimerization is principally governed by the 
degree of flexibility of alicyclic rings fused to the double bond 
of cyclopentenone.4 We have already found on the basis of the 
spectroscopic data of 1 - 4  that flexibility of the fused alicyclic 
rings has no significant effect on the nature of their excited 
triplet states,2b which are the reactive species for photocy
clodimerization.5 Consequently, the observed distinction in 
reactivity between 1 - 3  and 4  is interpreted in terms of the 
steric effects of alicyclic rings fused to the double bond of 
cyclopentenone in 1,4-diradical intermediates derived from 
one-bond formation between excited and ground state enones 
as well as the case of photocycloaddition of 1 - 4  to cyclohex
ene.2b Namely, in the cases of 1 - 3 ,  having cyclopentene, cy
clohexene, and cycloheptene ring, respectively, second bond 
formation by radical coupling in the 1,4-diradical interme
diates is markedly depressed owing to large nonbonded in
teraction of hydrogens facing each other between alicyclic ring 
methylenes. On the other hand, such nonbonded interaction 
in the case of 4  is smaller than those in the above cases because 
of large flexibility of cyclooctene ring, and, therefore, second 
bond formation occurs readily to afford the cyclodimers ef
fectively. But in the cases of higher bicyclic cyclopentenones, 
containing more flexible rings than cyclooctene such as cy- 
clononene and cyclodecene, intramolecular hydrogen ab
straction took place exclusively and, as a result, cyclodimer 
was not formed.6

Pentacyclopropellanone ( 1 0 )  was, moreover, synthesized 
by cross photocycloaddition of enone 4  to bicyclo[6.3.0]- 
undec-l(8)-ene ( 1 1 ) .  Irradiation of 4  with twofold excess of 
11 in ethyl ether gave 1 0  in 65% yield ($ = 0.085) as a sole cy
cloadduct. Configuration around cyclobutane of 1 0  was con
firmed by its identity with the compound prepared by the 
stepwise reduction of 5 as shown in Scheme I. Treatment of 
5 with a large excess of lithium aluminum hydride gave 
monoalcohol (7) in 94% yield.7 7 was treated with methane- 
sulfonyl chloride in pyridine to afford methane sulfonate (8)
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Scheme I

8 X =Ms

in 95% yield, which was heated with l,8-diazabicyclo[5.4.0]- 
undec-7-ene in dimethyl sulfoxide to give olefin (9 )  in 17% 
yield. Hydrogenation of 9  over platinum dioxide catalyst af
forded 10 in 94% yield. High reactivity of 4 toward cross cy
cloaddition to 11 is similarly interpreted in terms of large 
flexibility of cyclooctene ring in 4 and 11.

Unlike a variety of tetracyclopropellanones reported pre
viously,2 the present highly congested compounds, 5 and 10, 
and their derivatives might be expected to show unusual 
chemical and physical properties owing to the nonbonded 
interaction of hydrogens between rings facing each other. 
Work on this subject is now being undertaken.

Experimental Section8
Irradiation of Enones 1, 2, and 3 in Ether. Enones l,9 2,10 and 311

in ether (0.4-0.5 M) were irradiated for 30-100 h. During irradiation 
no precipitate was formed and the color of the solution gradually 
turned brown. After removal of the ether, the brown residue was 
distilled under reduced pressure and the distillate was analyzed by 
GLC to show the presence of unreacted enones (conversion ~30%) 
and the corresponding saturated ketones (15-19% yields).

Irradiation of Enone 4 in Ether. Enone 4 (9.6 g, 58.5 mmol) in 
100 raL of ether was irradiated for 150 h. During irradiation white 
precipitate formed was collected at appropriate intervals to afford
3.1 g of a mixture of dimer 5 and 6. The ether was removed from the 
filtrate and the residue was distilled under reduced pressure. GLC 
analysis of the distillate showed the presence of 4 (conversion 65%) 
and bicyclo[6.3.0]undecan-9-one (9.6%). Cyclodimers 5 and 6 were 
isolated by chromatography on silica gel and elution with benzene first 
gave 2.6 g (42%) of 5 and then 0.32 g (5.3%) of 6.5: mp 271-272 °C from 
dioxane; IR (KBr) 1700 cm"1; MS m/e 165 (M+/2 + 1); NMR 
(CDC13) H 0.65-2.65 (m); 13C NMR (CDC13) 5 21.90 (t), 24.95, 25.21,
26.12, 30.54 (t), 39.31 (t), 49.25 (s), 59.58 (s), 222.34 (s);12 UV (CHC13) 
Xmax 304 nm (e 72.7). Anal. Calcd for C22H32O2: C, 80.44; H, 9.83. 
Found: C, 80.55; H, 10.10. The structure of 5 was determined by the 
X-ray analysis. 6: mp 253-254 °C from THF; IR (KBr) 1710 cm-1; MS 
m/e 165 (M+/2 + 1); 'H NMR (CDC13) 5 0.60-2.60 (m); l3C NMR 
(CDCI3) <5 22.55, 24.30, 24.62, 24.95, 25.73, 26.05, 31.38 (t), 39.24 (t), 
49.83 (s), 56.40 (s), 219.74 (s); UV (CHC13) \max 320 nm (t 154). Anal. 
Calcd for C22H32O2: C, 80.44; H, 9.83. Found: C, 80.19; H, 9.88.

Pentacyclopropellanone (10). (a) By Photocycloaddition of 
Enone 4 to Olefin 11. Enone 4 (0.820 g, 5.00 mmol) and 1.50 g (10.0 
mmol) of olefin 11 in 10 mL of ether was irradiated for 25 h. The white 
solid formed was filtered (0.667 g) and the filtrate was concentrated 
and chromatographed on silica gel. Elution with petroleum ether af
forded unreacted 11, petroleum ether-benzene (1:1) additional 10 
(0.17 g, total yield 65%), petroleum ether-benzene (1:4) bicy- 
clo[6.3.0]undecan-9-one (0.029 g, 4.2%), and benzene-ether (9:1) 
unreacted 4 (0.144 g, conversion; 82.4%). An analytical sample of 10 
was obtained by recrystallization from THF-methanol: mp 223-225 
°C; IR (KBr) 1700 cm"1; MS m/e 314 (M+), 165, 150; XH NMR 
(CDCI3) 6 0.60-2.75 (m); UV (CHCI3) Amax 304 nm (e 49.8). Anal. Calcd 
for C22H34O: C, 84.01; H, 10.90. Found: C, 83.81; H, 11.02.

(b) By Reduction o f 5.5 (0.656 g, 2.00 mmol) in 100 mL of THF 
was added dropwise to a suspension of 0.76 g (20 mmol) of LiAlHi in
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100 mL of THF, and the reaction mixture was refluxed for 20 h. The 
excess hydride was decomposed by water and the organic layer was 
washed with dilute hydrochloric acid and saturated sodium chloride 
solution and then dried (Na2S04). Evaporation of the solvent gave 
0.62 g (94%) of white solid which was recrystallized from TH F- 
methanol to give 7: mp 237-238 °C; IR (KBr) 3550,1700,1075 cm-1; 
MS m/e 330 (M+), 165,149; *H NMR (pyridine-ds) 6 0.70-2.80 (m, 
32 H), 4.72 (q, 1 H), 6.05 (broad s, 1 H). Anal. Calcd for C22H34O2: C, 
79.95; H, 10.37. Found: C, 79.89; H, 10.40.

To a solution of 0.360 g (1.09 mmol) of 7 in 20 mL of pyridine was 
added dropwise 0.57 g (5.0 mmol) of methanesulfonyl chloride and 
the solution was stirred at room temperature for 20 h. The solution 
was diluted with 150 mL of water and extracted with THF. The or
ganic layer was washed with saturated sodium chloride solution and 
dried (Na2SC>4). Evaporation of the solvent and trituration with ether 
gave 0.42 g (95%) of pale yellow solid which was recrystallized from 
THF-petroIeum ether to give 8: mp 155-156 °C with decomposition; 
IR (KBr) 1700,1320,1160 cm "1. Anal. Calcd for C23H36O4S: C, 67.61; 
H, 8.88; S, 7.85. Found: C, 67.23; H, 9.01; S, 7.85.

To a solution of 0.427 g (1.05 mmol) of 8 in 40 mL of dimethyl 
sulfoxide was added dropwise 0.38 g (2.5 mmol) of 1,8- 
diazabicyclo[5.4.0]undec-7-ene and the solution was heated with 
stirring at 100-110 °C for 45 h. The solution was diluted with 200 mL 
of water and extracted with THF. The organic layer was washed with 
dilute hydrochloric acid and saturated sodium chloride solution and 
then dried (Na2SC>4). Evaporation of the solvent gave brown residue, 
which was chromatographed on silica gel. Elution with petroleum 
ether-benzene (1:1) gave 0.052 g (17%) of 9: mp 191-193 °C from 
THF-methanol; IR (KBr) 3030,1700,720 cm "1; MS m/e 165 (M+ -  
CnHiv); 'H  NMR (CDC13) 5 0.80-2.60 (m, 30 H), 5.50-5.80 (m, 2 H); 
UV (CHCI3) Xmax 304 nm (e 43.6). Anal. Calcd for C22H32O: C, 84.56; 
H, 10.32. Found: C, 84.34; H, 10.51.

9 (0.102 g, 0.33 mmol) in 80 mL of acetic acid was hydrogenated with 
Pt02 in the presence of hydrogen under atmospheric pressure. The 
catalyst was filtered off and the filtrate was diluted with 150 mL of 
water and extracted with chloroform. The organic layer was washed 
with dilute sodium carbonate solution and water. Evaporation of the 
solvent gave 0.098 g (94%) of white solid which was recrystallized from 
THF-methanol to give 10. This material was identical with the sample 
synthesized by cross photocycloaddition of 4 to 11 (IR and melting 
point).

Bicyclo[6.3.0]undec-l(8)-ene (11). Olefin 11 was prepared ac
cording to the method of Ohloff et al.,13 namely hydrogenation of 
enone 4 with Raney nickel in the presence of hydrogen at atmospheric 
pressure in 1% methanolic sodium hydroxide gave a mixture of sat
urated alcohols (90%), which was dehydroxylated with p -toluene- 
sulfonic acid in boiling toluene to afford a mixture of olefins (78%). 
This mixture contains ~5% of undesired bicyclo[6.3.0]undec-l(2)-ene. 
Purification of 11 was carried out through hydroboration-oxidation 
(60%) according to the procedure of Benkeser et al.14 GLC and NMR 
analysis showed 11 thus prepared was >99% pure. 11: bp 88-90 °C (15 
mmHg); IR (neat) 2900, 1440 cm” 1; MS m/e 150 (M+); 'H  NMR 
(CC14) S 1.30-2.45 (m). Anal. Calcd for CUH18: C, 87.92; H, 12.08. 
Found: C, 87.55; H, 12.03.

Registry No__ 1, 10515-92-1; 2, 22118-00-9; 3, 769-32-4; 4,
38262-50-9; 5,66921-98-0; 6,67009-06-7; 7,66922-00-7; 8,66922-01-8; 
9, 66921-99-1; 10, 66922-02-9; 11, 25107-10-2; bicyclo[6.3.0]unde- 
can-9-one, 40696-12-6; bicyclo[6.3.0]undec-l(2)-ene, 66922-03-0.
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Our work on the total synthesis of 2-azasteroids necessitated 
the development of a synthesis of 7-aza-6-methoxy-l-tetralone
( l ).1 While this compound has been successfully utilized for 
the preparation of 2-azaestrone derivatives, its potential as 
a precursor for the preparation of other biologically interesting 
molecules was apparent. We would now like to report on the 
use of this material for the facile preparation of (3-methoxy- 
isoquinol-7-yl)acetic acids.2 Previous syntheses of the car
bocyclic analogues of this system have employed the Wilger- 
odt-Kindler reaction3 on the appropriately substituted 2- 
acylnaphthalene,2 or high temperature catalytic dehrogena- 
tion of the dihydro derivatives produced from tetralones.4 In 
contrast to the rather severe conditions of these methods, the 
approach described herein proceeds under mild conditions 
and provides a method of general utility for the synthesis of 
a variety of systems related to 6.

Treatment of the azatetralone 1 with glyoxylic acid mono
hydrate in aqueous alcoholic hydroxide solution5 afforded the 
unsaturated acid 2.6 Following esterification to the methyl 
ester, sodium borohydride reduction of the ketone 3 provided 
the conjugated hydroxyester 4. This ester 4 could then be 
conveniently converted to the isoquinoline system (6) by de
conjugation with 2 equiv of lithium diisopropylamide (LDA)7 
and subsequent dehydration of the allylic alcohol 5 with acetic 
acid at room temperature. It was originally thought that the 
intermediate 7 generated from LDA treatment might be 
susceptible to side-chain alkylation during the isomerization 
process and provided 8 in essentially a single-pot process from
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Scheme I

HO A r

6

5.8 Unfortunately, alkylation of 7 was not observed when 
methyl iodide was added to the LDA reaction mixture and 8 
was ultimately prepared by LDA/Mel alkylation of 6 in a 
separate step.

Experimental Section
NMR spectra were obtained on a Varian A-60A or T-60 spec

trometer with tetramethylsilane as the internal standard. UV spectra 
were obtained in MeOH on a Beckman DK-2A. TLC was on 7.6-cm 
microscope slides covered with Woelm F silica with a magnesium 
silicate binder using 5% phosphomolybdic acid-EtOH (wt/v) followed 
by heat for visualization. Melting points were taken on a Thomas- 
Hoover capillary melting point apparatus and are uncorrected.

(3-Methoxy-8-oxo-5,6,7,8-tetrahydroisoquinol-7-ylidene) - 
acetic Acid (2). To 15.0 g (0.085 mol) of 1 in 100 roL of methanol was 
added 9.0 g (0.12 mol) of glyoxylic acid hydrate followed by 100 mL 
of 5% sodium hydroxide solution (0.125 mol) and the purple reaction 
mixture was stirred overnight at room temperature, then refluxed for 
3 h. Addition of 200 mL of water was followed by extraction of the 
aqueous basic solution three times with chloroform. The aqueous 
solution was then acidified with formic acid to pH 4 whereupon the 
precipitate which formed was collected providing 11.2 g of product. 
Extraction of the filtrate three times with ethyl acetate followed by 
drying the extracts over sodium sulfate and solvent removal in vacuo 
gave 2 g of oil which upon trituration with ethyl acetate afforded an 
additional 0.45 g of 2 (58% total). Recrystallization from ethanol gave 
the pure acid: mp 221-222 °C dec; UV 297 (c 12 600), 255 nm (e 
10 700), 235 nm (< 11 300); NMR (C5D5N) 6 2.82 (2 H, m, CH2), 3.55 
(2 H, m, CH2), 3.97 (3 H, s, OCH3), 6.59 (1 H, brd s, 4-H), 7.38 (1 H, 
t, J = 1.5 Hz, vinyl-H), 9.10 (1 H, s, 1-H).

Anal. Calcd for Ci2H nN 04: C, 61.80; H, 4.75; N, 6.01. Found: C, 
61.70; H, 4.82; N, 5.93.

(3-Methoxy-8-oxo-5,6,7,8-tetrahydroisoquinol-7-ylidene)j- 
acetic Acid Methyl Ester (3). To 16.6 g (0.071 mol) of 2 in 150 mL 
of methanol was added 4 mL of concentrated sulfuric acid and the 
reaction mixture was refluxed for 3 h. After cooling, water was added 
followed by sufficient ammonium hydroxide solution to raise the pH 
of the solution to 8. The precipitate which formed was collected af
fording 14.1 g (80%) of ester. Recrystallization from methanol gave 
3: mp 111-112 °C; UV (MeOH) 301 (e 12 400), 252 (t 13 300), 241 nm 
(t 13 600); NMR (CDC13) 5 2.93 (2 H, brd m, CH2), 3.42 (2 H, brd m, 
CH2), 3.80 (3 H, s, CO2CH3), 4.00 (3 H, s, OCH3), 6.60 (1 H, brd s, 4-H),
6.90 (1 H, t, J = 1.5 Hz, vinyl H), 8.93 (1 H, brd s, 1-H).

Anal. Calcd for Ci3H13N 04: C, 63.15; H, 5.30; N, 5.67. Found: C,

62.85; H, 5.40; N, 5.83.
(8-Hydroxy-3-methoxy-5,6,7,8-tetrahydroisoquinol-7-yli- 

dene)acetic Acid Methyl Ester (4). To 4.15 g (0.0167 mol) of 3 
suspended in 100 mL of methanol cooled to —5 °C was added 0.4 g of 
sodium borohydride in portions over a 5-min period. The cooling bath 
was then removed and the now homogeneous reaction mixture was 
stirred at room temperature for 20 min after which time product 
began separating from the solution. Water was added and the pre
cipitate collected providing 2.6 g of analytically pure 4. The aqueous 
filtrate was extracted three times with chloroform and these extracts 
provided an additional 1.2 g of product (91% total): mp 141-142 °C; 
UV (MeOH) 220 (t 22 900), 272 nm (c 3600); NMR (CDCI3) <5 3.72 (3
H, s, C 02CH3), 3.90 (3 H, s, OCH3), 5.17 (1 H, brd s, 8-H), 6.17 (1 H, 
brd s, vinyl H), 6.52 (1 H, brd s, 4-H), 8.18 (1 H, brd s, 1-H).

Anal. Calcd for C13HiBN 04: C, 62.64; H, 6.07; N, 5.62. Found: C, 
62.27; H, 5.87; N, 5.56.

(3-Methoxyisoquinol-7-yl)acetic Acid Methyl Ester (6). To
2.5 g (25 mmol) of diisopropylamine in 35 mL of tetrahydrofuran 
under a nitrogen atmosphere at room temperature was added 14 mL 
of 1.7 M methyllithium in ether solution (24 mmol) and the solution 
was then cooled to —70 °C. After addition of 2.3 g (9.25 mmol) of 4 in 
25 mL of tetrahydrofuran over a 15-min period, the deep red solution 
was stirred at the above temperature for 90 min before a solution of 
5 mL of acetic acid in 5 mL of ether was added and the cooling bath 
was removed. After the reaction mixture had warmed to room tem
perature, additional ether and saturated salt solution were added and 
the two phases were separated. The aqueous phase was extracted with 
an additional portion of ether and the combined extracts were washed 
with saturated salt solution and dried over sodium sulfate. Solvent 
removal gave an oil which by thin layer chromatography (silica; 50% 
ethyl acetate/50% benzene) showed two components with the more 
polar 5 in preponderance. The oil was taken up into 5 mL of acetic acid 
and let stand at room temperature overnight. Water was added to the 
reaction mixture followed by sufficient concentrated ammonium 
hydroxide solution to basify the solution (pH 8). After extracting the 
solution several times with pentane, the combined extracts (ca. 250 
mL in volume) were washed with saturated salt solution, dried over 
sodium sulfate, treated with activated charcoal, and filtered through 
a cake of diatomaceous earth. Solvent removal in vacuo gave 1.6 g 
(75%) of fluffy white solid. Recrystallization from pentane gave pure 
6: mp 49.5-51 °C; UV 226 nm (e 70 000); NMR (CDCI3) a 3.70 (3 H, 
s, C 02CH3), 3.73 (2 H, s, CH2), 4.00 (3 H, s, OCHa), 6.95 (1 H, brd s,
4-H), 7.50-7.70 (3 H, aromatic H’s), 8.87 (1 H, brd s, 1-H).

Anal. Calcd for Ci3H13N 03: C, 67.52; H, 5.67; N, 6.06. Found: C, 
67.72; H, 5.74; N, 5.79.

(3-Methoxyisoquinol-7-yl)-2-propionic Acid Methyl Ester (8).
To 0.75 g (0.0075 mol) of diisopropylamine in 30 mL of tetrahydro
furan at room temperature under an atmosphere of nitrogen was 
added 4.3 mL of a 1.7 M methyllithium in ether solution. The reaction 
mixture was then cooled to -7 0  °C before the dropwise addition of
I. 6 g (0.007 mol) of 6 in 10 mL of tetrahydrofuran over a 5-min period. 
After stirring the above for 20 min at -7 0  °C 1.15 g (0.081 mol) of 
methyl iodide in an equivalent volume of tetrahydrofuran was added 
and stirring was continued at the above temperature for 3 h. The re
action mixture was allowed to warm to —25 °C before addition of 
saturated ammonium chloride solution then ether and the layers were 
separated. The aqueous phase was extracted with two additional 
portions of ether and the combined extracts were washed with satu
rated salt solution and dried over sodium sulfate. Solvent removal 
gave 1.6 g of oil (95%). The analytically pure material was obtained 
by extracting the crude oil with pentane and subsequent removal of 
the hydrocarbon solvent to give a clear oil which crystallized upon 
standing: mp 35-36 °C; UV 227 nm (c 71 500); NMR (CDC13) 6 1.63 
13 H, d, J = 7 Hz, CHr), 3.68 (3 H, s, C 02CH3), 4.01 (3 H, s, OCH3),
6.96 (1 H, brd s, 4-H), 7.60 (2 H, brd s, aromatic H’s), 7.77 (1 H, brd 
s, aromatic H), 8.92 (1 H, brd s, 1-H).

Anal. Calcd for C14H16N 03: C, 68.55; H, 6.16; N, 5.71. Found: C, 
68.30; H, 6.38; N, 5.73.
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We have shown2 that the reaction of lithium tetrakis(N- 
dihydropyridyl)aluminate (LDPA, 1; from pyridine and 
lithium aluminum hydride (LiAlH4))3 with electrophilic re
agents leads directly to 3-substituted pyridines, 2, in high

R

yields. It was demonstrated4 that the optimum yields of 3- 
substituted pyridines were obtained when 1 molar equiv of 
the appropriate alkyl halide was added per mol of LDPA. The 
addition of larger amounts of electrophilic reagent did not 
increase the yield of 3-substituted products. These results 
suggest that only one “ dihydropyridyl” moiety per molecule 
of LDPA is reactive.

We now report the extension of this reaction to the synthesis 
of 4-substituted isoquinolines 3 from isoquinoline, LiAIPL,

R

S I

3

and electrophilic reagents. Isoquinoline compounds with
substitution in the 4 position have been shown to possess 
significant antispasmodic and vasodilatory properties,5 and 
a tetrahydro derivative exhibited selective /32-adrenergic
agonist activity.6 A number of synthetic studies have been
directed toward these substances.7

Initially, the reaction of isoquinoline, LiAlH4, and benzyl
chloride was investigated. We first wished to ascertain if the
desired reaction would occur at all and then to determine the 
reaction stoichiometry which is necessary for optimum 
yields.

A series of reactions was carried out in tetrahydrofuran
(THF) in which the molar ratio of isoquinoline to LiAlH4 was
kept constant at 4:1, but the number of molar equivalents of 
benzyl chloride was varied in increments of 1, from 1 to 4. The

0022-3263/78/1943-3780$01.00/0

T able I. E ffect o f  Various M olar Ratios o f  Reagents on 
the Y ie ld “ o f  4 -B enzylisoquinolineb__________

% yield
PhCH2Cl/

LiAlH4
% yield based on 

PhCH2Cl
based on 
LiAlH„

1:1 91(88)c 91 (88)c
2:1 59 (45) 118(91)
3:1 46 (45) 134 (128)
4:1 39 (35) 158 (142)

“ The percent yields in this table were obtained by GLC anal
ysis. b Isoquinoline (4 molar equiv) was present in THF solvent 
in each reaction. c Values in parentheses were obtained in a du
plicate experiment.

Table II. Yields o f  4-Substituted Isoquinolines
R

R registry no.
% yield 

(isolated)
% yield 
(GLC)“

% yield 
(lit)

PhCH2 10166-05-9 43“ (56)b 90 34c
H2C=CHCH2 66967-18-8 24 (9) 80
CH3CH2 41219-10-7 2 (13)d 35 <4e

“ Molar ratio of isoquinoline/LiAlH4/RX, 4:1:1. b Molar ratio 
of isoquinoline/LiAlH4/RX, 4:1:4. c Reference 9. d Based on re
covered isoquinoline. e Reference 10.

results of these experiments are shown in Table I and illustrate 
that the most efficient conversion of alkyl halide to 4-benz- 
ylisoquinoline occurs when 1 molar equiv is present (yield 
90%). In contrast to the pyridine series,4 the yield of 4-ben- 
zylisoquinoline increases as the amount of benzyl chloride 
increases (column 3, Table I); therefore, more than 1 of the 4 
molar equiv of isoquinoline is rendered reactive by treatment 
with a single molar equiv of LiAlH4. Since the yield increased 
in an irregular manner, we are as yet unable to speculate on 
the exact nature of the reactive species.

Subsequent reactions have been carried out using both a 
4:1:1 molar ratio and a 4:1:4 molar ratio of isoquinoline/ 
LiAlH4/alkyl halide. The yields of 4-benzyl- (4), 4-allyl- (5), 
and 4-ethylisoquinolines (6) are listed in Table II. In each 
instance the isolated yield of purified material is less than the 
GLC yield, owing to nonoptimal isolation procedures. In spite 
of the modest isolated yields, we feel that this method is a 
useful one due to its simplicity and the ready availability of 
the inexpensive starting materials. In addition, the alkylation 
may be carried out using a simple aliphatic alkyl halide, which 
has not always been possible using other methodologies.7'8 * * 
Work is in progress in our laboratories to optimize the yields 
of this process and to extend it to the preparation of more 
complex substances.

13C NMR Spectral Analysis. As part of a thorough char
acterization of the 4-substituted isoquinolines prepared in this 
study, their 13C NMR spectra were recorded. Most of the 
carbon resonances were readily assigned using standard 
chemical shift theory11 and by comparison to a previous rig
orous assignment of the spectrum of isoquinoline itself.12 
Using these data, however, it was not possible to unambigu
ously assign the C-7 and C-8 resonances, which are separated 
by about 1.5 ppm in the 4-substituted isoquinolines and by 
only 0.4 ppm in the parent heterocycle.

A straightforward solution to this problem results from 
recognition that the nonnitrogenous ring of isoquinolines can 
be viewed as an unsymmetrically ortho-disubstituted benzene

© 1978 American Chemical Society
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Table III. 13C NMR Chemical Shifts of Isoquinolines“
R

S 1

R
carbon no. H* PhCH2 c h 2= c h c h 2 c h 3c h 2

1 152.5 151.8 151.9 151.1
3 143.0 143.8 143.0 141.8
4 120.4 129.6 129.2 132.9
5 126.4 123.4 123.3 122.7
6 130.2 130.2 130.1 130.0
7 127.2 126.8 126.8 126.6
8 127.6 128.1 128.3 128.2
9 128.6 127.2 126.1 127.5

10 135.7 134.8 134.7 134.5

0 The 5 values are in ppm downfield from Me4Si. The spectra 
were taken in CDCI3 solutions where 5(Me4Si) = 5(CDCl3) + 77.1 
ppm. b Reference 12; the numbers reported here were obtained 
in our laboratory.

and is therefore amenable to spectral analysis using the 
“ fingerprint” technique described by Günther and his co- 
workers.13,14

In the ^-coupled spectra of the 4-alkylisoquinolines, the 
resonances of C-6 and C-7 were predictably observed as clean 
doublets of doublets and that of C-8 appeared as a doublet of 
multiplets. It was thus possible to easily differentiate the C-7 
and C-8 resonances, thereby completing the chemical shift 
assignments of the 4-substituted isoquinolines, which are 
catalogued in Table III. Chemical shifts of the exocyclic car
bons are shown in Chart I.

A potentially useful phenomenon was observed for the 
signal arising from C-5, which in the YH-coupled 13C NMR 
spectrum of each 4-substituted isoquinoline is simplified to 
a distinct doublet of doublets. This may be ascribed to the 
absence of a hydrogen at the 4 position and should prove 
useful in spectral analysis of more complex isoquinolines.

The data in Table III reveal that the major chemical shift 
perturbations resulting from the introduction of a 4 substit
uent to an isoquinoline skeleton occur at C-4 and C-5, the 
former position being deshielded and the latter shielded with 
respect to analogous centers in isoquinoline itself. This ob
servation is reminiscent of perturbations produced upon the 
introduction of an alkyl group at the 1 position of naphtha
lene15 and may be attributed in part to steric interactions 
between the alkyl group and the peri hydrogen (at C-5 in the 
isoquinolines).

Experimental Section.
Boiling points and melting points are uncorrected. Infrared spectra 

of neat liquids were recorded on a Perkin-Elmer 227B spectropho
tometer, and mass spectra were obtained on a Hewlett-Packard 5982A 
spectrometer. XH and 13C NMR spectra were run on CDCI3 solutions 
with Me4Si as an internal standard (6 = 0 ppm) on a Varían T-60 
spectrometer and a Jeol JNM-PS-100 spectrometer operating at 
25.034 Hz in the Fourier transform mode, respectively. GLC analyses 
were performed on a 6 ft X 0.25 in 3% OV-1 on 100-120 mesh Gas 
Chrom Q column in a Varian Aerograph Series 1520 chromatograph.
4-Benzylisoquinoline was analyzed at a column temperature pro-

Chart I. ,3C NMR Chemical Shifts (5) of Exocyclic Carbons 
(R = 4-Substituted Isoquinoline)

139,7
\  15&5

13&2 1168 23,2 14,9 
lUH d R— ('H ,— ( ’U = C H , R—  CH —  CH, 4

4 5 6
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grammed from 125-250 °C at 20 t>C/min, while other analyses were 
run isothermally at 168 °C. Peak height comparisons were made to 
a five point calibration curve obtained by injecting a standard solution 
of the appropriate pure isoquinoline. Preparative TLC utilized Merck 
silica gel 60 PF-254 as adsorbent. Tetrahydrofuran (THF) was freshly 
distilled from LiAlH4 before each reaction. Solutions of reaction 
mixtures were dried over anhydrous sodium sulfate. A representative 
procedure appears below. Similar reactions were carried out using this 
procedure with modified quantities and types of reagents where ap
propriate.

4-Allylisoquinoline (5). A solution of 7.250 g (0.056 mol) of iso
quinoline in 10 mL of dry THF was added over 0.5 h under nitrogen 
to a stirring mixture of 0.551 g (0.015 mol) of lithium aluminum hy
dride in 20 mL of THF at room temperature. After 24 h a solution of 
1.755 g (0.0145 mol) of allyl bromide in 5 m Lof THF was added over 
15 min. The mixture was stirred and refluxed for 1 h, quenched cau
tiously with 10 mL of water, and diluted with 50 mL of acetone. The 
mixture was filtered over Celite, and most of the acetone and THF 
was removed in vacuo. The residue was diluted with 100 mL of di- 
chloromethane and dried. Evaporation of the solvent provided 8.482 
g of orange liquid which was fractionally distilled twice to provide, 
after a forerun of isoquinoline, 788 mg of a colorless liquid, bp 133-160 
°C (5-6 Torr), which was primarily 4-allylisoquinoline (80% pure by 
GLC). This could be further purified (with some sacrifice of material) 
by repeated distillation to give a colorless liquid: bp 86 °C (0.25 Torr); 
IR 1645,1630,1590,1520 c m '1; iH NMR 6 3.69 (d, 2, J = 6 Hz, CH2), 
4.83-5.09 (m, 1, olefinic H), 5.11-5.29 (m, 1, olefinic H), 5.50-6.42 (m, 
1, olefinic H), 6.95-8.12 (m, 4, C-5, C-6, C-7, and C-8 H ’s), 8.38 (s, 1, 
C-3 H), 9.11 (s, 1, C-l H); mass spectrum, m/e 169 (M+), 168 (base), 
167,157,141,115; picrate mp 157 °C (from aqueous ethanol).

Anal. Calcd for Ci8H14N40 7: C, 54.27; H, 3.55; N, 14.07. Found: C, 
54.48; H, 3.57; N, 14.06.
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Thionyl chloride is commonly used for the conversion of 
carboxylic acids to acid chlorides and alcohols to alkyl chlo
rides. Several transformations are also known in which this
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reagent acts as an oxidant.1' 8 The trans acid chloride 1 is 
formed smoothly on treatment of the corresponding acid with 
thionyl chloride and it recently served as an intermediate in 
a total synthesis of nitidine chloride.9 However, subjection of 
the cis acid 2 to thionyl chloride at room temperature resulted

9. R = Cl

in the formation of a dark red, crystalline compound which 
was not the expected acid chloride. The elucidation of its 
structure and studies concerning the mechanism of its for
mation are presented herein.

The insolubility of the dark red compound in common or
ganic solvents necessitated a Fourier transform proton mag
netic resonance study, which indicated the disappearance of 
the two methine protons from the starting material 29 as well 
as one aromatic proton from the methylenedioxyphenyl ring 
and the acidic proton. The transformation was also accom
panied by a downfield shift of the IV-methyl protons by ca. 0.9 
ppm, suggesting the indeno[l,2-c]isoquinoline system 3. The 
infrared spectrum of the new compound showed the disap
pearance of the carboxylic acid carbonyl of the starting ma
terial (1740 cm-1) and its replacement by a new carbonyl (1690 
cm '1) expected for ll-ketoindeno[l,2-c]isocarbostyrils.10 The 
molecular ion (m/e 365) observed in the mass spectrum also 
supported structure 3.

3

The conversion of 2 to 3 obviously involves a two-electron 
oxidation and an intramolecular Friedel-Crafts reaction, of
fering the indeno[l,2-c]isoquinoline4and the dehydro acid

chloride 5 for consideration as intermediates. Compound 4 
was prepared by heating the cis acid 2 with phosphorus 
pentoxide in refluxing chloroform, while the ester 6 was ob
tained by DDQ oxidation of the methyl ester 7. Heating the 
ester 6 with potassium hydroxide in Me2SO gave the desired 
acid 8. The hypothetical intermediate 4 was recovered largely 
unchanged even after stirring in thionyl chloride for 72 h, al
though several minor peaks in the NMR spectrum of the crude 
material could be attributed to 3 (conversion <15%). The 
oxidation of 4 to 3 did occur smoothly with DDQ. In contrast, 
the acid 8 was completely converted into 3 by thionyl chloride 
within 4 h. Since 3 can be isolated in 80% yield after reacting 
2 with thionyl chloride for 4 h, the oxidation step probably 
precedes the intramolecular Friedel-Crafts reaction.

8, R  =  O H

We assume that the initial step in the oxidation of the acid 
chloride 9 is enolization to 10, followed by Hell-Volhard- 
Zelinsky-type addition of thionyl chloride from the less ster- 
ically hindered side to afford the a-sulfinyl chloride 11. This 
hypothesis is supported by the observation that a variety of 
carboxylic acid chlorides and ketones react with thionyl 
chloride in the presence of catalytic amounts of pyridine to 
form unstable «-sulfinyl chlorides 12 which are converted to 
the a-chloro-a-sulfenyl chlorides 13 by the Pummerer rear
rangement.4 The latter compounds have served as interme
diates in the formation of 3-thietanones5>u and benzo[6]- 
thiophenes.712'13 The dehydro acid chloride 5 may then arise 
from 11 by a concerted elimination of HC1 and sulfur mon
oxide, which is in equilibrium with sulfur dioxide and ele
mental sulfur.14 This step finds analogy in the thionyl chloride 
oxidations of benzil2 and certain tetramic acids,3 as well as the 
decomposition of a-phenylsulfinyl lactones to a,/3-unsaturated 
lactones.15 Further support for this mechanism is provided 
by the detection of the a-sulfinyl chloride 15 in the previously 
reported thionyl chloride oxidation of 2-methyl-3-phenyl- 
propanoic acid 14 to the dehydro acid chloride 16.12 An 
HCl-catalyzed intramolecular Friedel-Crafts reaction16 of the
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acid chloride 5 then completes the formation of 3. This reac
tion is expected to occur with greater facility in the oxidized 
system 5 as opposed to 9 due to resonance stabilization of the 
intermediate acylium ion.

The difference in reactivity of the diastereomeric acid 
chlorides 1 and 9 may be ascribed to a stereoelectronic effect.17 
In both compounds the aromatic substituent is expected to 
be pseudoaxial in order to avoid a severe nonbonded inter
action with the N-methyl group (A strain).9’18’19 Therefore 
the enolizable proton of the cis diastereomer 9 is pseudoaxial 
and inspection of Dreiding models reveals that the C-H bond 
is parallel with the adjacent p orbitals of the aromatic it sys
tem. The resulting orbital overlap should facilitate enoliza- 
tion.17 In contrast, the corresponding C-H bond of the trans 
diastereomer and the p orbitals of the adjacent aromatic it 
system are nearly orthogonal.

The cis acid 2 is readily available from the condensation of
4,5-dimethoxyhomophthalic anhydride and 3,4-methylene- 
dioxybenzylidenemethylamine.9 Our two-step synthesis of 
indenoisoquinoline 3 therefore compares favorably with other 
approaches to this system.10’20

Experimental Section
All reactions were performed under a nitrogen atmosphere. Melting 

points were determined on a Thomas-Hoover Unimelt or a Meltemp 
apparatus and are uncorrected. NMR spectra were recorded on a 
Varian EM-360 60 MHz or an FT-80 spectrometer and except where 
noted in CDCI3 solvent. Chemical shifts are reported in ppm relative 
to Me4Si as internal standard. IR spectra were recorded on a Beckman 
IR-33 spectrophotometer. Mass spectra were determined on a Dupont
21-492 B double-focusing spectrometer using an ion source temper
ature of 230-270 °C, an ionization potential of 70 eV, and an ionizing 
current of 100 pA.

2,3-Dimethoxy-5,6-dihydro-5,ll-diketo-6-methyl-8,9-meth- 
ylenedioxy-11 Ji-indeno[l,2-c]isoquinoline (3). A. Thionyl chloride 
(1 mL, freshly distilled from triphenyl phosphite) was added with 
stirring to the cis acid 29 (100 mg, 0.26 mmol) to give a pale yellow 
heterogeneous mixture. The system became homogeneous and turned 
red within 10 min but returned heterogeneous shortly thereafter. After 
4 h the reaction mixture was diluted with benzene (5 mL) and evap
orated to dryness. The brownish-red residue thus obtained was passed 
through a short column of silica gel (1 g), eluting with chloroform, to 
afford dark red needles (75 mg, 79%): mp 295-299 °C dec; IR (KBr) 
1690,1642 cm“ 1; NMR 5 7.98 (s, 1 H), 7.65 (s, 1 H), 7.12 (s, 1 H), 7.06 
(s, 1 H), 6.08 (s, 2 H), 4.04 (s, 3 H), 3.98 (s, 3 H), 3.97 (s, 3 H); mass 
spectrum m/e (rel intensity) 365 (M+, 100), 351 (9), 350 (42), 322 (9), 
320 (11), 182 (15), 83 (8), 71 (8), 69 (10), 57 (16), 55 (11), 43 (14).

B. A mixture of the dehydro acid 8 (15 mg, 0.039 mmol) and thionyl 
chloride (0.3 mL) was allowed to stir for 4 h during which the system 
remained heterogeneous. Removal of thionyl chloride gave a dark red 
residue which upon preparative TLC (silica gel, 1 mm, CH3OH- 
CHCI3, 1:9) afforded a crystalline solid (12 mg, 84%). The mp, NMR, 
and IR spectra were identical with the above.

C. A solution of ketolactam 4 (150 mg, 0.408 mmol) and 2,3-di- 
chloro-5,6-dicyano-l,4-benzoquinone (98%, 150 mg, 0.648 mmol) in 
distilled dioxane (10 mL) was heated at reflux for 43 h. After cooling 
and addition of CHCI3 (100 mL) the red organic phase was washed 
with 5% aqueous NaHC03 (150 mL) and then water (200 mL). The 
organic phase was dried (MgS04) and evaporated to dryness to yield 
dark red crystals (104 mg, 70%). The mp, IR, and NMR spectra were 
identical with those above.

cis-2,3-Dimethoxy-5,6,12,13-tetrahydro-5,11 -diketo-6-meth- 
yl-8,9-methylenedioxy-llii-indeno[l,2-c]isoquinolone (4). A
stirred mixture of the cis acid 2 (200 mg, 0.52 mmol) and phosphorus 
pentoxide (2 g) in CHC13 (20 mL) was heated at reflux. After 2 h ice 
water (100 mL) was added and the aqueous phase was extracted with 
CHCI3 (75 mL). The combined CHCI3 extracts were washed with 5% 
aqueous NaHC03 (40 mL) and then water (200 mL). After drying 
(MgS04), the CHCI3 was removed to give a yellow powder (130 mg, 
68%): mp 270-272 °C (dec); IR (KBr) 1695,1645,1595 cm-1; NMR 
6 7.60 (s, 1 H), 7.18 (s, 1 H), 7.08 (s, 1 H), 7.05 (s, 1 H), 6.10 (d, 1 H, J 
= 1 Hz), 6.06 (d, 1 H, J = 1 Hz), 5.14 (d, 1 H, J = 8 Hz), 4.21, (d, 1 H= 
J = 8 Hz), 3.95 (s, 3 H), 3.88 (s, 3 H), 3.51 (s, 3 H); mass spectrum m/e 
(rel intensity) 367 (M+, 100), 365 (19), 337 (35), 211 (16), 193 (22), 189 
(13), 163 (48).

cis-lV-Methyl-3-(3',4'-methylenedioxyphenyl)-4-methoxy-

carbonyl-6,7-dimethoxy-3,4-dihydro-l(2if)-isoquinolone (7).
The cis acid 2 (400 mg, 1.04 mmol) was added to an ethereal solution 
of diazomethane (ca. 30 mmol) at 0 °C. After stirring at 0 °C for 50 
min the reaction mixture was evaporated to dryness to give a white 
solid (402 mg, 97%): mp 156-158 °C; IR (KBr) 1740,1635,1595 cm"1; 
NMR 6 7.82 (s, 1 H), 7.06 (s, 1 H), 6.86-6.43 (m, 3 H), 5.93 (s. 2 H), 4.93 
(d, 1 H, J = 7 Hz), 4.70 (d, 1 H, J = 7 Hz), 4.03 (s, 3 H), 3.93 (s, 3 H),
3.73 (s, 3 H), 3.05 (s, 3 H).

JV-Methyl-3-(3',4'-methylenedioxyphenyl)-4-carboxy-6,7- 
dimethoxy-l(2if)-isoquinolone (8). A solution of the cis ester 7 (400 
mg, 1.0 mmol) and 2,3-dichloro-5,6-dicyano-l,4-benzoquinone (98%, 
340 mg, 1.47 mmol) in distilled dioxane (25 mL) was heated at reflux 
for 24 h. After cooling and addition of CHCI3 (75 mL), the organic 
phase was washed with 5% aqueous NaHC03 (150 mL) and then water 
(200 mL). The organic phase was dried (MgS04) and evaporated to 
dryness. The light orange residue, after chromatography on silica gel 
(10 g, CHC13 as eluent), gave the crude dehydro ester 6 as a white 
glassy solid (276 mg, 69%): mp 172-178 °C; IR (KBr) 1710,1645,1605 
cm-1; NMR 6 7.93 (s, 1 H), 7.20 (s, 1 H), 7.05-6.83 (m, 3 H), 6.12 (s, 
2 H), 4.06 (s, 3 H), 4.01 (s, 3 H), 3.57 (s, 3 H), 3.40 (s, 3 H). A solution 
of 6 (233 mg, 0.586 mmol) and KOH (85%, 501 mg, 7.6 mmol) in 
Me2SO (6.5 mL) was heated at 72-75 °C for 16 h. The reaction mix
ture was diluted with water (200 mL), acidified with concentrated 
HC1, and extracted with CHC13 (150 mL). The organic phase was 
backwashed with 5% aqueous NaHC03 (75 mL). The combined 
aqueous extracts were acidified and extracted with CHC13 (150 mL). 
After washing with water (300 mL), the CHCI3 was evaporated to 
afford 8 as a white solid (172 mg, 45% overall): mp 256-258 °C; IR 
(KBr) 3600-2200,1710,1635,1600 cm-’ ; NMR (CDC13 + 2 drops of 
Me2SO-d6) 5 7.83 (s, 1H), 7.24 (s, 1 H), 6.87 (s, 3 H),6.04 (s, 2 H), 4.01 
(s, 3 H), 3.96 (s, 3 H), g.33 (s, 3 H), 3.50-2.70 (broad s, exchangeable 
with D20); mass spectrum m/e (rel intensity) 383 (M+, 100), 382 (32), 
369 (16), 340 (9), 339 (8), 192 (6), 162 (10), 83 (10), 71 (12), 69 (12), 47
(22), 45 (14).
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The rearrangement of sulfoxides to a-substituted deriva
tives of the corresponding sulfides is well documented1’2 and 
is widely known as the Pummerer reaction. The number of 
interesting variations on this reaction reported recently3 
suggests that its synthetic utility has been relatively under
developed.

We have previously described4 (for gas-liquid chromatog
raphy characterization purposes) the rapid transformation 
of 4-methylsulfinyl-3,5-xylenol (1) to the bis(trifluoroa-

cetyl)catechol analogue 2 after reaction with trifluoroacetic 
anhydride at room temperature. Mechanistically it was in
ferred that upon initial trifluoroacetylation of the sulfoxide 
oxygen, the trifluoroacyl anion removed a proton from the 
phenolic OH moiety rather than from the S-CH3 group. This 
could result in production of the intermediate 2,4-dienone 
cation lb, which if trapped by attack of trifluoroacetate ion 
at C-2 would (after trifluoroacetylation of the phenol group) 
yield the observed bistrifluoroacetate 2. Alternately, trapping 
of the intermediate 2,5-dienone cation la  with a subsequent
1,3 trifluoroacetyl migration to C-2 is also a potential pathway. 
This consideration, plus the knowledge that an intermediate 
monotrifluoroacetate was not isolated previously, encouraged 
us to examine the reaction of 1 with two less active acylating 
agents, namely acetyl chloride and acetic anhydride.

R esu lts  and D iscu ssion

Although prolonged mixing of 4-methylsulfinyl-3,5-xylenol
(1) in benzene at room temperature with an excess of acetic 
anhydride did not initiate any reaction, similar treatment with 
acetyl chloride eventually brought about complete conversion 
to two new compounds. The minor compound (18%) was 
tentatively identified as the 2-chloro analogue 3 on the basis 
of its spectral data; i.e., NMR studies showed the loss of an 
aromatic proton, and the mass spectrum indicated incorpo
ration of a chloride atom and a parent ion of m/e 202. The 
major compound (57%) was readily identified by comparison 
with a known sample as 4-chloro-3,5-xylenol (4).5 A prepon
derance of this latter product strongly supports the existence

of a 2,5-dienone precursor 5 with subsequent aromatization 
by elimination of -SCH3 as the major pathway. Failure to 
isolate such an intermediate and determine its conversion 
products negated any speculation as to a related reaction se
quence culminating in production of the 2-chloro compound
3.

Since acetic anhydride is a less reactive acylating agent than 
acetyl chloride, refluxing a mixture of 4-methylsulfinyl-3,5- 
xylenol (1) in benzene with an excess of acetic anhydride was 
investigated. Periodic TLC examination indicated that some 
reaction was taking place, and after 48 h approximately 20% 
of the sulfoxide (1) had reacted. Preparative TLC of the re
action mixture yielded two new products which could be 
separated and fully characterized. The major product from 
this reaction was assigned the structure 6 arid would arise from 
trapping of the 2,5-dienone cation la . The identity of 6 fol
lowed from its spectroscopic properties, the infrared spectrum 
of which showed the absence of hydroxyl functions and the 
presence of strong carbonyl adsorptions at 1745 (acetate) and 
1660 cm” 1 (cross-conjugated dienone). In accordance with its 
formulation as a dienone structure, the NMR spectrum of 6 
showed that absorption of the two previously aromatic protons 
(H-2 and H-6) was now shifted upfield from 5 6.60 to 5 6.20. 
Introduction of an acetate group was also confirmed by NMR 
spectroscopy. Identification of the minor reaction product as 
the 2-acetoxy compound 7 (spectroscopic data indicated the 
presence of a hydroxyl function and just one aromatic proton) 
suggested a sequential relationship proceeding via a 1,3 acetyl 
migration in the dienone 6. Demonstration of this supposition 
was readily achieved by refluxing a sample of 6 in benzene. 
This treatment yielded a compound identical in all respects 
with the previously isolated 2-acetoxy analogue 7. It was later 
discovered that in contrast to its sluggish reaction in acetic 
anhydride-benzene the sulfoxide readily rearranged in a 2:1 
mixture of acetic anhydride-acetic acid at 100 °C, but the 
major product was the 2-acetoxy compound 7.

The evidence obtained, specifically the transformations 
effected by acetic anhydride, leads us to conclude that a
2.5- dienone intermediate pathway followed by a 1,3 trifluo
roacyl migration most probably accounts for the previously 
observed reaction of 4-methylsulfinyl-3,5-xylenol (1) with 
trifluoroacetic anhydride.

E x p erim en ta l S ection

Melting points are uncorrected and were determined on a Kofler 
hot stage microscope. NMR spectra were recorded on a Varían T-60 
NMR spectrometer with MeiSi as an internal standard. IR spectra 
were determined as Nujol mulls using a Beckman IR-20A spectro
photometer. Mass spectra were determined on a Perkin-Elmer Hi
tachi mass spectrometer. Thin-layer chromatograms were run on glass 
plates coated with silica gel GF. Separated components were detected 
by UV fluorescence and iodine vapor.

Preparation of 4-Methylsulfinyl-3,5-xylenol. 4-Methylsul- 
finyl-3,5-xylenol (1) was prepared by oxidation of 4-methylthio-
3.5- xylenol with hydrogen peroxide in aqueous acetone at room 
temperature overnight. The product was purified by recrystallization 
from ethyl acetate and its identity confirmed by comparison with an 
authentic specimen.6

Reaction o f 4-Methylsulfinyl-3,5-xylenol with Acetyl Chlo
ride. A suspension of 4-methylsulfinyl-3,5-xylenol (1; 430 mg) in 
benzene (10 mL) was treated with an excess of acetyl chloride (0.5 mL) 
and stirred until thin-layer chromatography studies indicated that 
the reaction was complete (approximately 1 h). The reaction mixture 
was then neutralized by decantation into a cold saturated solution 
of sodium bicarbonate (40 mL). After extraction of the neutral solu
tion with chloroform (2 X 50 mL), the chloroform extracts were dried 
over anhydrous sodium sulfate and concentrated under vacuum. The 
residue was subsequently purified by preparative thin-layer chro
matography (ethyl acetate-hexane, 1:3). Crystallization of the major 
component (ñ/ 0.56) from hexane gave 4-chloro-3,5-xylenol (4; 183 
mg), which had identical NMR, IR, and mass spectra and melting 
point with an authentic sample.6 The minor compound (Rf 0.85),
2-chloro-4-methylthio-3,5-xylenol (3; 58 mg), was a yellowish oil:

0022-3263/78/1943-3784$01.00/0 © 1978 American Chemical Society
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NMR (CDCI3) S 6.78 (1 H, s, aromatic H), 2.60 (3 H, s, CCH3), 2.34 
(3 H, s, GCH:(i. and 2.17 (3 H, s, SCH3); MS m/e 202 (M+).

Reaction of 4-Methylsulfinyl-3,5-xylenol with Acetic Anhy
dride. A suspension of 4-methylsulfinyl-3,5-xylenol (1; 410 mg) in 
benzene (10 mL) was treated with an excess of acetic anhydride (0.5 
mL) and refluxed with stirring for 48 h. Workup and purification as 
outlined for the acetyl chloride reaction afforded one major compound 
(Rf 0.33) which crystallized from hexane to give the 2,5-dienone 6 (41 
mg): mp 110-112 °C; IR (Nujol) 1745,1660,1620 cm“ 1; NMR (CDCI3) 
«5 6.20 (2 H, s, dienone H), 2.18 (3 H, s, SCH3), 2.04 (6 H, s, CCH3), and 
1.84 (3 H, s, OAc); MS m/e 226 (M+). Crystallization of the minor 
compound ( R f  0.76) from hexane gave 2-acetoxy-4-methylthio-3,5- 
xylenol (7; 17 mg): mp 84-85 °C; IR (Nujol) 3310,1738, and 1565 cm-1; 
NMR (CDCI3) 5 6.78 (1 H, s, aromatic H), 2.36 (3 H. s, CCH3), 2.34 
(3 H. s, OAc), 2.22 (3 H, s, CCH3), and 2.16 (3 H, s, SCH3); MS m/e 226 
(M+).

Reaction of 4-methylsulfinyl-3,5-xylenol (1) in a 2:1 mixture of 
acetic anhydride-acetic acid at 100 °C went to completion within an 
hour. The predominant product was the 2-acetoxy compound 7, and 
a trace of the dienone 6 was also isolated.
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Thiazolium ions are important catalysts both in biological1 
and in chemical systems.2 Thiamin or vitamin Bi (I), for ex-

G C H — V ^ S  
" \=1
C H :J C  1 1 ,0 1 !

I II
I, Ha, G = 4-amino-2-methylpyrimidinyl 

lib , G = H ;R  = CH3

ample, is involved in a number of transformations involving 
carbonyl compounds, such as the conversion of acetaldehyde 
to acetoin.3 Similarly, other thiazolium salts are useful cata
lysts in the synthesis of acyloins.2

Key steps in the mechanism of acyloin formation include 
deprotonation of a thiazolium ion at position 2 to give an ylide 
which then adds to a carbonyl electrophile. Resultant inter
mediate II then is deprotonated at the newly formed side

0022-3263/78/1943-3785$01.00/0

HO- 

G C H  —

c h ;

H

- C — R

C.HjOH

chain to give a second nucleophile, often called an “ enamine” . 
Reaction of this enamine with additional carbonyl compound 
followed by expulsion of ylide gives rise to acyloin product.

On a more detailed level, our current knowledge is very 
limited. Consideration of the reactivity of a series of substi
tuted thiazolium ions at each step of the multistep sequences 
reveals that much remains to be learned.

We report results designed to clarify some aspects of this 
complex mechanism. We have measured the influence of 
substituents at an annular nitrogen atom on the rates of de
protonation of simple thiazolium ions (III) to produce an 
enamine (eq. 1). Our results provide an indication of how

o h , : 0 H . r C H ,

- N ^ S
+ f

— ►  G C H - — N ^ X S  *  *

X
G C H . — N / ' S

'^ = JC H , C H ;

III, G = H, C6H5) p - 0 2NC6H4, CN (1 )

sensitive side-chain deprotonation is to inductive effects of 
nitrogen-bonded substituents. A second aspects of our study 
deals with the magnitude of steric inhibition of resonance 
found when lib (G = H, R = CH3) is deprotonated at the 1- 
hydroxyethyl position.

Results and Discussion
Inductive Effects. Rates of deprotonation of 2,4- 

dimethylthiazolium ions (III) having groups G = H, C6H5, 
P-O2NC6H4, and CN were obtained by studying hydrogen 
isotope exchange. Loss of a proton from the 2-methyl group 
to give a resonance stabilized conjugate base, eq 1, was cata
lyzed by acetate ion buffers in D2O. Neither water nor deu- 
terioxide compete significantly with acetate ion general base; 
pseudo-first-order rate constants for deprotonation, k.f, can 
be converted to second-order rate constants fee reflecting 
acetate ion catalysis according to the equation

k+ = fcB[CH3C 02-] (2)

Examination of the results in Table I shows that k-Q obtained 
in this way is essentially constant as the concentration of 
catalyst is varied by as much as tenfold.

Comparison of the four k-Q values reveals that substituents 
G, in spite of being removed from the thiazolium ring by a 
saturated carbon atom, have a significant influence on kinetic 
acidity. Comparing feg values and using the value for G = H 
as a reference gives rise to relative rate constants of 1.0, 9.1, 
27, and 187 for substituents G = H, C6H5, P-O2NC6H4, and 
CN, respectively.

A linear free-energy correlation can be constructed between 
the logarithm of ferei and pKa values for substituted méth
ylammonium ions, GCH2NH3+,4’5’8 having the same sub
stituents. The slope of this correlation (correlation coefficient 
r = 0.962) is -0.40. Electron-withdrawing substituents pro
mote the acidity of both the carbon and nitrogen acids. Nat
urally, effects are smaller in the case of the carbon acids where 
proton transfer is less complete. Although electron-with
drawing substituents destabilize both the positively charged 
carbon acid and the transition state, effects on transition-state 
energies are smaller because of extensive charge neutraliza
tion.

Using the pKa (8.01) of méthylammonium ion IV substi
tuted with a pyrimidine ring as in thiamin and the free-energy

N H ,

I V  V
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Table I. K inetic Results fo r  H ydrogen-D euterium  Exchange at the 2-M ethyl G roup o f  3-Substituted 2,4- 
D im ethylthiazolium  Ions in A cetate-B u ffered  D 2 O at 75.0 °C  and 1,0 M Ionic Strength__________

total lO4/^ , 103kB
substituent registry no. pDa buffer, M 5 s - 1 M- 1 S“ 1 ferel

c h 3 29488-88-8 5.45 0.030 0.030 0.150
5.84 0.240 0.290 0.124

av 0.137 ±  0.013 1.0
c 6h 6c h 2 67145-81-7 5.10 0.500 2.76 1.13

5.13 0.080 0.49 1.23
5.20 0.350 2.22 1.16
5.79 0.120 1.43 1.44

av 1.24 ± 0.10 9.1
p -o 2n c 6h 4c h 2 67145-82-8 5.11 0.400 6.80 3.43

5.14 0.040 0.78 3.71
5.20 0.350 6.94 3.63
5.79 0.120 3.73 3.77

av 3.64 ± 0.11 27
n c c h 2 67145-83-9 4.33 0.060 0.246 29.4

5.09 0.100 12.7 25.9
5.09 0.154 18.7 24.9
5.09 0.200 21.4 22.1

av 25.6 ±2.1 187

a Measured at 25 °C. 6 pKa = 5.12.

T able II. K inetic Results o f  H ydrogen-D euterium  Exchange at the 2 Position o f  2,3,4-Trim ethylthiazolium  and 2 - ( l -  
H ydroxyethyl)-3 ,4-dim ethyl-5-(2-hydroxyethyl)th iazolium  Ions in Phosphate B uffered  D20  at 75.0 °C  and 1 M  Ion ic

Strength

total
compd pDa buffer, M5 106fê ,, s_1 fe.M -is- 1

III (G =  H) 6.09 0.220 101 5.81 X  IO“ 3 (DPO42-)
7.17 0.040 162 (45) (OD-)
7.24 0.240 794
8.16 0.058 525

IIbc 6.74 0.420 4.68 3.34 X  IO“ 5 (DP042-)
(G = H; R = CH3)

7.03 0.203 3.22 2.4 (OD-)
7.12 0.300 5.56
7.17 0.403 8.86
7.72 0.360 14.7
8.19 0.320 20.9

0 At 25 °C. b pKa 7.10. c Registry no.: 67145-84-0.

correlation (log fere i =  —0.40 pK a +  4.55), it is possible to es- hydroxyethyl group is retarded due to steric inhibition of
timate that this substituent will increase reactivity by about resonance in the transition state. Relative to a methyl group
a factor of 20 over that for G = H. The effect is similar to that a 1-hydroxyethyl substituent is about 35 times less reactive
produced by a nitrophenyl group. We expect that a similar 
correlation will apply to the kinetic acidities of thiazolium ions 
having hydroxyalkyl side chains (II).

Unfortunately, it is not possible to make an unequivocal 
comparison between the effects of substituents on ylide and 
on enamine formation. Two different values for the slope of 
a log kTe\ vs. pKa correlation for ylide formation can be derived 
from published data; both are the result of two point corre
lations. Thus, data for the lyate ion catalyzed dedeuteration 
of thiazolium ions V, where G is H and C6H5 (R = H), give a 
slope of —0.37,12 while data for the detritiation of I and of V 
having phenyl as group G (R = CH3) yield —0.80.13 However 
on the assumption that both pairs belong to a single correla
tion, a three-point plot may be constructed using G = CeH514 
as a common reference. The slope is —0.60 (r = 0.986). It would 
seem that ylide rather than enamine formation is more sen
sitive to substituent effects. Such a conclusion would be un
derstandable in terms of a more product like transition state 
for the ylide reaction15 with its associated greater amount of 
negative charge.

Inhibition of Resonance. By examining the reactivity of 
a series of 2-substituied-3-methylbenzothiazolium ions we 
demonstrated earlier that the rate of deprotonation of a 1-

toward either water or formate ion base.16 In order to establish 
the magnitude of such inhibition in thiazolium ions having 
structures more like those of thiamin and its derivatives, the 
following experiments were performed.

The reactivity of III, G = H, was determined at 75.0 °C 
toward phosphate base. Under these more basic conditions 
deuterioxide ion provides a contribution to the rate of de- 
protonation along with buffer base. Pseudo-first-order rate 
constants are represented by the equation

k+ = feB[DP042_] + &o d [OD~] (3)

where a second term is present to reflect additional catalysis, 
/ion being the second-order rate constant for lyate ion. How
ever, the relative contribution of lyate ion to the rate is large 
only in the last run in Table II, where it is 44%. Consequently, 
the reported feoD value should be regarded as approximate.

Similarly, deprotonation of lib (G = H; R = CH3), a 
structurally close relative of the biologically important 
thiamin derivative Ila,1 was investigated using the same 
buffer. Kinetic data again may be dissected into component 
parts representing buffer and lyate ion catalysis (eq 3). This 
time the feoD rate constant is likely to be estimated more 
closely because lyate ion catalysis is present at a significant
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level in more runs, being 46% in the run at the highest pD.
Using the second-order rate constants given in Table II for 

both substrates and the appropriate concentrations of bases, 
it is possible with the aid of eq 3 to calculate a value for k .̂ The 
calculated value differs from the observed value on the average 
by 4.2 and 8.7% in the case III and lib, respectively.

Comparison of the second-order rate constants associated 
with phosphate ion general base for III and lib (Table II) 
reveals that the thiazolium ion with the acidic methyl group 
is 174 times more reactive than the 1-hydroxyethyl ion. This 
value is five times larger (174 vs. 35)16 than that we reported 
for benzothizolium ions reacting with water and formate ion 
bases.16 The larger ratio found in the present study is due in 
part to the presence of the 5-(2-hydroxyethyl) group of lib, 
which is absent from III. This electron-donating group de
creases the reactivity of lib, thereby increasing the magnitude 
of the rate constant ratio. A similar reactivity pattern is found 
for the two carbon acids toward lyate ion. But due to the un
certain value of &od for III, an accurate ratio cannot be cal
culated.

As is the case for benzothiazolium ions,16 the primary reason 
for the diminished reactivity of the 1-hydroxyethyl chain is 
steric inhibition of resonance. Interaction between the hy
droxy group of this chain with the substituent bonded to ni
trogen prevents maximum orbital overlap, resulting in ef
fective delocalization of the electrons from the reactive CH 
bond into the positively charged ring in the transition state. 
The unfavorable interaction leads to an increase in the energy 
barrier and a reduced rate.

Clearly a start has been made, but much yet remains to be 
done to develop our understanding of reactions catalyzed by 
thiazolium ions.

Experimental Section
Rates of hydrogen-deuterium exchange were determined by a 

previously employed NMR method on buffered solutions in D20 .16 
Ionic strength was maintained at 1.0 M using KC1. In the case of fast 
runs on the cyanomethyl substrate, the NMR probe was cooled to 
about 5 °C before analysis in order to minimize continuing isotope 
exchange. Kinetic plots were constructed using the 2:4 group area 
ratio. The pD of solutions was measured at room temperature; owing 
to the slight temperature dependence of the dissociation constant of 
the buffers,17 values are expected to be very similar to those at 75 °C, 
the reaction temperature. The pD was measured before and after each 
run; changes were < 0.1 except in the slowest run for the cyanomethyl 
substrate, where a decrease of 0.16 was recorded. The initial value was 
used.

Equation 3 contains two unknowns, second-order rate constants 
&b and feoD. whose values are determined by treating the four (III) 
or six (lib) values of in Table II as a series of overdetermined si
multaneous equations. Lyate ion concentration is calculated from a 
measured pD and pKv = 13.53 (D20 , 75 °C), while the concentration 
of DPOi2- is given by the product of the total phosphate buffer con
centration and the term KJ([D\ + Ka).

3-Methyl-18 and 3-benzyl-2,4-dimethylthiazolium18 salts were 
prepared by quaternization. 3-(4-Nitrobenzyl)-2,4-dimethylthiazo- 
lium bromide, mp 203-205 °C, was made by the method used to 
synthesize the chloride.19 Anal. Calcd for CnHuBrN20 2S: C, 43.78; 
H, 3.98; H, 8.51. Found: C, 43.84; H, 3.99; N, 8.45. Similarly, the 3- 
cyanomethyl salt was prepared from 2,4-dimethylthiazole and cya
nomethyl chloride; it was isolated as the perchlorate; mp 225-227 °C 
dec. Anal. Calcd for C7H9CIN2O4S: C, 33.27; H, 3.59; N, 11.09. Found: 
C, 33.47; H, 3.63; N, 10.95. 2-(l-Hydroxyethyl)-3,4-dimethyl-5-(2- 
hydroxyethyl)thiazolium iodide was made from acetaldehyde and the 
2-unsubstituted thiazolium iodide20 by the method used to prepare 
2-(l-hydroxyethyl)thiamin.21 The yield of crude product was 64%; 
repeated recrystallization from methanol-ethyl acetate gave pure 
product, mp 106-107 °C (lit.22 mp 109°).

p jfa o f 2-Methyl-4-amino-5-(aminomethyl)pyrimidine Di
hydrochloride. A 2.00 X 10-3 M solution of the title compound 
(Aldrich) was titrated potentiometrically with 0.0467 M KOH at 25.7 
°C using a radiometer TTT-1C titrator. Data were treated according 
to the method of Albert Serjeant;23 although overlap is minor, the data 
were analyzed on the assumption that the two ionization steps do 
overlap. No correction was applied to reflect changing ionic strength;

corrections would modify pK a values by <0.1. Five determinations 
gave p/71 (ring) 4.85 and pK2 (side chain) 8.01. Literature values in
clude 7.1,24 8.4,6 and 8.6.7

Control Runs. In order to determine whether D20  might catalyze 
hydrogen exchange the 3-methyl and 3-benzyl substrates were heated 
for 127 h in 0.1 M DC1 (ionic strength 1.0 M) at 75 °C. Approximately
2.5 and 7.7% deuteration took place at the 2-methyl group of each, 
respectively. This sets as upper limits to the rate constants values of
5.6 X 10~8 and 1.8 X 10-7 s_1, respectively. Hence, catalysis by D20  
does not compete significantly with that by acetate ion.

Control runs on the 3-(p-nitrobenzyl) and 3-(cyanomethyl) sub- 1 
strates using acetate buffer in H20  showed no evidence (NMR) of 
degradation after 12 half-lives for the former and after 3 half-lives for 
the latter. Some decomposition of the cyanomethyl compound was 
evident after heating for a period corresponding to 8 half-lives; new 
peaks appeared at higher field.

Samples of lib (G = H; R = CH3) degrade on heating in phosphate 
buffer. Early studies using low concentrations of buffer showed that 
the pD of reaction mixtures decreased substantially with time; 
therefore, kinetic runs were discarded. The use of higher buffer con
centrations minimized the drift in pD. A sample in phosphate-buf
fered H20  gave some evidence (NMR) of substrate decomposition 
after a period of heating at 75 °C, which corresponds to about 2.3 
half-lives for isotope exchange; considerable starting material re
mained after about 6 half-lives. Some of the NMR signals which ap
pear in the sample in H20  are not observed in D20, suggesting H-D 
exchange. Decomposition products were not identified.
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In the search for novel analogues of the naturally occurring 
/3-lactam antibiotics, a large number of modifications have 
been carried out at positions 6 of the penicillins and 7 of the 
cephalosporins.1 With the discovery of a family of the ce- 
phamycins, a renewed effort has been directed at the devel
opment of methods for the introduction of substituents at 
positions 6 and 7 of penicillins and cephalosporins, respec
tively.2

The modifications carried out have reported the intro
duction of alkyl, halogen, alkoxy, hydroxy, and azido groups. 
The naturally occurring amide function has, in turn, been 
converted into amino, amido, imino, and imido groups. We 
report here the first 7-heteroaromatic-substituted cephalo
sporins.

When the tert -butyl esters3 of 7-aminocephalosporanic and
7-aminodesacetoxycephalosporanic acids (1) are treated with
2,5-diethoxytetrahydrofuran4 (2) novel 7-pyrrolocephalos- 
porins (3) are obtained.

In order to test compounds 3 for antibacterial properties, 
it was necessary to remove the tert-butyl ester group. The 
standard procedure for tert -butyl ester hydrolysis required 
acid catalysis. The instability of pyrroles to strongly acidic 
conditions brought about the decomposition of the com
pounds when subjected to trifluoroacetic acid. Even 1 equiv 
of trifluoroacetic acid in chloroform caused immediate and 
extensive decomposition. The tert -butyl ester groups of 3 were

OEt

la, R1 =  H
b, R1 =  OAc

3a, R' =  H; R- =  f-Bu 
b, R> =  OAc; R2 =  f-Bu 

4a, R1 =  R2 =  H 
b, Rl =  OAc; R2= H

successfully removed upon treatment with trimethylsilyl io
dide by the recently reported method of Jung and Lyster.5 The 
great selectivity of this reagent was witnessed by the removal 
of the tert-butyl group of 3a, leaving the acetate group intact. 
The acids 4a,b showed weak antibacterial properties with MIC 
of >100 pg/mL against Streptococcus pneumoniae D137 and 
Streptococcus pyogenes ST 139.

Experimental Section
All new compounds gave satisfactory elemental analyses.
1,1-Dimethylethyl 3[(A cetyloxy)m ethyl]-8-oxo-7 -(l H -

pyrrol-l-yl)-5-thia-l-azabicyclo[4.2.0]oct-2-ene-2-carboxylate 
(3b). To a boiling solution of sodium acetate (0.25 g, 3 mmol) in acetic 
acid (10 mL) was added 7-ACA ieri-butyl ester (la) (1.64 g, 5 mmol) 
followed by 2,5-diethoxytetrahydrofuran (2) (0.8 g, 5 mmol). The 
solution was further boiled for about 1 min and was then poured into 
ice. A yellow solid was obtained which was chromatographed on 15 
g of silica gel eluted with ether to give 250 mg (15%) of 3b: mp 150-153 
°C; IR (KBr) 1765 cm" 1 (/3-lactam); NMR (CDC13) b 1.58 (s, 9), 2.10 
(s, 3), 3.45 (q, 2), 4.7-5.3 (superimposed q and d, 3), 5.91 (d, 1, J = 5 
Hz), 6.78 (t, 2), and 6.80 (t, 2).

1,1-Dimethylethyl 3 -M eth y l-8 -oxo -7 -(lff-p yrro l-l-y l)-5 - 
thia-l-azabicyclo[4.2.0]oct-2-ene-2-carboxylate (3a). The title 
compound was obtained in 46% yield, as described for 3b using the 
appropriate 7-ADCA fert-butyl ester lb: mp 160-161 °C; IR (KBr) 
1765 cm" 1 (/3-lactam); NMR (CDC13) 5 1.60 (s, 9), 2.10 (s, 3), 3.27 (q, 
2), 5.0 (d, 1), 5.79 (d, 1, J Ab = 5 Hz), 6.14 (t, 2), and 6.66 (t, 2).

3-M ethyl-8-oxo-7-(lH -pyrrol-l-yl)-5-thia-l-azabicyclo- 
[4.2.0]oct-2-ene-2-carboxylic Acid (4a). To a solution of 3a (0.8 
g, 2.5 mmol) in 10 mL of dry chloroform was added trimethylsilyl io
dide5 (1 g, 5 mmol). The solution was stirred at room temperature for 
40 min while protected from light and was then poured into 5% 
aqueous sodium bicarbonate. The aqueous phase was washed with 
ethyl acetate, cooled, acidified to pH 3 with dilute hydrochloric acid, 
and extracted with ethyl acetate. The organic phase was dried and 
evaporated to give 4a, 0.3 g (45%), as a yellow powder: IR (KBr) 1750 
cm-1 (/1-lactam); NMR (Me2SO) b 2.02 (s, 3), 3.44 (q, 2), 5.13 (d, 1),
6.0 (t, 2), 6.18 (d, 1, J ab = 5.5 Hz), and 6.64 (t, 2).

3-(Acetyloxy)m ethyl-8-oxo-7(H -pyrrol-l-yl)-5-thia-l-aza- 
bicyclo[4.2.0]oct-2-ene-2-carboxylic Acid (4b). The title com
pound was obtained in 50% yield as described for 4a from the corre
sponding 3b: IR (KBr) 1760 cm-1 (/3-lactam); NMR (Me2SO) b 2.02 
(s, 3), 3.52 (q, 2), 4.8 (q, 2), 5.22 (d, 1), 6.06 (t, 2), 6.36 (d, 1), and 6.69 
(t, 2)

Registry No.- -la, 33610-06-9; lb, 6187-87-7; 2, 3320-90-9; 3a, 
66967-02-0; 3b, 66967-03-1; 4a, 66967-04-2; 4b, 66967-05-3.
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C on ven ien t P rep a ra tion  o f  a ,/3-U nsaturated A ld eh y d es
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A number of methods designed to convert carbonyl com
pounds into homologated a,/3-unsaturated aldehydes have 
been reported.1 All of these techniques possess variable de
grees of utility and indeed have found widespread use. In 1969, 
Nagata2 described the preparation of the phosphonate imine 
1 and its ability to convert carbonyl compounds into a,fl- 
unsaturated aldehydes 2. This process is in effect a combi
nation of the Wadsworth-Emmonsld olefination and the 
Wittig directed aldol condensation. We wish to describe in 
this report a simple and efficient procedure, beginning with 
the N-tert-butylimine of acetaldehyde 3, leading to 2 without 
isolation of any of the intermediates. This method precludes 
the preparation of Nagata’s reagent l ,2 which required three
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Table I. a,ff-U nsa tur a ted Aldehydes 2

carbonyl

R R'

Ph

Ph(CH2)2

0

H

H

H

H

registry
no.

100-52-7

104-53-0

2043-61-0

104-55-2

108-94-1

123-19-3

product

Ph

registry %
no. yield“ 6

70e

33046-84-3 73 d

935-03-5 76°

13466-40-5 67c

1713-63-9 94c

34626-45-4 53c

Ph..c= 0
Ph

563-80-4

1210-39-5 71e

57398-52-4 72f s

0 Isolated yields by distillation or PTLC. 6 All compounds gave satisfactory spectral data and were identical with authentic samples. 
c A. I. Meyers, A. Nabeya, H. W. Adickes, I. R. Politzer, G. R. Malone, A. C. Kovelesky, R. L. Nolen, and R. C. Portnoy, J. Org. Chem., 
38,36 (1973). d K. Hirai and Y. Kishida, Tetrahedron Lett., 2743 (1972) . e J. H. van Boon, P. P. Montijn, L. Brandsma, and J. F. Arens, 
Reel. Trau. Chim. Pays Bas, 84, 31 (1965). f M. Julia and B. Badet, Bull. Soc. Chim. Fr., 1363 (1975). e E/Z ratio, as determined by 
NM R, is 6:4.

O

(EtO)2P

H
C H ,C = N -

1. L D A ,  - 7 8  C

2 . ( E t O ) 2P O C l

“ O; H ,0+

(Et0)2P = 0

steps from commercial materials. Metalation o f 3 with excess 
lithium diisopropylamide followed by  introduction o f diethyl 
chlorophosphate furnished in situ the lithioenam inophos- 
phonate 4. Addition o f the carbonyl components and then an 
aqueous oxalic acid solution afforded, after workup, the 
a,d-unsaturated aldehydes 2 in satisfactory yields (Table I). 
Thus, in a single reaction vessel, starting with the imine 3, the 
entire sequence is carried out to  the final product.

Experimental Section
Cinnamaldehyde, General Procedure for all Aldehydes, 2. To

a cooled solution (-78  °C) of lithium diisopropylamide [from 0.84 mL 
(6.0 mmol) of diisopropylamine and 2.73 mL (6.0 mmol) of butyl- 
lithium in hexane] in 8 mL of tetrahydrofuran was added acetalde
hyde N-tert-butylimine3 (0.4 mL, 3.0 mmol) and the mixture was

stirred for 30 min. Diethyl chlorophosphate (518 mg, 3.0 mmol) was 
added and the solution was stirred at —78 °C for 2 h, allowed to warm 
to —10 °C over a period of 3 h, and recooled to —78 °C. Benzaldehyde 
(0.2 mL, 2.0 mmol) was added to the yellow solution and the mixture 
was stirred for 30 min and allowed to warm to ambient (usually 
overnight). The mixture was then treated with oxalic acid (6 mmol 
in 20 mL of water) and then 20 mL of benzene was added. The two 
phase system was stirred overnight at room temperature and the 
layers separated. The aqueous layer was extracted with ether (2 X 30 
mL) and the organic layers were combined and washed successively 
with 5% oxalic acid, 15% sodium bicarbonate, and brine. Drying 
(K2CO3) and concentration of the organic phase followed by purifi
cation of the residue (distillation or preparative TLC, silica gel, 30% 
ethyl acetate-hexane) gave 185 mg of cinnamaldehyde, 70%.
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C o m m u n i c a t i o n s

Regiospecific Beckmann Rearrangement of
3- Oxo-4-ene Steroid Oximes

Summary: Improved regiospecific Beckmann rearrangement 
of oxime p-toluenesulfonates of testosterone, cholestenone,
4- cholestene-3,6-dione, and 17,17-ethylenedioxy-19-hy- 
droxy-4-androsten-3-one to afford 3-aza-A-homo steroids is 
described.

what more complex. The p-toluenesulfonate 4b, prepared 
from oxime mixture 4a (mp 208-210 °C; 25% syn and 75% 
anti), on treatment with hydrogen chloride in methanol at 50 
°C for 2 h gave the amino lactone 5 in 65% yield, mp 171-172 
°C, and the desired 3-aza lactam 6a in 18% yield, mp 115-118 
°C. The formation of 5 can be explained in terms of an intra
molecular rearrangement induced by 19-hydroxyl participa
tion. When the tosylate mixture 4d was treated with 1% hy-

Sir: In the field of steroids, there is a serious drawback to using 
the Beckmann rearrangement and the Schmidt reaction in 
that they produce a mixture of both possible regioisomers.1“3 
Many Beckmann rearrangements of 3-oxo-4-ene steroid ox
imes (isomeric mixtures) have been carried out using thionyl 
chloride in nonpolar solvents with the yields of 3-aza lactams 
being slightly higher than might be expected from the per
centage of syn isomer in the starting material.4 Oximes which 
consist predominantly of the anti isomer seem to resist rear
rangement under these reaction conditions.5’6 Some other 
experimental approaches have been reported,7-9 but none of 
them are entirely satisfactory. Our present paper deals with 
a new method which involves fast geometrical isomerization 
between syn and anti oxime p-toluenesulfonates in polar 
solvents and preferential rearrangement of the syn isomers 
to 3-aza lactams.

Testosterone oxime (la) prepared in the usual manner 
consists of 33% syn isomer and 67% anti isomer.10 The pure,

isolated isomers are stable in nonpolar solvents, but undergo 
rapid isomerization to the equilibrium mixture when exposed 
to polar solvents containing hydrogen chloride. When the 
oxime mixture was dissolved in chloroform containing 2 molar 
equiv of p-toluenesulfonyl chloride and treated with 15% so
dium hydroxide solution, the hydroxyimino group was sul- 
fonylated specifically while the 17-hydroxyl was not attacked. 
The ratio of geometrical isomers of lb was the same as that 
of starting oxime la. This material was dissolved in methanol 
and then treated with concentrated hydrochloric acid at 50 
°C for 30 min to give the 3-aza lactam 2a in high yield, mp 
293-295 °C (lit.9 282-285 °C). In one experiment where the 
pure geometrical isomers were used, we observed that the syn 
isomer rearranged smoothly at room temperature while the 
anti isomer required higher temperatures to complete the 
rearrangement, each isomer affording 2a in 85-90% yields. 
These results clearly show the efficiency of the isomerization 
where the rate of vinyl migration of the anti isomer is very slow 
compared with alkyl migration of the syn isomer.

Almost the same results were obtained with the choles
tenone oxime mixture lc  (25% syn and 75% anti), which 
yielded 2b in 87% yield, mp 251-253 °C (lit.4e 250-254 °C).

In the case of 19-hydroxy analogue 4, the reaction is some

drogen chloride in acetic acid at 60 °C for 30 min, the acetoxy 
lactam 6b was obtained in 85% yield, mp 202-203 °C. Hy
drolysis of this compound in methanol with potassium hy
droxide at room temperature gave the hydroxy lactam 6a and 
acetylation of 6a gave the acetoxy lactam 6b. The hydroxy 
tosylate mixture 4b gave similar results when the reaction was 
carried out in acetic acid; apparently acetylation of the 19- 
hydroxy group precedes the Beckmann rearrangement.

4-Cholestene-3,6-dione was also subjected to the specific 
rearrangement. Monooxime 7a, prepared from the dione by

treatment with 1 molar equiv of hydroxylamine, consists 
predominantly of the anti isomer (100% after one recrystal
lization to remove a small amount of 6-oxime). It has been 
reported that this oxime did not undergo Beckmann rear
rangement by the known method.5 However, exposure of 7b 
to methanol containing hydrochloric acid afforded only the
3-aza lactam enol ether 8 in 86% yield. Subsequent hydrolysis 
by hydrochloric acid in 2-propanol afforded 3-aza lactam 9 
quantitatively, mp 211-214 °C (lit.6 213-215 °C).

These improved and simple procedures for the Beckmann 
rearrangement may afford a convenient method for the syn
thesis of salamander alkaloids,3 especially cycloneosam- 
andaridine.
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Rapid Vinyl Shifts in Spiro[4.4]polyenes:
Verification of the Rate-Determining Step and the 
Identity of the Migrating Group.

Summary: Pyrolysis studies of 1,2,3,4-tetradeuteriospi- 
ro[4.4]nona-l,3,6-triene (10) show that the 1,5-sigmatropic 
shift proceeds with negligible primary deuterium isotope ef
fect, eliminating a rate-determining H shift in this multistep 
rearrangement. Pyrolysis of l,2,3,4-tetramethylspiro[4.4]- 
nona-l,3,6-triene leads to specific vinyl migration, thereby 
establishing preferential vinyl as opposed to alkyl migration. 
The structure of the pyrolysis product was determined by an 
X-ray diffraction structure determination on a crystalline 
adduct with dimethyl 3,6-dicarboxy-l,2,4,5-tetraazabenzene; 
the adduct is the result of an unprecedented reaction of the 
tetrazine.

Sir: Migratory aptitudes in 1,5-sigmatropic shifts are pres
ently not well understood. Examples suggest that sp2-hybri- 
dized carbon migrates at an especially high rate compared to 
similar saturated carbon substituents.1-3 This is particularly 
dramatic in rearrangements of 1,1-disubstituted cyclopen- 
tadiene derivatives.1’2 We were first attracted to the question 
after observing high rates of unimolecular rearrangement for 
spiro[4.4]nonatetraene (1) and spiro[4.4]nona-l,3,6-triene (2) 
compared to spiro[4.4]nona-l,3,7-triene (3) and spiro[4.4]- 
nona-1,3-diene (4).2 Using a picture in which the transition 
state for carbon shift in compounds 1-4 resembles a carbon 
unit migrating around a cyclopentadienyl radical, we2 and 
others1 have proposed that the rate enhancement (~ 104 for 
1, 103 for 2) is due to ir* (LUMO) of a migrating vinyl sub-

stituent interacting with the HOMO for the cyclopentadienyl 
unit.

Experimental support of this mechanism has been lacking, 
however, due to the fact that the expected first products (5,
6) from rearrangement of 1 and 2 have not been observed or 
trapped; presumably, they rearrange rapidly via 1,5-hydrogen 
shifts to the more stable (observed) isomers, 8 and 9. This 
allows at least two alternate explanations for the high reac
tivity of 1 and 2. First, it might be that the carbon shift (1 —» 
5 and 2 —► 6) is fast and reversible and then the hydrogen shift 
is rate determining.4 Second, it might be that the presence of 
a vinyl group facilitates the migration of the geminal sub
stituent (vinyl for 1, alkyl for 2). With 2, a vinyl shift would 
give 6 and a “ vinyl-assisted” alkyl shift would give 7; both 
products could reasonably produce the observed product, 9, 
via hydrogen shifts. In the present work, we have focused on 
rearrangement of 2 and established that: (1) the hydrogen 
shift is not rate determining; and (2) the vinyl substituent is 
the migrating group.

Since deuterium isotope effects for 1,5-hydrogen shifts in 
substituted cyclopentadienes fall in the range kn/kp =
4.5-7.7,5 a rate-determining hydrogen shift in the rearrange
ment of 2 would mean a substantially slower rate of rear
rangement for the deuterium-labeled analogue 10. Our syn
thesis2 of 2 is not readily amenable to the preparation of 10, 
so we developed a new approach via the reaction7 of the cy
clopentadienyl anion (perdeuterio8) with l,4-dibromo-2- 
(l-methyl-l-methoxyethoxy)butane.9 The initial adduct was 
converted (a. thionyl chloride; b. potassium ferf-butoxide) 
to a mixture of l,2,3,4-tetradeuteriospiro[4.4]nonatriene 
isomers 10 and 11 (92-93% deuterium incorporation by XH 
NMR analysis). The isomers were separated by GLC and

subjected to gas-phase pyrolysis, as described before.2 The 
isomers 2 and 3 were pyrolyzed in a precisely parallel way. 
Comparing rearrangement of 2 and 10 at 95.7 °C showed 
feH/)eD = 1-0 ±  0.1 (average of five runs). Comparing rear
rangement of 3 and 11 at 158.2 °C showed fen/^D = 1-1 ±  0.2 
(average of three runs). Therefore, the rate-determining step 
for rearrangement of 2 and 3 is not the hydrogen shift.

To support the idea that the vinyl group in 2 is migrating 
preferentially, we studied reactions of 1,2,3,4-tetramethyl- 
spiro[4.4]nona-l,3,6-triene (12). This analogue of 2, prepared 
according to the method of Criegee,10 can undergo either vinyl 
migration (to give 13) or alkyl migration (to give 14); isomer
ization via 1,5-hydrogen shift is not available, and the corre
sponding 1,5-methyl shift (in 13 or 14) is expected to have a 
substantially higher activation barrier, perhaps 45 kcal/ 
mol.11

13

14
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Preparative-scale flow pyrolysis2 of 12 at 345 °C (0.04 Torr) 
led to partial conversion to a single product, X; more complex 
mixtures were obtained at higher temperatures. Product X 
was isolated by preparative GLC and found to show ’ H NMR, 
IR, and mass spectral data12 consistent with either structure 
13 or 14. In order to define the structure of X, a crystalline 
adduct (mp 166-166.5 °C) was prepared by reaction (25 °C, 
12 h, dichloromethane solution) with 3,6-dicarbomethoxy- 
tetrazine (15). Our expectation that the adduct arose via 
Diels-Alder reaction, with 15 as the diene component, fol
lowed by loss of dinitrogen13 was supported by the elemental 
composition (C19H24N2O4), but was clearly inconsistent with 
the 1H NMR spectrum of the adduct.14 Therefore an X-ray 
diffraction study was undertaken.

Crystals formed in the triclinic space group P i with a =
8.085 (3), b = 10.326 (4), and c = 12.207 (5) A, a = 109.83 (1), 
d = 88.53 (1), and b = 109.70 (1)°, and one molecule of 
C19H24O4 in the asymmetric unit. A total of 2379 unique in
tensity data (26 <114°, Cu K„ radiation) were measured and 
1530 (64%) were judged observed after correction for Lorentz, 
polarization, and background effects. Solution via a weighted, 
multiple solution sign determining procedure15 and refine
ment16 were uneventful. The final crystallographic residual 
is 0.095 for the observed reflections and metric details agree 
well with generally accepted values.17 The structure of the 
adduct is 16.

While 16 is formally the [4 + 2] adduct (loss of dinitrogen) 
of tetrazine 15 with the exo-methylene isomer (17), the actual 
mechanim of the formation of 16 is not clear. It is clear that 
the structural relationship between the isolated double bond 
(C2-C 3) and the quaternary methyl group (at Ci) is the same 
in 13 and 16. There remains the possibility, however, that the 
isolated double bond started out as in 14 and migrated to the 
observed position in 16 during reaction with the tetrazine. The 
fact that the saturated analogue18 18 reacts with tetrazine 15 
in a precisely parallel way (to give 19)20 shows that the isolated 
double bond in 13 is not necessarily involved in this type of 
reaction.

Further evidence for the structure of X  was provided by 
rational synthesis. Reaction of 2-methylcyclohex-2-en-l-one 
with chlorotrimethylsilane and triethylamine in dimethyl- 
formamide at reflux led to a mixture of sensitive products, 
tentatively characterized as enol ethers 20 and 21. Reaction

on the central question: Why does the vinyl group migrate
easily?22
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of this mixture with 2-nitro-l-butene according to the method 
of Yoshikoshi,19 followed by aldol condensation, led to a single 
distillable product (22) in low overall yield.20 Méthylation of 
the kinetic enolate anion of 22, followed by addition of 
méthylmagnésium bromide and spontaneous elimination of 
water, afforded a hydrocarbon identical21 with the pyrolysis 
product (X = 13).

We conclude that 1,5-vinyl shifts are favored over 1,5-alkyl 
migrations in the spirocycles, and that subsequent hydrogen 
shifts are not rate determining. It is now appropriate to focus
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Homologation-Alkylation of Carbonyl Compounds via 
Regiospecifically Generated Métallo Enamines

Summary: A novel and efficient synthetic strategy for ef
fecting the geminal substitution at a carbonyl center has been
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developed which features a one-pot procedure for the re- 
giospecific conversion of carbonyl compounds into the metallo 
enamines of the homologous aldehydes or ketones via inter
mediate 2-aza dienes; subsequent trapping of these metallo 
enamines with a variety of electrophiles occurred with a high 
degree of regioselectivity.

Table I. Homologation-Alkylation of Carbonyl 
__________________ Compounds 1_____________________

carbonyl phos- electro- overall
compd phonate phile_______product_____yield, %°

CHO
~  .CHO I

Sir: The nucleophilic properties of enamines,1 enolates,2 and 
metallo enamines3’4 have long played a commanding role in 
processes involving the formation of new carbon-carbon bonds 
by alkylation, hydroxyalkylation, and acylation reactions. 
Since most of the procedures for the generation of these im
portant synthetic intermediates commence with the corre
sponding aldehyde, ketone, or a suitable derivative thereof, 
the use of these nucleophiles in organic synthesis is restricted 
by the availability of the parent carbonyl compound. Unfor
tunately, the requisite carbonyl compounds are not always 
readily accessible, and therefore the development of an effi
cient procedure for the regioselective construction of enam
ines, enolates, or metallo enamines by the carbonyl olefination 
of less complex aldehydes or ketones, 1 —► 2, would constitute 
an important addition to the arsenal of synthetic reactions. 
If these carbonyl derivatives were subsequently treated in situ 
with assorted electrophiles, the «-substituted, homologous 
carbonyl compounds 3 would be produced. The combination

/R 1 /R> R3i h0 ̂  1 H ^
'R 2 'R 2 X

1 2, X =  R4,N, 0 “ ,
R4N -

/R 1 COR3X
VR2 E

3

of these two steps in tandem would result in a simple process 
for geminal substitution via a sequence that features the initial 
nucleophilic acylation5 of a carbonyl compound, followed by 
the formation of an additional carbon-carbon or a carbon- 
heteroatom bond at the original electrophilic center.

In accordance with this general strategy, we have recently 
described an approach to geminal alkylation in which ketones 
were converted directly into the enamines of the homologous 
aldehydes, 1 -*■ 2 (R3 = H; X = R42N).6-8The subsequent re
action of these enamines with a variety of electrophiles, in
cluding allyl bromide,6 methyl vinyl ketone,7 and 2,3-dibro- 
mopropene,8 resulted in several effective procedures for the 
formation of quaternary carbon centers.9 Enamines are, 
however, relatively weak nucleophiles which may also suffer 
irreversible N-alkylation, and thus there are some inherent 
limitations in the above methods which may attenuate their 
general application in organic synthesis. On the other hand, 
since metallo enamines exhibit a high reactivity toward elec
trophiles coupled with a low propensity to suffer proton 
transfer, they are frequently superior to both enamines and 
enolates for the introduction of new substituents a to a car
bonyl group. In order to circumvent the limitations attendant 
to our previous procedures for the geminal alkylation of a 
carbonyl group involving enamines as the key intermedi
ates,6-8 we initiated a search for an efficient means of trans
forming aldehydes or ketones into metallo enamines by car
bonyl homologation operations.10 As a result of these inves
tigations, we have discovered a facile, one-pot procedure for 
the homologation-alkylation of carbonyl compounds via 
metallo enamine intermediates, 1 -*■ 2 (X  = R4N~) - »  3.

This new strategy for carbonyl homologation with a sub
stitution (Scheme I) was based upon the prediction that the 
2-aza dienes 6 would react smoothly with organometallic re
agents such as n-butyllithium to give the metallo enamines 
7.11 The synthesis of the requisite 2-aza dienes 6 (R3 = H) was 
easily achieved by allowing diethyl lithio-JV-benzylidene- 
aminomethylphosphonate,j prepared |by metalation of 412

la

Id

If

4 CH2=C - 51
HCHoBr

8c
CHO

Mel 8d.E-Me‘ 63
CH2=C- 8e. E=CH .CH =CH * 51

HCH2Br
(MeS)2 8f. F. = SMe‘ 40

CHO

Mel 8h, E = Me 77
CH2= C -8i- e = ch,ch= ch2 81

HCH2Br

9c
“ Yields are of distilled product, but have not been optimized. 

6 Obtained as a mixture of diastereomers.

Scheme I

( EtOXPCH N=CH Ph
'  I

R3
4, R3 = H
5. R;i = Me

,R‘ R3
1 . n BuLi I  \ /
2. 1 \ /  \

3R2 N=CHPh

cR1 COR3— i K /-7 (̂X
'R2 N— ^ 'R2 : E

8, R3=H
9, R3 = Me

with n-butyllithium, to react with aldehydes or ketones l .13 
Although the 2-aza dienes 6 (R3 = H) could be isolated, it was 
more convenient and efficient to treat them in situ with n - 
butyllithium at -7 8  °C, thereby generating the metallo ena
mines 7 (R3 = H). Subsequent addition of various electro
philes such as methyl iodide, allyl bromide, or methyl disulfide
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followed by aqueous acid completed the synthetic sequence, 
affording the aldehydes 8 (E = Me, CH2=CHCH2, and MeS, 
respectively) in generally good to very good overall yields 
(Table I).14

An important variant of the above method entails the use 
of homologous N-benzylideneaminoalkylphosphonates such 
as 5.15 For example, treatment of cyclohexaneearboxaldehyde 
( la )  with the anion obtained by metalation of 5, followed by 
the sequential addition of n-butyllithium, methyl iodide, and 
then aqueous acid cleanly produced the methylated ketone 
9a. Since the methyl ketone 9a appeared to be formed exclu
sively, the generation and trapping of the metallo enamines
7 (R3 = Me) occurred with a high degree of regioselectivity. 
The attainment of a similar degree of regiocontrol in the 
production of metallo enamines such as 7 (R3 = alkyl) by the 
simple deprotonation of the corresponding ketimines is not 
generally feasible. Thus, by appropriately varying the carbonyl 
precursor and the alkyl substituent on the phosphonates 4 (R3 
= alkyl), it should now be possible to effect the regioselective 
generation and trapping of e ith e r  of the two possible metallo 
enamines of an unsymmetrical, acyclic ketone.

The efficiency and particular ease with which the entire 
reaction sequence may be executed in one pot is illustrated 
by the following general procedure. A solution of diethyl N -  
benzylideneaminomethylphosphonate (4)12 (12.0 mmol) in 
anhydrous THF (5 mL) was added to a stirred solution of 
n-butyllithium (12.0 mmol, 3.3 N hexane) in anhydrous THF 
(50 mL) at —78 °C. After 1 h, a solution of the carbonyl com
pound 1 (10.0 mmol) in anhydrous THF (5 mL) was added, 
and the reaction mixture was allowed to warm to room tem
perature. After heating the reaction at reflux for 3 h, the so
lution of 2-aza diene was cooled to —78 °C, whereupon n- 
butyllithium (20.0 mmol, 3.3 N hexane) was added. The re
action mixture was stirred at —78 °C for 1 h, the resulting 
metallo enamine was treated with the appropriate electro
philic reagent (50.0 mmol), and the mixture was then allowed 
to warm to room temperature. Following the hydrolysis of the 
intermediate imine with 1 N hydrochloric acid (2 h at room 
temperature), extractive workup afforded the crude product
8 or 9, which was purified by vacuum distillation.

As clearly evidenced by the entries in Table I, this new 
synthetic strategy for the efficient homologation-alkylation 
of the carbonyl function via metallo enamines, some of which 
were heretofore inaccessible, is applicable to a variety of car
bonyl compounds and alkylating agents. Furthermore, these 
intermediate metallo enamines may also be sulfenylated to 
give ,8-oxo sulfides, which are known precursors of, inter alia, 
o,/8-unsaturated carbonyl compounds16 and 1,2-dicarbonyl 
compounds.17 The applications of this procedure for geminai 
substitution to other synthetic transformations, including 
annelation operations and directed aldol processes, are under 
active investigation and will be reported independently. The 
feasibility of extending this methodology to the enantiose- 
lective construction of quaternary carbon centers is also being 
examined.

A cknow ledgem ent. We wish to thank the Robert A. Welch 
Foundation, the Donors of the Petroleum Research Fund, 
administered by the American Chemical Society, and the 
University Research Institute of the University of Texas at 
Austin for their generous financial support.

Supplementary Material Available: Characterization of all new
compounds together with representative experimental details (3 
pages). Ordering information is given on any current masthead 
page.

R e fe re n ce s  and N otes

(1) (a) G. Stork, A. Brizzolara, H. Landesman, J. Szmuszkovicz, and R. Terrell, 
J. Am. Chem. Soc., 85, 207 (1963); (b) for comprehensive reviews of 
enamine chemistry see, “Enamines; Synthesis, Structure, and Reactions",

A. G. Cook, Ed., Marcel Dekker, New York, N.Y., 1969, and M. E. Kuehne, 
Synthesis, 510 (1970).

(2) For a survey of the reactions of enolates, see in FI. O. Flouse, “ Modern 
Synthetic Reactions", 2nd ed, W. A. Benjamin, Menlo Park, Calif., 1972, 
Chapters 8, 9, 10.

(3) (a) G. Stork and S. Dowd, J. Am. Chem. Soc., 85, 2178 (1963); (b) G. Wrttig, 
H. D. Frommeld, and P. Suchanek, Angew. Chem., 75, 978 (1963); Angew. 
Chem., Int. Ed. Engl., 2, 683 (1963); (c) G. Wittig and H. Reiff, Angew. 
Chem., 80, 8 (1968); Angew. Chem., Int. Ed. Engl., 7, 7 (1968), and ref
erences cited therein.

(4) For other recent examples of the synthetic utility of metallo enamines, see
(a) D. A. Evans, J. Am. Chem. Soc., 92, 7593 (1970); (b) G. Stork and J. 
Benaim, ibid., 93, 5938 (1971); (c) G. Wittig, S. Fischer, and M. Tanaka, 
Justus Liebigs Ann. Chem., 1075 (1973); (d) P. F. Hudrlik and C. N. Wan, 
J. Org. Chem., 40, 2963 (1975); (e) T. Cuvigny, M. Larcheveque, and FI. 
Normant, Justus Liebigs Ann. Chem., 719 (1975); (f) J. F. Le Borgne, T. 
Cuvigny, M. Larcheveque, and FI. Normant, Tetrahedron Lett., 1379 (1976);
(g) G. R. Kieczykowskl, R. FI. Schlessinger, and R. B. Sulsky, ibid., 597
(1976) ; (h) A. I. Meyers, D. R. Williams, and M. Druelinger, J. Am. Chem. 
Soc., 98, 3032 (1976); (i) J. K. Whitesell and M. A. Whitesell, J. Org. Chem., 
42, 377 (1977); (j) R- M. Jacobson, R. A. Raths, and J. H. McDonald, ibid., 
42, 2545 (1977); (k) P. A. Wender and M. A. Elssenstat, J. Am. Chem. Soc., 
100, 292 (1978); (I) S. I. Hashlmoto and K. Koja, Tetrahedron Lett., 573
(1978); (m) P. A. Wender and J. M. Schaus, J. Org. Chem., 43, 782
(1978).

(5) For a review of nucleophilic acylation, see O. W. Lever, Jr., Tetrahedron, 
32, 1943(1976).

(6) S. F. Martin and R. Gompper, J. Org. Chem., 39, 2814 (1974).
(7) S. F. Martin, J. Org. Chem., 41, 3337 (1976).
(8) S. F. Martin, T. S. Chou, and C. W. Payne, J. Org. Chem., 42, 2520

(1977) .
(9) For examples of other approaches to the conversion of ketones to qua

ternary carbon centers, see (a) B. M. Trost, M. J. Bogdanowicz, and J. Kern, 
J. Am. Chem. Soc., 97, 2218 (1975); (b) B. M. Trost, M. Preckel, and L. M. 
Lelchter, ibid., 97, 2224 (1975); (c) E. Nakamura and I. Kuwajlma, ibid., 
99, 961 (1977); (d) B. M. Trost, D. E. Keeley, FI. C. Arndt, and M. J. Bogda
nowicz, ibid., 99, 3088 (1977); (e) D. A. Evans, C. L. Sims, and G. C. An
drews, ibid., 99, 5453 (1977); (f) E. J. Corey and D. L. Boger, Tetrahedron 
Lett., 5, 9, 13 (1978); (g) ref 6 and references cited therein.

(10) For a review of homologations of carbonyl compounds, see S, F. Martin, 
Synthesis, in press.

(11) Subsequent to the completion of this work another application of this 
strategy to the synthesis and regioselective trapping of metallo enamines 
was reported.41*

(12) R. W. Ratcllffe and B. G. Christensen, Tetrahedron Lett., 4645 (1973).
(13) During the course of this investigation several other syntheses of 2-aza 

dienes appeared: (a) A. Dehnel, J. P. Flnet, and G. Lavielle, Synthesis, 474
(1977); (b) T. Kauffmann, U. Koch, F. Stelnselfer, and A. Vahrenhorst, 
Tetrahedron Lett., 3341 (1977); (c) T. Kauffmann, FI. Berg, E, Koppelmann, 
and D. Kuhlmann, Chem. Ber., 110, 2659 (1977).

(14) All compounds were adequately characterized by spectral methods (IR, 
NMR, MS) and all new compounds gave satisfactory high-resolutlon mass 
spectral and/or combustion analytical data.

(15) Prepared In 75% yield from 4 by the sequence of metalatlon-methyl- 
ation.

(16) C.f., B. M. Trost, T. N. Salzmann, and K. Ffiroi, J. Am. Chem. Soc., 98, 4887 
(1976).

(17) B. M. Trost and G. S. Masslot, J. Am. Chem. Soc., 99, 4405 (1977).

Steph en  F. M artin ,*  G era ld  W . P h illip s
D ep a rtm en t o f  C h em istry  

T he U n iversity  o f  T exa s at A u stin  
A u stin , T exa s 78712  

R eceived  M a rch  2 8 ,1 9 7 8
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A lk y la tion  o f  l-(P h en yIseIen o)a Ik en es and 
B is(p h en y lse len o ) A ce ta ls1

S u m m ary : A readily prepared, nonnucleophilic, strongly basic 
mixture of potassium diisopropylamide-lithium tert -butoxide 
(KDA) rapidly deprotonates both l-(phenylseleno)alkenes
(1) and bis(phenylseleno) acetals (3); in contrast, neither 
lithium diisopropylamide nor potassium bis(trimethylsilyl)- 
amide were able to deprotonate these compounds at a per
ceptible rate. The deprotonation-alkylation of both 1 and 3 
is described.

S ir : Nonnucleophilic, strong bases such as lithium diisopro
pylamide (LDA) have been of invaluable utility in organic 
chemistry.2 Although the r a te  of deprotonation of weakly 
acidic compounds may be changed by several orders of mag
nitude simply by altering the cation accompanying the amide
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Table I. Products and Yields fo r  the a-D eprotonation  
Alkylation o f  l-(P henylseleno)alkenes

Table II. Products and Yields fo r  A lkylations o f

entry R R' electrophile“ %  yield 2 b entry R electrophile“ %  yield 4 6
R( SePh R' SePh RCHISePh), R'X --------• RirOSePht,X R "X  — * w a c h 3 c h 3i 98
R H R/  R" b c h 3 rc-C4H9i 95

a H H c h 3i 98 c c h 3 (CH3)2CHI 70“
b H H tt-CioH2iBr 94 d c h 3 n-C 10H2iBr 95
c n-C4Hg“ H c h 3i 85 e c h 3 PhCH2Br 88
d H n-C4Hq c h 3i 85 f (CH3)2CH PhCH2Br 71
e (CH3)2CH h c h 3i , 80 g n-Uioti2i PhCH2Br 98
f (CH3)2CH h n-CioH2iBr 88 u

II
R'CR" —R( SePh 0  d,

II \
R "C R "' — »  O  

K

SePh RCH(SePh), RTTCOH

= c \
0<OH)R"R'"

h c h 3 CH3COCH3
RC(SePh),

77
g H H (CH3)2CHCHO 92 i c h 3 2-cyclohexenone 76 d
h H H 2-cyclohexenone 80 d j c h 3 (CH3)2CHCHO 90
i (CH3)2CH h (CH3)2CHCHO 95 k (CH3)2CH (CH3)3CHCHO 63

v r \
epoxide —► C 

R

SePh

= (\

1 n-CioH2i (CH3)2CHCHO
0

/  \

84

K H CH.CH.OH RCHISePh)a R'CH—CHR' —* R'CHfOfOCHR'

RllsePhl,j H H ethylene oxide 92

“ 1.05-1.2 equiv of electrophile/equiv o f 1. ^Isolated yields, see m c h 3 ethylene oxide 82
ref 14. “Starting material contained <10% o f (Z)-l-(phenylsel- n n-C ioH2i cyclohexene oxide 91
eno)hexene. dl,2  addition product.

Scheme I

° 1.05-1.2 equiv o f electrophile/equiv o f bis(phenylseleno) ac
etal. iso la ted  yields, see ref 18. “~20% l,l-bis(phenylseleno)- 
ethane recovered. dl,2-Addition product.

R'^ c= _ c ^ SePh 1. KDA
X H  2. electrophile

1

^-SePh

X E
2

base,3 the majority of synthetic applications have involved 
lithium salts.4

We now wish to report that a readily prepared mixture of 
potassium diisopropylamide -lithium t e r t -butoxide (KDA) 
rapidly a-deprotonates5 l-(phenylseleno)alkenes (l);6-7 in 
contrast, neither lithium diisopropylamide nor potassium 
bis(trimethylsilyl)amide were able to deprotonate 1 at a per
ceptible rate.9

KDA may be prepared by the addition of diisopropylamine 
to a mixture of n,-butylpotassium-lithium ferf-butoxide10 in 
hexane at 0 °C. Although it is possible to prepare n-butylpo- 
tassium free of lithium alkoxides,11 their presence has no 
detrimental effect on the deprotonation of 1. Alternatively, 
KDA may be prepared with comparable results by the addi
tion of n-butyllithium to a solution of potassium te r t -butoxide 
and diisopropylamine in THF at —78 °C.12

The selenium-stabilized carbanions derived by KDA a  
deprotonation of l-(phenylseleno)alkenes (1) react rapidly13 
with a variety of electrophiles including primary alkyl halides, 
epoxides, aldehydes, and ketones (Table I).14 The deproton
ation-alkylation occurs with retention of stereochemistry 
about the double bond (entries c-f, i). Carbonyl compounds 
which contain a  hydrogens undergo nucleophilic addition 
rather than enolate formation (entries g-i); 2-cyclohexenone 
undergoes 1,2 addition (entry h).

The readily available l-(phenylseleno)alkenes l6 may be 
utilized as acyl carbanion equivalents by conversion to 2 fol
lowed by hydrolysis15 to the corresponding carbonyl com
pounds (Scheme I).

Although LDA is unable to deprotonate bis(phenylseleno) 
acetals 3 (R = alkyl) at a perceptible rate,16’17 KDA rapidly 
deprotonates 3 at —78 °C. The resulting selenium-stabilized 
carbanions react smoothly with primary and secondary alkyl 
halides, aldehydes, ketones, enones, and epoxides to give 4 in 
high overall yield (Scheme II, Table II).18 It is noteworthy that 
carbonyl compounds which contain a-hydrogens undergo

Scheme II
PhSe. R 

PhSe"'' X

1. KDA PhSe.
>

PhSe^¿ electrophile

3 4

-R

"E

nucleophilic addition rather than enolate formation (entries 
h-1). Not surprisingly, 2-cyclohexenone undergoes 1,2 addition 
(entry i).

Bis(phenylseleno) ketals (4) may be utilized in a number 
of valuable synthetic transformations.19 In addition, hydrol
ysis of 4 to the corresponding carbonyl compounds occurs 
readily under extremely mild conditions (2 equiv of CuCl2, 4 
equiv of CuO, 99% acetone, 0 °C, 30 min).20 For example, 4e 
gave phenylacetone (86%), 4g gave l-phenyl-2-dodecanone 
(90%), and the benzoate ester of 4m gave 4-benzoyloxy-2- 
butanone (85%).

We believe that KDA will prove to be extremely useful as 
a nonnucleophilic, strong base for the rapid deprotonation of 
weakly acidic compounds,9 and we are currently investigating 
the use of KDA for the formation of other selenium-stabilized 
carbanions.21
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Allylation of Quinones with Allyltin Reagents.
New Synthesis of Coenzyme Qi and Plastquinone-11

Summary: Lewis-acid catalyzed allylation of p-benzoquinone 
with allyltributyltins is examined; coenzyme Qi and plast- 
quinone-1 are prepared in good yields.

Sir: Prenylated quinones, which are widely distributed in 
nature, play an important role in the life of living things, e.g., 
in electron transport, oxidative phosphorylation, and blood 
clotting.2 Regiospecific and direct introduction of the prenyl 
group into a quinone ring has been a challenging subject for 
organic chemists. So far, the direct introduction of an allyl or 
prenyl group into the quinone ring has met limited success,4 
though the successful allylation of protected quinones has 
been attained.3

In this communication, we wish to report on the successful 
direct introduction of the prenyl group into the quinone ring 
using allyltributyltin reagent. With our procedure regiospe
cific synthesis of coenzyme Qi (4) and plastquinone-1 (5) was

0 I
C H ,0

3 1  TCH 3 0  CH 3

o

t  Ji

successfully accomplished. Typically the reaction was carried 
out by dropwise addition of an allyltributyltin (2) (2 mmol) 
to a dichloromethane solution (10 mL) of quinone (1) (1 mmol) 
and BF3-OEt2 (1 mmol) under N2 at —78 °C. After addition 
was completed, the temperature of the reaction mixture was

Scheme I

0 R1 R2 1 /+ Bu7SnCH C=C
V

a, b
OH

h
0 VOH
1 2a, R1=R2=R3=H £

i /  -CH2C=Ĉ

c, R =H, R =R =CH,„ I ? Jd, R =H, R =eis-CH, 3 2'2N-HC1
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Table I. Allylation of Quinones with Allyltributyltin
quinone allyltin product“ % yield5

p-benzoquinone 2a allylbenzoquinonec 66 (85)
p-benzoquinone 2b (2-methyl-2-propenyl)benzoquinonec 45
p-benzoquinone 2c (3-methyl-2-butenyl)benzoquinonec 55
p-benzoquinone 2d geranylbenzoquinone c-d 58
2,3-dimethylbenzoquinone 2a 5-allyl-2,3-dimethylhydroquinone 72
2,3-dimethylbenzoquinone 2c 2,3-dimethyl-5-(3-methyl-2-butenyl)hydroquinone 61
2,5-dimethylbenzoquinone 2a 3-allyl-2,5-dimethylhydroquinone 90
2,5-dimethylbenzoquinone 2c 2,5-dimethyl-3-(3-methyl-2-butenyl)hydroquinone 69
2,6-dimethylbenzoquinone 2a 3-allyl-2,6-dimethylhydroquinone 82
2,6-dimethylbenzoquinone 2c 2,6-dimethyl-3-(3-methyl-2-butenyl)hydroquinone 70
trimethylbenzoquinone 2a allyltrimethylhydroquinone 37
trimethylbenzoquinone 2c trimethyl(3-methyl-2-butenyl)hydroquinone 35
2,5-di-teri-butylbenzoquinone 2a 2-allyl-6-fert-butylhydroquinone 36
2,3-dimethoxy-5-methylbenzoquinone 2a 2-allyl-5,6-dimethoxy-2-methylbenzoquinonec 61
2,3-dimethoxy-5-methylbenzoquinone 2c coenzyme Qi(4)c 75
1,4-naphthoquinone 2a 2-allyl-l,4-naphthoquinonec 42
2-methoxy-l ,4-naphthoquinone 2a l-allyl-l-hydroxy-5-methoxy-4-naphthalenone (6) 90
2,6-dimethoxybenzoquinone 2a 4-allyl-4-hydroxy-3,5-dimethoxycyclohexan-2,5-dien-l-one (7) 52

“ Characterized by infrared, NMR, and mass spectra, and elemental analysis. 5 Yield in parentheses determined by GLC; all others 
are of purified products after isolation based on quinone.c Products after oxidation with silver oxide or ferric chloride. d Stereochemistry 
at A2, cis/trans 7:93.

Scheme II

gradually elevated to room temperature within 1 h. The re
action was quenched by the addition of 2 N hydrochloric acid 
and crude products were extracted with ether. The ethereal 
extract was usually worked up and precipitated allylhydro- 
quinone was purified by recrystallization from ether-hexane. 
In the cases of air-sensitive allylhydroquinones, the ethereal 
extract was immediately treated with an amount of ferric 
chloride solution to give allylated quinones, which were pu
rified by preparative thin-layer chromatography on silica gel 
(developing solvent: 4:1 hexane-ether mixture). The products 
and their yields are summarized in the Table I.

The yield of the present allylations is high and the gener
ality is obvious. The characteristics of our reaction are: (i) 
allylation occurs at the nonsubstituted site of the quinone ring 
with the exception of 2,5-di-fert-butylbenzoquinone; (ii) the 
prenyl group is introduced into the quinone ring without al- 
lylic isomerization; and (iii) the fair yields (61-90%) are not 
affected by the presence of two methyl groups on the quinone 
ring, but the allylations of trimethylbenzoquinone using 2a 
and 2c give rather unsatisfactory yields (35-37%). When our 
procedure was applied to the synthesis of coenzyme Qi and 
plastquinone-1, the attained yields reached to 75 and 61%,6 
respectively. Hitherto coenzyme Qi was prepared from 2,3- 
dimethoxy-5-methylbenzoquinone with the use of 7r-allyl- 
nickel complex, but in an unsatisfactory yield (26%) with lack 
of regioselectivity.4c’7 Coupling reactions between the ir-al- 
lylnickel complex and the protected quinone have also been 
reported to yield coenzyme Qi in an overall yield of ~ 20% via 
eight steps.3b In contrast, our procedure gives a single product 
in a fairly high yield accompanied by no regioisomers, and 
excludes several disadvantages observed in other allylations 
of quinones.8

Though the mechanism of the present allylation remains 
to be clarified, the present results are reasonably explained 
by either of two possible routes (paths a and b, see Scheme II). 
However, path a seems to be less probable, for in the allylation 
of l,3-diphenyl-2-propen-l-one 3-methyl-2-butenyltributyltin 
(2c) adds to it to give 4,4-dimethyl-l,4-diphenyl-5-hexen-
1-one.9 In addition, the allylation of 2-methoxynaphthoqui- 
none and 2,6-dimethoxybenzoquinone gives stable quinols, 
6 and 7, which also supports the path a.

c h 3

0

£  l

Together with its easy accessibility,5 allyltin reagents are 
a promising allylating reagent of the quinone ring.10’11 The 
scope and the detailed mechanism of the reaction are under 
investigation.
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Synthesis of (6JÏ)- and
(G S V G W -O x y -ll.lS -d ih y d ro x y p ro sta -T .lS -d ie n o ic  
Acids [(6i£)- and (6S)-A7-PGIj]: Nonidentity 
with the Proposed Arachidonic Acid Metabolite

Summary: This report describes the chemical synthesis of 
(6R)- and (6S)-A7-PGI1; the spectral properties of the syn
thetic material were entirely different from those reported by 
Pace-Asciak and Wolfe for their proposed biosynthetic ara
chidonic acid metabolite.

Sir: In 1971, Pace-Asciak and Wolfe1 reported the formation 
of two novel prostanoic acid derivatives during the incubation 
of arachidonic acid with rat stomach homogenates. The 
structure of the major component was assigned as 6(9)-oxy- 
ll,15-dihydroxyprosta-7,13-dienoic acid (1) and the minor 
component as 6(9)-oxy-ll,15-dihydroxyprosta-5,13-dienoic 
acid (2). The structural assignments of 1 and 22 were based

on mass spectrometric evidence and products derived from 
oxidative ozonolysis. The recent discovery3 of prostacyclin 
(PGI2), the 5Z isomer of 2,4“6 has revived interest in this area 
of prostaglandin research.7“9 In view of the finding that PGI2 
is rapidly hydrolyzed to 6-oxoprostaglandin Fja at pH’s as 
high as 7.6,4 the isolation of 2 under the acidic conditions 
employed1 must be regarded as unlikely. However, the exis
tence of a structurally related 6(9)-oxy-ll,15-dihydroxypro- 
sta-7,13-dienoic acid (I, A7-PGIi) cannot be excluded on this 
basis. In this communication we describe a chemical synthesis 
of (6/2)- and (6S)-A7-PGIi and compare the nuclear magnetic 
resonance and mass spectrometric properties of our synthetic 
material to those reported by Pace-Asciak and Wolfe for their 
alleged biosynthetic metabolite.

Reaction of the ll,15-bis(dimethyl-iert-butylsilyl) lactone

Scheme I

9, R = C H =C H 2 
10, R = CH2CH2OH

1 1 , R = S i^

12, R = H

13, R = H
14, R = CH3

3 in tetrahydrofuran (THF) with 1.1 equiv of lithium diiso- 
propylamide (—78 °C, 15 min) and treatment of the resulting 
enolate with 1.3 equiv of PhSeCl for 20 min at -78  °C afforded 
the 7-phenylselenenyl lactone 4 in 90% yield (Scheme I).10 
Exposure of lactone 4 in CH2CI2 to 10% aqueous H20 2 (10 
equiv, room temperature for 1 h) gave via phenyl selenoxide 
elimination the a,/?-unsaturated lactone 5 [mp 36.5-38 °C; UV

0022-3263/78/1943-3798$01.00/0 © 1978 American Chemical Societv
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Figure 1. Mass spectra of synthetic 14 (trimethylsilyl ether methyl 
ester derivative) and 13 (trimethylsilyl ether trimethylsilyl ester de
rivative).

(EtOH) 217 nm (« 13 950)]. Addition of lactone 5 in EtOH to 
a solution of phenylselenenyl anion (generated in situ from
1.2 equiv of PhSeSePh and NaBH4 in EtOH) yielded the 8- 
phenylselenenyl lactone 6 ( R f  values observed on silica gel 
TLC plates with ethyl acetate-benzene, 50:1, as solvent: 0.49 
for 4 and 0.42 for 6). The lactol 7 was obtained by reduction 
of lactone 6 in toluene with diisobutylaluminum hydride (1.2 
equiv, —78 °C for 20 min). Alkylation of lactol 7 in ether with
4-pentenylmagnesium bromide (3-4 equiv, 0-5 °C for 1.5 h) 
afforded the 6,9-dihydroxy olefin 8 (63% yield overall from 4). 
The formation of the 6,9-epoxy linkage from diol 8 was 
achieved either with 5 equiv of p-toluenesulfonyl chloride in 
pyridine at 40 °C for 48 h, or with 2 equiv of methanesulfonyl 
chloride and 5 equiv of EtsN in CH2C12 at -7 8  °C for 5 min. 
In each instance, the (6S)-6,9-epoxy isomer 9 was obtained 
as the exclusive 6,9-cyclized product.11 The stereochemical 
assignment of 9 was made from the experiments later dis
cussed. Conversion of 9 to (6S)-A7-PGI1 (13) was accom
plished (50% overall yield) by the sequence: (a) hydroboration 
of 9 with 9-borobicyclo[3.1.1]nonane12 followed by careful 
oxidative workup furnished the C-l primary alcohol 10; (b) 
oxidative treatment of 10 with 10% aqueous H2O2 yielded the 
unsaturated bis(silyl) ether 11; (c) mild acid hydrolysis of 11 
gave the 11,15-dihydroxy C-l alcohol 12; and (d) selective 
oxidation of 12 with Pt and O213 afforded (6S)-A7-prosta- 
7,13-dienoic acid 13 \J{f value 0.28, 2% acetic acid in ethyl 
acetate as solvent). Catalytic hydrogenation (5% Pd-C) of 
(6S)-A7-PGIj methyl ester 14 ( R f  value, 30% acetone in 
methylene chloride as solvent, 0.28 for 14; R f  0.33 for PGI2 
methyl ester) gave a single product. This material was iden
tical by TLC, 'H NMR, and MS with an authentic sample of 
(6>S)-13,14-dihydro-PGI1 methyl ester14 (15), but different 
from (6/i)-13,14-dihydro-PGIi methyl ester.14

The spectral data for 13 and 14 are consistent with their 
assigned structures. However, the JH NMR and MS spectral 
properties of synthetic 13 and 14 are clearly not in agreement 
with those published by Pace-Asciak and Wolfe for the bio
synthetic metabolite 1. High or low resolution mass spectra 
of 13 and 14 gave the correct molecular ion (Figure l).15 A 
characteristic pattern of mass fragmentation of 13 and 14 
shows the preferential elimination of CH2=CHOSiMe3 (M+ 
-  116), while in the spectra of the biosynthetic derivatives it 
is distinctly absent. Conversely, the base peak (m/e 225) 
present in Pace-Asciak and Wolfe’s spectra is totally absent 
in 13 and 14. The 4H NMR (CDC13) spectrum of methyl ester 
14 shows a three-hydrogen multiplet in the olefinic region (8 
5.60), a signal at 8 3.00 (C-12 hydrogen) characteristic for all

Scheme II

19, R = H
20, R = CH3

the A7-intermediates prepared in this study, and a multiplet 
centered at 8 5.00 (C-6 and C-9 hydrogens). The latter ab
sorption is unmistakably absent in the biosynthetic sample. 
The 13C NMR of 14 reveals four unsaturated carbons. As ex
pected, the chemical shifts (Me4Si reference) of carbons C13 
(130.0 ppm) and C14 (133.8 ppm) corresponded to those of the 
C13 and C14 carbons of (6S)-PGIi methyl ester. An off-reso
nance decoupling study allowed positive assignment of the 
chemical shifts at 146.8 and 122.7 ppm to the Cg quaternary 
carbon and C7 tertiary carbon, respectively.

To unequivocally rule out the possibility that a difference 
in stereochemistry at C-6 was responsible for the variation in 
spectral properties, we sought a synthesis of (6R)-A7-PGIi. 
Following the reaction conditions previously described, re
duction of lactone 4 gave lactol 16 (90%), which after Grignard 
alkylation, furnished the 7-phenylselenenyl diol 17 in 45% 
yield16 (Scheme II).10 Treatment of the diol 17 in CH2CI2 with 
N , N -  diethyl-iV-methylmethanesulfonylammonium fluoro- 
sulfonate17 (1.5 equiv, 0-5 °C) in a catalytic amount of pyri
dine yielded only the (6R)-epoxy isomer 18.18 Having achieved 
the synthesis of 18, the remaining steps leading to (6E)-A7- 
PGlj (19) were accomplished in the same manner19 as dis
cussed for the synthesis of (6S)-A7-PGIi (13) from 9. The 
(6R)-A7-PGIi isomer (19) and its methyl ester derivative 20, 
as well as the (6R)-A7 intermediates, all appeared slightly less 
polar on TLC than the corresponding (6S)-A7 compounds ( R f  

values, 2% acetic acid in ethyl acetate, 0.33 for 19; 30% acetone 
in methylene chloride, 0.33 for 20). With the exception of 
minor differences in ion intensities, the mass spectra of 19 and 
20 are identical with those of the (6S)-A7 isomers 13 and 14.
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The NMR spectra of 19 and 20 were very similar but not 
identical with those of 13 and 14. As expected, the most no
ticeable differences appeared in the olefin absorption re
gion.

From the data described above we must conclude that the 
structure proposed by Pace-Asciak and Wolfe for their bio
synthetic metabolite is incorrect. Further aspects of this re
search regarding the origin of this unknown arachidonic acid 
metabolite are under investigation in our laboratory.
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A New Anionic Cyclization of the Parham Type. 
Selective Ring Opening of Epoxides

Summary: Epoxides derived from o-bromophenyl allyl ethers 
undergo bromine-lithium exchange with butyllithium at —100 
°C. The resulting lithium reagents undergo cyclization by exo 
attack on the epoxide linkage as predicted by the Baldwin 
rules.

Sir: Of the synthetic possibilities opened up by Parham’s 
development of functionalized aryllithium reagents,1 the most 
important involve novel cyclization reactions which can be 
effected when the functional group is ortho to the lithium 
atom. While the majority of these ring closures involved the 
addition of an external electrophile, examples were provided 
of two novel reactions in which the electrophile is in the side 
chain, but remains passive until the halogen-metal exchange 
on the aryl nucleus is complete. These two reactions, the 
Parham cyclialkylation2 (eq 1) and cycliacylation3’4 (eq 2), 
have both found immediate application to important synthetic 
problems.5-7

It seemed likely that there should be other electrophilic 
groups which at —100 °C would remain passive long enough 
to permit halogen-metal exchange to occur. Of these the ep
oxide linkage appeared particularly interesting, for in theory 
rings of two different sizes might be produced. Reaction of 
monosubstituted epoxides with Grignard8 and organolithium9 
reagents has been demonstrated to take place with anionic 
attack preferentially at the unsubstituted end. On the other

W22-32ß3/79/1943-3800$01.00/0 © 1978 American Chemical Society
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5 3
R = H, Me, Ph, Cl, OCH3

4

hand, Stork et al.,10 in a further study of their closely related 
epoxynitrile cyclization,11 concluded that “ the epoxynitrile 
cyclization always yields the smaller ring, when both ends of 
the epoxide are equally substituted.” 12 Baldwin, in his “ rules 
for ring closure” ,13 did not consider the effect of substitution, 
but stated simply that “the rules for opening three-membered 
rings to form cyclic structures seem to lie between those for 
tetrahedral and trigonal systems, generally preferring exo 
modes.”

It seemed desirable to test the new cyclization with an ep
oxide having no substituents on the more remote carbon atom, 
hence more likely to contravene the Baldwin rules. For con
venience in the preparation of the requisite o-bromo com
pounds this preliminary study was carried out using epoxides
(2) derived from o-bromophenyl allyl ethers (1). If a 2.5 M 
solution of n-butyllithium was added to the epoxides (2), 
approximately 0.12 M, in a 80:20 (v/v) mixture of tetrahy- 
drofuran and hexane at such a rate that the temperature did 
not exceed —95 °C, complete halogen-metal exchange oc
curred in 15 min as evidenced by 'H NMR of samples with
drawn from the reaction mixture and quenched in 5% sodium 
bicarbonate solution. After 2 h at —100 °C the anion (3) was 
still unchanged, but if the temperature was raised to —78 °C, 
'H  NMR indicated that cyclization occurred to the extent of
40-65% after 2 h. In preparative experiments the mixture was 
stirred for 30 min at —100 °C, allowed to warm to room tem
perature (~2 h), and then allowed to remain at room tem
perature for an additional 3 h before workup. The results are 
summarized in Table I. Although the yields of cyclized 
product ranged from 90 to 53%, in no case was more than one 
cyclization product detectable by gas chromatography. The 
(2,3-dihydro-3-benzofuran)methanol (4a) expected from exo 
cyclization of 3a was unknown, but what would be the product 
of endo cyclization, 3-chromanol (5a, mp 79 °C), obtained by 
reduction of 3-chromanone is reported14 to show a three- 
proton multiplet in the 8 2.71 region of the XH NMR. This 
resonance was absent from the spectrum of each of our cycli
zation products. Interpretation of the 100-MHz 1H NMR for 
4a [(CDCI3, MeiSi internal standard) b 1.90 (bs, 1, OH),
3.7 (m, 3, CH20, CHCH20), 4.6 (m, 2, ArOCH2), 6.80-7.35 (m, 
4, ArH)] was assisted by addition of 2.61 mol % of Eu(fod)3-d27 
[tris(l,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-d6-octanedione- 
d3)europium(III)]. The shifted spectrum showed: 8 3.82 (m, 
1, CHCH2O), 4.24 (d, 2, J = 6 Hz, CH2OH), 4.66 (d, 2, J = 7 
Hz, ArOCH2), 5.46 (bs, 1, OH), 6.68-7.32 (m, 4, ArH). In de
coupling experiments using the solution of 4a containing shift 
reagent, irradiation of the resonance at 8 5.46 resulted in

Table I
R % yield,“ 4 bp, °C (mm)

aH 64 (90) 69-72 (0.05)
bCH3 59 (84) 89-91 (0.08)
c C6H5 53 95.5-97.hb
d OCH3 53 110-112 (0.10)
e Cl 63 99-102 (0.10)

“ Yields in parentheses are by use of gas chromatography 10% 
SE-30 on 50/60 Chromosorb W, AW, DMCS, 6 ft X V4 in. stainless 
steel column at 130 °C. b Mp of sample recrystallized from chlo
roform-hexane.

sharpening the doublet at 0 4.24. A similar result was observed 
when D20  was added. Irradiation of the 8 3.82 multiplet gave 
a broad singlet at 8 4.24 (sharpened by addition of D20) and 
a singlet at 5 4.66.

Further evidence for the assigned structure of 4a was af
forded by the mass spectrum: m/e (rel intensity) 150 (39), 132 
(47), 131 (68), 119 (100), 94 (26), 91 (79). The peak of m/e 119 
corresponds to the loss of CH2OH from the molecular ion (m/e 
150). The 4H NMR spectrum of each of the substituted ep
oxides (4b-e) showed the expected similarity to that of 4a, 
evidence that each had been formed by exo cyclization. Endo 
cyclization has been achieved in the Stork epoxynitrile cy
clization when the oxirane ring has fewer substituents at the 
more remote than at the near carbon.11 That our system gives 
only exo products is probably due to the decreased flexibility 
resulting from incorporation of an aromatic ring into the 
chain. This stiffness evidently inhibits the achievement of the 
collinearity of the anion10 with that C -0  bond of the oxirane 
which must be broken if a six-membered ring is to be 
formed.

The new cyclization not only offers a convenient route to 
(2,3-dihydro-3-benzofuran)methanols (4), but also promises 
to provide homocyclic as well as heterocyclic analogues having 
rings of various size. Further work in this direction is in 
progress. All new allyl ethers, epoxides, and cyclization 
products gave satisfactory elemental analyses (C, H ±
0.36%).
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S o d i u m  B o r o d e u t e r i d e  —  D e u t e  r a t e d  S o l v e n t s

Sodium borodeuteride is a convenient reagent for 
the specific incorporation of deuterium into organic 
compounds. Aldrich offers this useful reagent in 
response to the increasing demand for deuterium- 
labeled compounds.

In addition to the standard reduction of aldehydes, 
ketones, and acid chlorides to form the corresponding 
labeled alcohols, NaBD4 has been employed in other 
systems to effect specific labeling. Some examples are 
shown below.

1-Deuteroaldehydes12

BuLi

' O

N ^ C H 2L i

RX ...

í  X^ n ^ c h 2r

1) R .FLCO  I
2) H .O ^N aB D „

RCH,C* 0

Deuteroaromatics1

ArX 1) N aBD 4/P d C I2

2) H*
ArD >  95% deuterium 

incorporation

a-rf-Alkylamines4

R
RN=C-CH2R2 N aBD ,

M e 0 H /H 20
rnh- c -ch2rz

D
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