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F O R E W O R D 

The ASI  Workshop on "Selectivities in Lewis Acid Promoted Reactions"  held in 
the Emmantina-Hotel in Athens-Glyfada, Greece, October  2-7, 1988 was held 
to bring some light into the darkness of Lewis acid induced processes. 
As such the Workshop reflects some current trends in organic synthesis, where 
Lewis acids are becoming a powerful tool in many different modern reactions, 
e.g. Diels-Alder  reactions, Ene reactions, Sakurai reactions, and in general 
Silicon and tin chemistry. 
The objective of this meeting was to bring together  most of the world experts in 
the field to discuss the major  reactions promoted by Lewis acids. 
Organic synthesis wil l play a major  role in this book connected with some 
fundamental mechanistic work on allylsilane and -tin chemistry. Both natural 
product synthesis and unnatural molecules are presented in the chapters. 
The book presents all the 15 invited lectures and the contribution s of 15 posters. 
I  am confident that the material presented in this book wil l stimulate the 
chemistry, which has been discussed on our  meeting, around the world. 
The meeting and the book were only possible through a grant of the NATO 
Scientific Affair s Devision and financial Support by the following companies: 

Kal i Chemie (Hannover, W-Germany), E. Merck (Darmstadt, W-Germany), 
Sandoz (Basel, Switzerland), Schering (Berlin, W-Germany). 

I  grateful acknowledge the help of the Organizing Committee Dr. Jürgen 
Graefe and Prof. Horst Kunz. In addition, many thanks are due to the graduate 
students of my group in Hannover, especially to Dr. Christos Allagiannis, who 
has done an excellent job in organizing most of the things on his home ground in 
Athens to make this meeting a success. 

Dieter  Schinzer 
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CONTROL OF ELECTROPHTLICITY I N ALIPHATI C FRIEDE L CRAFTS REACTIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I n s t i t u t  fü r  Chemi e de r  Med iz in i sche n Universitä t  z u 
Lübeck ,  Ratzeburge r  A l l e e 160 ,  D-240 0 Lübec k 1 , 
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ABSTRACT.  Lewi s a c i d promote d a d d i t i o n s o f  a l k y l  h a l i d e s ,  a c e t a l s 
and r e l a t e d Compound s t o a l i p h a t i czyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA TT System s (e.g .  R- X +  ̂ C=C^—*•  P^X ) 
represen t  a  s t r a i g h t f o r w a r d metho d f o r  th e f o r m a t i o n o f  CC-'bonds , 
i f  th e consecut iv e a d d i t i o n o f  th e 1  : 1 adduc t  t o anothe r  a lken e molecul e 
ca n b e i n h i b i t e d .  Th i s  a r t i c l e desc r i be s ho w th e r e l a t i v e e l e c t r o p h i l i -
c i t i e s o f  reaetan t s R X an d product s P X may b e c o n t r o l l e d b y  natur e an d 
q u a n t i t y o f  th e Lewi s a c i d .  Mode l  s t u d i e s o n e l e c t r o p h i l i c  a d d i t i o n s o f 
d i a r y l m e t h y l  C h l o r i d e s t o alkene s r e v e a l  tha t  a  c a t a l y t i c amoun t  o f  a 
(weak )  Lewi s a c i d ha s t o b e use d i f  th e r e a c t a n t  R X i o n i z e s t o a  grea te r 
ex ten t  tha n PX ,  wherea s a n equimola r  amoun t  o f  a  s t ron g Lewi s a c i d i s 
neede d i f  P X i o n i z e s mor e r e a d i l y tha n RX.  Example s demonstrat in g th e 
a p p l i c a t i o n räng e an d l i m i t a t i o n s o f  thes e r u l e s ar e presented . 

1 .  CHEMOSELECTIVITY I N AROMATIC AND ALIPHATI C FRIEDE L CRAFTS REACTIONS 

1.1 .  React io n C o n t r o l  b y  R e l a t i v e N u c l e o p h i l i c i t i e s o f  Reaetant s an d 
Product s 

The proble m o f  r e a c t i v i t y c o n t r o l  i n aromat i c  P r i e d e l  C r a f t s r e a c t i o n s 
i s t r e a t e d i n almos t  an y undergraduat e textbook .  I t  i s w e l l  know n t h a t 
Lew i s a c i d promote d r e a c t i o n s o f  a c y l  Ch lo r i de s w i t h arene s y i e l d 
m o n o a e y l a t i o n p r o d u c t s predominant ly ,  s i n c e th e comple x 1  i s  l e s s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

o ic i 3 0 -

mc i , ^ (r ic i , ] ^ 

H i s h e r  a l k y l a t e d 

produ c t s 

1 2  3 

4 5 6 7 

Figur e 1 .  Chemose lee t i v i t y  C o n t r o l  i n React ion s w i t h N u c l e o p h i l i c Products . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

21 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D . Schinzer ( e d . ) , Selectivities in Lewis A c i d Promoted Reactions, 2 1 - 3 6 . 
© 1 9 8 9 by Kluwer A c a d e m i c P u b l i s h e r s . 
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n u c l e o p h i l i c tha n th e nonacylate d precurso r  2 .  On th e othe r  hand , 
F r i e d e l  C r a f t s a l k y l a t i o n s o f  arene s u s u a l l y g i v e r i s e t o th e format io n 
o f  p o l y a l k y l a t e d Compounds ,  s i n c e 3  i s mor e n u c l e o p h i l i c tha n 2 .  Th e r a t i o -
n a l i z a t i o n o f  thes e r e s u l t s o n th e b a s i s o f  th e r e l a t i v e n u c l e o p h i l i c i t i e s 
o f  reae tan t s an d product s appear s s t r a i g h t f o r w a r d t o us ,  a s we ar e 
familiä r  w i t h th e e l e c t r o n i c e f f e c t s o f  d i f f e r e n t  s u b s t i t u e n t s o n 
aromat i c r i n g s . 

A r e l a t e d s e l e c t i v i t y proble m a r i s e s i n a d d i t i o n r e a c t i o n s o f 
unsaturate d a l k y l  d e r i v a t i v e s .  Th e exampl e show n o n th e botto m o f 
F igu r e 1  i l l u s t r a t e s tha t  th e 1  : 1 produe t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA 6 ca n o n l y b e generate d i n 
r e a s o n a b l e y i e l d ,  i f  th e n u c l e o p h i l i c i t y o f  5 i s  h ighe r  tha n t h a t 
o f  M  an d 6.

1 A n est imat e f o r  th e r e l a t i v e n u c l e o p h i l i c i t i e s o f  O l e f i n i c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
TT System s i n suc h r e a c t i o n s ca n b e de r i ve d fro m th e r e c e n t l y determine d 
r e a c t i v i t y r a t i o s o f  alkene s an d alkyne s toward s ary lcarbeniu m i o n s . 2 

An a d d i t i o n a l  s e l e c t i v i t y proble m encountere d i n th e r e a c t i o n o f  4 w i t h 
5 -  Compoun d 6 doe s no t  on l y i nco rpo ra t e a  n u c l e o p h i l i c bu t  a l s o a n 
e l e c t r o p h i l i c cen te r  -  w i l l  b e d iscusse d i n th e nex t  s e c t i o n . 

1zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.2 .  R e a c t i o n C o n t r o l  b y  R e l a t i v e E l e c t r o p h i l i c i t i e s o f  Reaetant s 
and Product s 

I n a l i p h a t i c F r i e d e l  C r a f t s r e a c t i o n s o f  typ e ( 1 ) ,  w e g e n e r a l l y fac e 
th e S i t u a t i o n t ha t  on e o f  th e reae tan t s a s w e l l  a s  th e produe t  possesse s 
e l e c t r o p h i l i c p r o p e r t i e s .  A s  i n th e r e a c t i o n s d iscusse d befor e -  an d i n 
any othe r  r e a c t i o n -  on l y thos e product s ca n accumulat e i n th e r e a c t i o n 
mix ture ,  whic h ar e l e s s r e a c t i v e tha n th e s t a r t i n g m a t e r i a l s .  Now,  i t 
i s th e r e l a t i v e e l e c t r o p h i l i c i t y o f  R- X an d R-C-C^X ,  whic h c o n t r o l s th e 
c o u r s e o f  th e r e a c t i o n .  I f  b i f u n c t i o n a l  e l e c t r o p h i l e s ar e produce d 
(eq .2) ,  th e r e a c t i v i t i e s a t  bot h p o s i t i o n s o f  th e 1: 1 produe t  hav e t o 
be compare d w i t h th e r e a c t i v i t y o f  th e reac tan t  R-CHX 2.  Th e compet i t io n 
S i t u a t i o n encountere d i n bot h r e a c t i o n s 1  an d 2  i s  i l l u s t r a t e d o n th e 
botto m o f  F igu r e 2 :  Th e r e a c t a n t ,  whic h may b e predominantl y  cova len t 
(RX)  o r  i o n i c ( R + ) ,  an d th e produe t  (P X o r  P + )  compet e f o r  th e i r  nuc leo -
p h i l e ,  an d s i n c e we in ten d t o produc e th e 1  : 1 product s PX/P +,  we hav e 
t o searc h f o r  c o n d i t i o n s unde r  whic h RX/R + i s mor e r e a c t i v e tha n PX/P +. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

\ / tnxn] | | 
R-X +  C—C •  R—C-C—X (1 ) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

/ \ I I 

H 
I  \  / 

R—C-X +  C= C 
I  /  \ 
X 

cnxn] 

R-X +  nxn 

11 

R*  nxn-+1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

+ xc=c7 

/ \ 

H 
I I I 

R—C-C-C—X 
I I I 
X 

p-x + nx„ 

I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( 2 )  

\  / 
+ C= C 

/  \  H i a h e r 

Rdduc t s 

F igur e 2 .  Chemose lec t i v i t y C o n t r o l  i n React ion s w i t h E l e c t r o p h i l i c Products . 
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2.  MODEL STUDIE S ON THE CONTROL OF RELATIV E ELECTROPHILICITIE S OF 
ALKYLATING AGENTS B Y LEWI S ACID S 

Lewi s a c i d i n i t i a t e d r e a c t i o n s o f  d i a r y l m e t h y l  C h l o r i d e s w i t h a lkene s 
ar e s u i t e d f o r  mode l  s t u d i e s ,  s i n c e many o f  thes e r e a c t i o n s g iv e 1  : 1 
a d d u c t s i n q u a n t i t a t i v e y i e l d .  K i n e t i c 3 a s w e l l  a s thermochemical 1* 
i n v e s t i g a t i o n s o f  thes e r e a c t i o n s hav e bee n r e p o r t e d .  C o m p e t i t i o n 
experiment s (F igu r e 3 )  hav e no w bee n use d t o determin e th e i n f l u e n c e o f 
Lewi s a c i d s o n th e r e l a t i v e e l e c t r o p h i l i c i t i e s o f  d i a r y l m e t h y l  d e r i -
v a t i v e s . 5 When a  s m a l l  amoun t  o f  a n alken e i s adde d t o a  mixtur e o f  tw o 
d i a r y l m e t h y l  C h l o r i d e s i n presenc e o f  BC1 3 ,  th e r e l a t i v e r e a c t i v i t y o f 
th e tw o compet i to r s ca n b e de r i ve d fro m th e r a t i o o f  th e tw o 1  : 1 products . 

[BCI 3]/I[RCl ] 

Figur e 3 .  R e l a t i v e R e a c t i v i t y o f  tw o D i a r y l m e t h y l  C h l o r i d e s toward s 
2-Methyl-1-penten e i n CH 2 C12 a t  -70° C a s a  Func t io n o f  th e Lewi s A c i d 
C o n c e n t r a t i o n . 5 

F igu r e 3  show s tha t  i n presenc e o f  exces s BC1 3 ,  th e methox y sub -
s t i t u t e d Compoun d i s 7. 2 t ime s mor e r e a c t i v e tha n th e methox y methy l 
subs t i t u te d benzhydry l  d e r i v a t i v e .  Unde r  thes e e o n d i t i o n s ,  bot h Compound s 
ar e f u l l y i o n i z e d ,  an d we observ e th e h ighe r  r e a c t i v i t y o f  th e l e s s 
s u b s t i t u t e d carbeniu m i o n .  When th e concen t ra t i o n o f  BC1 3 i s  reduced , 
th e r e a c t i v i t y r a t i o i s  reversed ,  an d whe n o n l y c a t a l y t i c amount s o f 
BC13 ar e present ,  th e r e a c t i v i t y r a t i o become s 0.18 .  Now,  a  lo w concen -
t r a t i o n o f  th e l e s s s t a b i l i z e d carbeniu m io n (CH 3 0-subs t i t u ted )  compete s 
w i t h a  h ig h concen t ra t i o n o f  th e b e t t e r  s t a b i l i z e d carbeniu m i o n (CH 30, 
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C H3 - s u b s t i t u t e d ) ,  an d a s sho-w n b y  F igu r e 3  ( l e f t ) ,  th e produe t  r a t i o 
r e f l e c t s th e r e l a t i v e concen t ra t i on s o f  th e carbeniu m ions ,  no t  t h e i r 
i n t r i n s i c a d d i t i o n r a t e s . 

Pr 2CHC l 

RnPhCH+\* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

$ AAG* = 2 . 7 k J / m o l 

AG? = 4 3 . 6 k J / m o lb 

AG* = 4 7 . I k J / m o l 

\ AAzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG°=6.2kJ/mol 

R n T o l C H * ^ \ \ 

a)  Ref .  4 
b)  Fro m measurement s 
a t  va r i ou s temperatu -
r e s ;  k i / k a ( d i r e c t l y 
determine d a t  20 3 
K)  =  7.07 ;  Ref .  3a . 

F igu r e 4 .  Energ y P r o f i l e s f o r  th e A d d i t i o n s o f  p-Methox y an d o f  p-Me -
thoxy-p f -methy l -benzhydry l  C h l o r i d e toward s 2-Methyl-1-penten e (-70°C) . 

A q u a n t i t a t i v e d e s c r i p t i o n o f  t h i s behavio r  i s  g ive n i n F igur e 4 . 
Whereas th e compet i t i o n constan t  observe d i n presenc e o f  exces s BC1 3 

ca n b e der i ve d fro m th e know n a d d i t i o n r a t e constant s o f  th e tw o carbeniu m 
ion s (AAG "  =  AGi *  -  AG 2 ") ,  a  C u r t i n Hammet t  S i t u a t i o n i s  encountere d i n 
presenc e o f  c a t a l y t i c amount s o f  Lewi s a c i d .  Now,  th e r a t i o o f  th e tw o 
i n d i v i d u a l  r a t e constant s ha s t o b e m u l t i p l i e d w i t h th e e q u i l i b r i u m 
constan t  f o r  th e i o n i z a t i o n (AAG *  =  A G ^ -  AG 2*  +  AAG°) . 

4zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 

/r re[=5400 

AAG°( ionization) 

F igur e 5 .  R e l a t i v e R e a c t i v i t i e s o f  pa ra -Subs t i t u te d D ia r y lme thy l  C h l o r i d e s 
toward s 2-Methyl-1-penten e i n Presenc e o f  C a t a l y t i c Amount s o f  Lewi s 
Ac i d (bottom )  an d unde r  Cond i t i on s o f  Complet e I o n i z a t i o n ( top ) 
(CH 2C12/-70°C). S 
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Th i s exampl e i l l u s t r a t e s tha t  th e r e l a t i v e e l e c t r o p h i l i c i t i e s o f 
tw o a l k y l a t i n g agent s ca n b e i n f l u e n c e d b y v a r y i n g th e amoun t  o f  Lewi s 
a c i d .  F i g u r e 5  show s tha t  th e r e a c t i v i t y d i f f e r e n c e s becom e q u i t e 
remarkable ,  whe n th e d i f f e r e n c e o f  s t a b i l i z a t i o n o f  th e carbeniu m ion s 
i nc reases .  Th e phenox y s u b s t i t u t e d benzhydry l  Compound ,  f o r  example , 
i s 540 0 t ime s mor e r e a c t i v e tha n th e dimethox y s u b s t i t u t e d Compound , 
when a n exces s o f  BC1 3 i s  used ,  wherea s a  r e a c t i v i t y r a t i o o f  0.01 6 i s 
observe d w i t h c a t a l y t i c amount s o f  BC1 3 . 

Of  course ,  th e r e l a t i v e r e a c t i v i t i e s d o no t  on l y depen d o n th e 
quan t i t y bu t  a l s o o n th e natur e o f  th e Lewi s a c i d .  F igu r e 6  show s tha t 
d i f f e r e n t  s e l e c t i v i t y graph s ar e obta ine d f o r  d i f f e r e n t  i o n i z i n g media . 
The a b s c i s s a o f  F igu r e 6 ,  whic h represent s th e i o n i z a t i o n f r e e enthalp y 
o f  d i a r y l m e t h y l  Ch lo r i de s w i t h BCla, 1*  ca n s impl y b e viewe d a s a  carbeniu m 
i o n s t a b i l i t y s c a l e 6 w i t h th e h i g h l y s t a b i l i z e d carbeniu m ion s o n th e 
l e f t  an d th e l e s s s t a b i l i z e d ion s o n th e r i g h t .  Th e l e f t  pa r t  o f  th e 
B C l 3 grap h correspond s t o th e uppe r  l i n e i n F igu r e 5 :  Th e r e a c t i v i t y 
i nc reases ,  whe n we g o fro m th e h i g h l y s t a b i l i z e d dimethox y s u b s t i t u t e d 
carbeniu m i o n t o th e l e s s s t a b i l i z e d d imethy l  s u b s t i t u t e d i o n .  Thoug h 
th e r e a c t i v i t y o f  th e d ia ry l ca rben iu m ion s w i l l  f u r t h e r  inc reas e whe n 
th e p-methy l  s u b s t i t u e n t s ar e rep lace d b y hydroge n o r  c h l o r i n e ,  th e 
gros s r e a c t i v i t y o f  th e Syste m i s  decreas ing .  Th e reaso n i s  tha t  th e 
Compounds w i t h weake r  donor s ar e no t  f u l l y i o n i z e d s o t h a t  on l y lo w 
concen t ra t i on s o f  carbeniu m ion s ar e present . 

-40 -30 -20 -10 0 10 AG?/  

Y Y 

Figur e 6 .  R e l a t i v e R e a c t i v i t i e s o f  D i a r y l m e t h y l  C h l o r i d e s i n Presenc e 
o f  a n Exces s o f  Lewi s A c i d . 7 
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The dimethox y s u b s t i t u t e d benzhydry l  C h l o r i d e i s a l s o f u l l y i o n i z e d 
i n a  SnCl H/E tOAc/CH 2 Cl 2 S o l u t i o n ,  an d th e r e a c t i v i t y toward s 2-methyl -
1-penten e i s i d e n t i c a l  a s i n th e BC1 3 /CH 2 C12 S o l u t i o n (F igu r e 6 ) .  Th e 
SnC^/EtOAc/CHjCl a mixtur e doe s no t  f u l l y i o n i z e p-methoxy-p'-methy l 
benzhydry l  C h l o r i d e ,  however ,  an d t h i s Compoun d i s somewha t  l e s s r e a c t i v e 
i n SnCl„/EtOAc/CH 2Cl 2 tha n i n th e BC1 3 /CH 2 C12 S o l u t i o n .  Fur the r  r e d u c t i o n 
o f  th e e l e c t r o n r e l e a s i n g a b i l i t y o f  X  an d Y  cause s a  r e a c t i v i t y decreas e 
i n SnCl^/EtOAc/CHaCl a becaus e o f  th e d i m i n i s h i n g carbeniu m i o n concen -
t r a t i o n . 

The wea k Lewi s a c i d S b C l 3 doe s no t  eve n f u l l y i o n i z e th e p,p f -dimeth -
ox y s u b s t i t u t e d benzhydry l  C h l o r i d e ,  an d o n l y on e branc h o f  th e 
S b C l 3 / C H 2 C l 2 grap h ca n b e see n i n F igu r e 6 . 

We conclud e t h a t  eac h Lewi s a c i d / s o l v e n t  Syste m ca n b e represente d 
by a  c h a r a c t e r i s t i c grap h a s show n i n F igu r e 6 .  A n increas e o f  Lewi s 
a c i d i t y i s  a s s o c i a t e d w i t h a n inc reas e o f  th e r e a c t i v i t y maximum , 
whic h i s s imu l taneous l y s h i f t e d toward s l e s s s t a b i l i z e d carbeniu m ions . 
I n orde r  t o des ig n c o n d i t i o n s f o r  Lewi s a c i d promote d a d d i t i o n r e a c t i o n s 
we hav e t o l o c a t e reae tan t s an d product s o n th e a b s c i s s a o f  F igu r e 6 
and the n s e l e c t  c o n d i t i o n s c h a r a c t e r i z e d b y a  grap h w i t h k r e i  ( r e a c t a n t ) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
> krei (produet ) . 

Q u a l i t a t i v e l y ,  t h i s procedur e ca n b e summarize d b y tw o r u l e s . 

Rule s fo r  th e choic e o f  Lewi s acid s 

\  /  MXn 

R -  X  +  C  =  C  •  P  -  X 
/  \ 

A)  Concentratio n Contro l 
I f  th e carbeniu m io n R*  i s b e t t e r  s t a b i l i z e d tha n P + , 
th e s e l e c t i v e fo rmat io n o f  1: 1 product s r e q u i r e s c o n d i t i o n s , 
unde r  whic h th e e l e c t r o p h i l i c  r e a c t i v i t i e s ar e c o n t r o l l e d 
by th e r e l a t i v e concen t ra t i o n o f  R + an d P + : 
( C a t a l y t i c amount s o f  a )  wea k Lewi s a c i d 

B)  Additio n Rat e Contro l 
I f  th e carbeniu m io n R + i s  l e s s s t a b i l i z e d tha n P+ , 
th e s e l e c t i v e fo rmat io n o f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA 1:1 product s r e q u i r e s c o n d i t i o n s , 
unde r  wh ic h th e e l e c t r o p h i l i c  r e a c t i v i t i e s ar e c o n t r o l l e d 

by th e a d d i t i o n r a t e s o f  R + an d P + : 
> Equimola r  amount s o f  a  complete l y i o n i z i n g Lewi s a c i d 

3.  SYNTHETI C APPLICATION S 

3.1 .  A l k y l  C h l o r i d e A d d i t i o n s 

Seve ra l  year s ago ,  w e hav e s tud ie d a d d i t i o n s o f  a l k y l  C h l o r i d e s t o 
a lkene s i n presenc e o f  c a t a l y t i c amount s o f  Lewi s a c i d s ( c o n d i t i o n s o f 
Rul e A )  an d foun d tha t  1: 1 product s ar e o n l y i s o l a b l e i f  th e reae tan t s 
i o n i z e f a s t e r  tha n th e product s (F igu r e 7 ) . 8 We hav e suggeste d th e 
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employmen t  o f  s o l v o l y s i s r a t e constant s o f  mode l  Compound s t o p r e d i c t  th e 
outcom e o f  suc h r e a c t i o n s :  Th e s e l e c t i v e fo rmat io n o f  1: 1 product s i s 
o n l y p o s s i b l e i f  th e r e a c t i v i t i e s o f  th e reae tan t s ar e h ighe r  tha n 
th ezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA SJJ1 r e a c t i v i t i e s o f  th e products .  Th i s Statement ,  whic h wa s r e s t r i c t e d 
t o System s w i t h a  sma l l  degre e o f  ionization, 8»9 i s  equ i va len t  t o r u l e 
A,  s i nc e th e s o l v o l y t i c r e a c t i v i t i e s ( l o g k s o i v )  ar e l i n e a r i l y c o r r e l a t e d 
w i t h th e correspondin g i o n i z a t i o n e n t h a l p i e s 1 0 o r  i o n i z a t i o n f r e e e n t h a l -
p i e s . 6 

S o l v o l y s i s Rate s o f  1: 1 P r o d u c t s 

4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Ph ^ O E t 

ICHjljCHCt — — zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA— — 

JCHjljCCl 35% — — — 
CH, 

Ph-CH-O 
5 2 % 50% 7 1 % 7 2 % — — 

(CH,),C=CH-CHja 3 2 % 27% 65% 75% 10% — — 
Ph-C5C-C(CHj),Ct 67% ( 6 % 93% 9 1 % 67% — — 

P h - a c H , ) , a S8% 65% 7 1 % 7 1 % 64% 56% — 

Ph,CHCt 9 2 % 85% 97% 8 8 % 8 2 % 7S% — 

C H jO -C H jd 47% 70% 60% 75% 64% 37% — 
Ph 

C H p - c H - a 
78% 65% 90% 5 7 % 52% 84% 68% 

Figur e 7 .  Y i e l d s o f  1: 1 Product s fro m Lewi s A c i d Ca ta lyze d React ion s o f 
A l k y l  Ha l i de s w i t h Alkene s (R X +)>c' -  R-Ö-Ö-X). 8 

Figur e 8  show s a n a p p l i c a t i o n o f  t h i s r e a c t i o n typ e i n n a t u r a l  produe t 
s y n t h e s i s .  Unde r  c o n d i t i o n s o f  concen t ra t i o n c o n t r o l  ( r u l e A ) ,  t h e 
r e a c t i o n o f  th e cyc lohexeny l  C h l o r i d e szyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA 8 w i t h isopren e terminate s a t 
th e 1: 1 produe t  s tage ,  s i n c e th e t e r m i n a l l y  t r i a l k y l a t e d a l l y l  ea t i on s 
forme d fro m 8 a r e b e t t e r  s t a b i l i z e d tha n th e t e r m i n a l l y  d i a l k y l a t e d 
a l l y l  e a t i o n s ,  whic h a r i s e fro m 9. C y c l i z a t i o n o f  9 an d success iv e 
treatmen t  w i t h KOtB u y i e l d s a  mixtur e o f  ß -  an d Y 2 -muuro lene. 1 1 

Y2-muurolen e ß-muurolen e 

F i g u r e 8 .  S y n t h e s i s o f  Muurolene s v i a Z n C l 2 Ca ta lyze d Reac t io n o f 
P i p e r i t y l  C h l o r i d e w i t h I s o p r e n e . 1 1 
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F fr fr P°~ f  ̂ f f 
457.  587 .  697 .  487 .  41 ZzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA 137. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

F igur e 9 .  Syn thes i s o f  Y-Lactone s Usin g p-Methoxybenzy l  C h l o r i d e a s 
+ CH2 -C0 2 ~ E q u i v a l e n t . 1 2 

A nove l  Y- lacton e s y n t h e s i s (F igu r e 9 )  use s th e h ig hzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA SJJ1 r e a c t i v i t y 
o f  p-methoxybenzy l  C h l o r i d e t o g iv e 1  : 1 a d d i t i o n product s w i t h a  v a r i e t y 
o f  a lkenes .  Th e o x i d a t i v e degradat io n o f  th e aromat i c r i n g an d l a c t o n i -
s a t i o n ar e achieve d i n a  one-po t  r e a c t i o n ,  an d p r e l i m i n a r y exper iment s 
i n d i c a t e t ha t  a - s u b s t i t u t e d Y- lactone s ar e a l s o a c c e s s i b l e b y  t h i s 
method. 1 2 

A l l  s y n t h e t i c examples ,  d i scusse d above ,  hav e bee n c a r r i e d ou t  unde r 
th e c o n d i t i o n s s p e c i f i e d b y r u l e A  ( concen t ra t i o n c o n t r o l ) .  Reac t ion s 
c o n t r o l l e d b y a d d i t i o n r a t e s ( r u l e B )  r e q u i r e th e hand l i n g o f  s t a b l e 
i o n So lu t ions ,  an d t h e i r  p r a c t i c a l  us e w i l l  b e r e s t r i c t e d t o h i g h l y 
s t a b i l i z e d carbeniu m i o n s .  A n exampl e i s  g ive n i n F i g u r e 10 ,  whic h 
shows tha t  th e r e a c t i o n o f  th e t r i c h l o r o c y c l o p r o p e n y l i u m t e t r a c h l o r o -
aluminat e w i t h a lkene s terminate s a t  th e 1  : 1 produe t  s tage ,  s i n c e th e 
t r i c h l o r o c y c l o p r o p e n y l i u m i o n i s mor e e l e c t r o p h i l i c tha n th e b e t t e r 
s t a b i l i z e d a l k y l d i c h l o r o s u b s t i t u t e d cyc lopropeny l iu m i o n . 1 3 Wit h wea k 
Lewi s a c i d s ( concen t ra t i o n c o n t r o l )  th e fo rmat io n o f  2: 1 an d 3: 1 product s 
woul d b e p r e f e r r e d .  Treatmen t  o f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA 10 w i t h aqueou s b ica rbona t e S o l u t i o n 
y i e l d s th e chlorocyclopropenone s  11, whic h r e a d i l y underg o n u c l e o p h i l i c 
displacemen t  r e a c t i o n s o f  th e v i n y l i c C h l o r i d e o r  underg o t h e r m a l 
rearrangement s w i t h fo rmat io n o f  th e a c e t y l e n i c a c i d C h l o r i d e s  12.

l

" 

C 1 i  3  f 1 c v' c l 

- /  - < - C H X <I> Ö 
41Z 51 *  59 *  60 Z 561 28J C S3 Z 

10zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA R R* 1 1 R
1

 R« *  I E 

F igu r e 10 .  Formatio n o f  1  : 1 A d d i t i o n Product s fro m T r i c h l o r o c y c l o p r o p e -
ny l iu m Tet rach lo roa lumina t e an d A l k e n e s . 1 3 
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3. 2 A d d i t i o n React ion s o f  A c e t a l s ,  Or thoester s an d Re la te d Compound s 

A d d i t i o n s o f  a c e t a l s an d o r t h o e s t e r s t o eno l  e ther s probabl y represen t 
th e mos t  i n t e n s i v e l y s t u d i e d c l a s s o f  Lewi s a c i d promote d r e a c t i o n s i n 
th e chemis t r y o f  a l i p h a t i c Compounds. 1 S S inc e u s u a l l y  c a t a l y t i c amount s 
o f  BF 3«OEt 2 hav e bee n employed ,  c o n c e n t r a t i o n c o n t r o l  ( r u l e A )  shoul d 
predominate .  U n l i k e th e s o l v o l y s e s o f  a l k y l  h a l i d e s ,  th e a c i d c a t a l y z e d 
hydro lyse s o f  a c e t a l s an d o r t h o e s t e r s d o no t  f o l l o w a  r a t e e q u i l i b r i u m 
r e l a t i o n s h i p 1 6 s o t ha t  th e correspondin g h y d r o l y s i s r a t e s canno t  b e 
use d f o r  th e a n a l y s i s o f  e l e c t r o p h i l i c a d d i t i o n r e a c t i o n s .  We have , 
t h e r e f o r e ,  c a r r i e d ou t  compet i t i o n experiment s t o determin e r e l a t i v e 
r e a c t i v i t i e s o f  a c e t a l s an d o r t h o e s t e r s toward s methy l  v i n y l  e the r  i n 
presenc e o f  c a t a l y t i c amount s o f  BF 3«0Et 2 (F igu r e 1 1 ) . 1 7 A s th e r e a c t i v i t y 
orde r  toward s othe r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA TT n u c l e o p h i l e s ca n b e expecte d t o b e s i m i l a r ,  th e 
k r e l  va lue s o f  F igu r e 1 1 ca n b e use d t o r a t i o n a l i z e o r  p r e d i c t  th e 
r e s u l t s o f  a c e t a l  an d o r t h o e s t e r  a d d i t i o n s :  1  : 1 Adduct s ca n on l y b e 
g e n e r a t e d s e l e c t i v e l y i f  th e k r e i  va lue s o f  th e designe d product s 

ar e s m a l l e r  tha n th e k r e i  va lue s o f  th e r e a e t a n t s . 

) £ " 1 QCH 
r- > R 2-C-CH g-CrKQCH3>g 

RE QCH3 

R3 CBF3 *OEt e 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 
\:<QCH 3 >2 -2 *  R 4 -C-CH g -CH«:0CH 3 ) g 

R' 4 

0CH3 

" r . i 

CHg(0CH3 )g ,  CH 3 C(0CH 3 ) 3 Var y slo w p -Br -C 6 H4 -CH<0CH3 ) 2 
13h 132 

CH3-CH<0CH3>-CHg-CH<0CH3>g 13 a 0.18 4 p-Cl -C 6 H4 -CH<0CH3 ) g 131 156 

CH3 -CH<0CH3 ) g 13b 1.0 0 p -F -C 6 H4 -CHC0CH3 ) g 13 j 463 

CH3 -CHg-CHC0CH3 ) g 
13c 2.2 8 C 6 H 5 " C H < 0 C H 3 ) 2 

13k 818 

CH3-CCHg)g-CHC0CH3>g 13d 2.3 1 p-CH 3-C 6H4-CH<QCH3>g 131 6 . 5 5 x l 0 3 

<CH3>gCH-CH(0CH3>g 13a 2.3 8 C6 H5 - C H « C H - C H < 0 C H3 > 2 
13» 3 . 1 6 x l 0 4 

HC(0CH3 > 3 
13 f 13. 1 p-CH 3 0-C 6 H4 -CHC0CH3 ) g 13n 3 . 4 6 x l 0 4 

CCH3> 2C<0CH3>2 139 27. 0 CH3-CH=CH-CH(0CH3) g 13o 3 . 6 1 x l 0 4 

Figur e 11 .  R e l a t i v e R e a c t i v i t i e s o f A c e t a l s an d Or thoes ter s toward s 
Methy l  V i n y l  E the r  (B F 3«0Et 2 ,CH 2Cl 2 ,  - 70°C) . 1 7 

The f i v e f o l d r e a c t i v i t y preferenc e o f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA 13b ove r  13a e x p l a i n s t ha t  a d d i t i o n s 
o f  a l i p h a t i c a c e t a l s t o a l k y l  v i n y l  e the r s may b e terminate d a t  th e 1  : 1 
produe t  s tage ,  bu t  becaus e o f  th e s m a l l  r e a c t i v i t y d i f f e r e n c e a n exces s 
o f  a c e t a l  i s  r equ i r e d t o o b t a i n h ig h y i e l d s o f  1: 1 a d d u c t s . 1 8 Th e 
aromati c an d a,ß-unsaturate d a c e t a l s show n i n F igu r e 1 1 ar e cons ide rab l y 
more r e a c t i v e tha n 13a, an d 1: 1 product s w i t h a l k y l  v i n y l  e ther s ar e 
a l s o forme d i n goo d y i e l d ,  whe n th e a c e t a l s an d v i n y l  e ther s ar e employe d 
i n equimola r  amounts. 1 9 
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The f a i l u r e t o o b t a i n 1: 1 adduct s fro m sa tu ra te d aldehyd e a c e t a l s 
and 2-propeny l  e ther s ca n b e exp la ine d b y th e k r e i  va lu e o f  k e t a l zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA 13 g , 
whic h i s  h ighe r  tha n tha t  o f  aldehyd e a c e t a l s . 1 7 A s expecte d fro m th e 
l a r g e r e a c t i v i t y d i f f e r e n c e betwee n 13k an d 1 3 g, benzaldehyd e d ime thy l -
a c e t a l  ( 1 3 k) wa s foun d t o g iv e a  h ig h y i e l d o f  1: 1 produe t  w i t h 1 4 ,

2 0 

and unsaturate d a c e t a l s wer e repor te d t o behav e s i m i l a r l y . 2 1 Fu r the r 
l i t e r a t u r e dat a hav e bee n show n t o b e i n aecor d w i t h th e dat a presente d 
i n F igur e 1 1 . 1 7 

OCH3 N R H OCH3 OCH3 

R_C^0CH3 •  = / °  3  »F.-OEt.] , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA R . l _ C H e . l . C H a < fo r  R  -  flryl.  P l k e n y l 

\  \ H , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA lzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA U 3 n o t f l l k y l ) 

13 1 4 1 5 

A.  chang e o f  th e r e a c t i v i t y orde r  i n F igu r e 1 1 take s p lac e i f 
c o n d i t i o n s o f  a d d i t i o n r a t e c o n t r o l  ar e employed .  Hosomi ,  End o an d Saku ra i 
s t u d i e d th e r e a c t i o n o f  t r i e t h y l  or thoformat e w i t h a l l y l t r i m e t h y l -
s i l a n e i n presenc e o f  equimola r  amount s o f  T i C l , , . 2 2 A s expecte d f o r 
c o n d i t i o n s o f  a d d i t i o n r a t e c o n t r o l ,  th e h o m o a l l y l i c  a c e t a l  wa s foun d 
t o b e mor e r e a c t i v e tha n e t h y l  or thoformate ,  an d o n l y a  2: 1 produe t  wa s 
i s o l a t e d .  When w e repeate d t h i s r e a c t i o n w i t h c a t a l y t i c amount s o f 
SnCl„ ,  th e h o m o a l l y l i c  a c e t a l  wa s obta ine d i n 51 $ y i e l d .  I n a  s i m i l a r 
way th e o the r  ß ,  Y-unsaturate d a c e t a l s show n i n F igu r e 1 2 wer e s y n t h e s i z e d 
unde r  c o n d i t i o n s o f  concen t ra t i o n c o n t r o l . 2 3 

A d d i t i o n R a t e C o n t r o l 

1.1 «q- L J 

C o n c e n t r a t i o n C o n t r o l zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

, i  H 
? R .  ?  ZnCl « ... .  i 

•OR • <R0). 

o r  S n C l 4 < e a t . ) 
R 

73Z 4B Z BI Z 

F igu r e 12 .  Lewi s A c i d Promote d React ion s o f  Orthoformate s w i t h A l l y l -
s i l a n e s . 

D ich lo romethy l  methy l  e the r ,  a  p o t e n t i a l  f o r m y l a t i n g agen t  w i t h h i ghe r 
e l e c t r o p h i l i c i t y ,  ha d bee n repor te d t o g i v e on l y 2: 1 produc t s w i t h 
a lkenes . 2 1 *  Th i s r e s u l t  ca n b e exp la ine d b y c o n c e n t r a t i o n c o n t r o l ,  s i n c e 
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17zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA i o n i z e s t o a  g rea te r  exten t  tha n 16 . A l l  e f f o r t s t o fo rmy la t e a lkene s 
w i t h 16 unde r  c o n d i t i o n s o f  a d d i t i o n r a t e c o n t r o l  (exces s o f  s t ron g 
Lewi s a c i d s )  hav e bee n u n s u c c e s s f u l ,  bu t  i t  ha s bee n repor te d t h a t  v i n y l 
s i l a n e s ca n b e formyla te d w i t h 1 6 , whe n 1. 2 e q u i v a l e n t s o f  TiCl „  wer e 
employed. 2 5 We i n t e r p r e t e d t h i s r e s u l t  b y th e lo w i n t r i n s i c r e a c t i v i t y 
o f  th e in te rmed ia t e a l k o x y a l l y l  c a t i o n 19 ( a d d i t i o n r a t e c o n t r o l )  an d 
conclude d t h a t  16 shou l d a l s o g iv e 1  : 1 product s w i t h o the r  Subst ra te s 
i f  a l k o x y a l l y l  ea t i on s ar e forme d a s  in te rmed ia tes :  Th e botto m l i n e o f 
F igur e 1 3 show s tha t  d i a l k y l a c e t y l e n e s ca n b e ch lo ro fo rmy la te d i n t h i s 
way unde r  c o n d i t i o n s o f  a d d i t i o n r a t e c o n t r o l . 2 6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

+ c=c 1 
H CH 3 CH 8 Cl e 

16 

H3C0 CH-C<CH3) eCl 

Cl 

17 

H3CO CH-C<CH3) 8C1 

K CH-C<CH3>eCl 

18 

H3 C0N ,C 1 

Cl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
• c=c 

H R 

1. 2 eq .  H 3 

T i C l 4 

H.O 
n 

TiCl « 
16 19 20 

H3 C0S ,C 1 

» C l 

R-CEC-R 
1. 2 e q 

BCl , 
H C l 

BC14" 

Figur e 13 .  E l e c t r o p h i l i c React ion s o f  Chloromethy l  Methy l  E the r 

Becaus e o f  th e lo w e l e c t r o p h i l i c i t y o f  t r i a l koxyca rben iu m i o n s ,  o r tho -
carbonate s canno t  b e use d f o r  th e c a r b o x y l a t i o n o f  a lkenes .  Th i s r e a c t i o n 
ca n b e ach ieve d w i t h d i c h l o r o a c e t a l s ,  however .  F igur e 1 4 show s t h a t  th e 
format io n o f  1  : 1 product s fro m 21 an d o r d i n a r y a lkene s r e q u i r e s a d d i t i o n 
r a t e c o n t r o l :  When 21 an d isobuten e ar e t r e a t e d w i t h Z n C l 2 o r  c a t a l y t i c 
amount s o f  BC1 3 ,  o n l y th e 2: 1 product s 23 ar e formed ,  s i n c e 22 i o n i z e s 
t o a  g rea te r  exten t  tha n 2 1 . Wit h equimola r  amount s o f  BC1 3 ,  th e r e l a t i v e 
r e a c t i v i t i e s o f  reae tan t s an d product s becom e c o n t r o l l e d b y  th e a d d i t i o n 

C o n c e n t r a t i o n C o n t r o l 

+ H eC=C 
, C H» ZnCl e-Et, 0 

BCl,<cat. ) 

23 86 Z 

A d d i t i o n R a t e C o n t r o l 

6i z 

F igur e 1M.  E l e c t r o p h i l i c C a r b o x y l a t i o n o f  I s o b u t e n e . 2 7 
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r a t e s o f  th e correspondin g carbeniu m i o n s ,  an d th e r e a c t i o n s terminat e 
a t  th e 1: 1 produe t  s t a g e . 2 7 Thoug h a  s e r i e s o f  a lkene s ha s bee n carboxy -
l a t e d i n t h i s way, 2 7 we p r e f e r  t o rep lac ezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA 21 b y  th e a e y c l i c c h l o r o a c e t a l s 
2 5 , whic h ar e r e a d i l y a c c e s s i b l e b y  r a d i c a l  i n i t i a t e d c h l o r i n a t i o n o f 
th e formaldehyd e a c e t a l s  2 4 . 2 8 Becaus e o f  th e m i l d e r  worku p c o n d i t i o n s , 
th e y i e l d s o f  ca rboxy la te d alkene s ar e u s u a l l y h ighe r  tha n thos e obta ine d 
w i t h 2 1 . F igu r e 1 5 show s tha t  th e r e a c t i o n o f  25 w i t h a l l y l s i l a n e s 
unde r  c o n d i t i o n s o f  a d d i t i o n r a t e c o n t r o l  o f f e r s a  s impl e acces s t o 
ß,Y-unsaturate d c a r b o x y l a t e s . 

Transf« r 

X -  H ,  C l  2 4 2 5 

<ci-Q-o)eccie + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 =^—Sirie 3 

+ R 

R R 
S n C l 4 R  R e 

*  SnCl j "  +  C lS iHe 3 

0 O l  0  0  I i  0 

B r _ r j A ^  flr V^A.  flrV*)*^ flr-rr^V^S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA QrzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-<rzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA\A 

787.  627 .  467 .  647 .  797 . 

Figur e 15 .  ß,Y-Unsaturate d Carboxy la te s fro m D i c h l o r o a c e t a l s an d A l l y l -
s i l a n e s . 

3. 3 A d d i t i o n React ion s w i t h Consecut iv e C y c l i z a t i o n s 

A l l  example s d iscusse d i n Sec t i on s 3. 1 an d 3. 2 f o l l o w th e s imp l e Schem e 
o u t l i n e d o n th e botto m o f  F igu r e 2 ,  an d th e r e s u l t s ca n b e e x p l a i n e d b y 
c o n s i d e r i n g th e compet i t i o n o f  RX/R + an d PX/P + f o r  th e i r  n u c l e o p h i l e . 
Th i s a n a l y s i s may  f a l l ,  however ,  i f  th e a d d i t i o n r e a c t i o n i s p a r t  o f  a 
more comple x r e a c t i o n sequence .  A  well-know n exampl e i s  th e t e r t . 
a l k y l a t i o n o f  s i l o x y a l k e n e s w i t h t e r t . a l k y l  c h l o r i d e / L e w i s a c i d m i x t u r e s . 3 0 

The r a p i d d e s i l y l a t i o n o f  th e i n i t i a l l y generate d s i l oxyea rben iu m i o n 
prevent s t h i s i o n t o ac t  a s a n e l e c t r o p h i l e toward s o the r  i r  Systems . 

The f o l l o w i n g tw o example s fro m ou r  recen t  wor k a l s o i l l u s t r a t e th e 
l i m i t a t i o n s o f  ou r  sys temat i c approac h t o Lewi s a c i d promote d a l k y l a t i o n s 
o f  a l i p h a t i czyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA TT Systems .  Th e r e a c t i o n o f  cumy l  Ch lo r i d e 26 w i t h t e t r a m e t h y l -
e thy len e i n presenc e o f  v a r i o u s Lewi s a c i d s gav e comple x mix ture s o f 
products ,  probabl y becaus e o f  th e s t r a i n generate d d u r i n g th e fo rmat io n 
o f  th e regulä r  a d d i t i o n produet .  T i t a n i u m t e t r a c h l o r i d e ,  however , 
induce s a  r a p i d consecut iv e c y c l i z a t i o n ,  an d th e T i C l 4 c a t a l y z e d r e a c t i o n 
o f  26 w i t h te t ramethy le thy len e y i e l d s hexamethylinda n i n 72 $ y i e l d . 3 1 

Sinc e th e aromat i c r i n g ca n b e o x i d i z e d unde r  Ru(VTII )  c a t a l y s i s ,  th e 
r e a c t i o n sequenc e show n i n F igu r e 1 6 a l l o w s th e c o n s t r u e t i o n o f  a e y c l i c 
Compounds w i t h ad jacen t  quaternar y carbo n a toms. 3 1 
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KJ * / \zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA CH.C1 « k ^ C "  CCU.CHjCOeH,  H O « C - ^ 

26 2 7 "  2 « 2 9 

Figur e 16 .  C o n s t r u c t i o n o f  Compound s w i t h Adjacen t  Quaternar y C e n t e r s . 3 1 

Whil e th e ZnCl 2»Et 20 c a t a l y z e d r e a c t i o n o f  th e t r i m e t h y l a l l y l  C h l o r i d e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
30 w i t h a c e t y l  aceton e y i e l d e d 60 $ o f  th e cyc lopentad ien e 31,  attempt s 
t o s y n t h e s i z e 32-3

1

*  ana logous l y gav e comple x mixture s o f  products . 
Thes e cyc lopen tad iene s becam e a c c e s s i b l e ,  however ,  b y t h e tw o s t e p 
s y n t h e s i s show n i n F igu r e 1 7 . 3 2 B y  t r i a l  an d e r r o r  w e foun d tha t  Compoun d 
33 ca n a l s o b e syn thes i ze d (55$) i n on e ste p fro m 3-methyl -3-penten -2-o l 
and 3-methyl-pentan -2,4 -dion e an d FS0 3H.  I n a l l  thes e cases ,  th e sequenc e 
o f  elementar y r e a c t i o n s i s to o comple x t o a l l o w a  s impl e r a t i o n a l i z a t i o n 
o f  th e r e a c t i o n c o n d i t i o n s . 

a> ZnCl e /Et e O/NEt 3 ;  b > FS0 3H; 

F igur e 17 .  S y n t h e s i s o f  Polymethylate d F u n c t i o n a l i z e d C y c l o p e n t a d i e n e s . 3 2 

4. OUTLOOK 

Thoug h th e l i m i t a t i o n s o f  a  sys temat i c approac h t o Lewi s a c i d promote d 
r e a c t i o n s hav e bee n i n d i c a t e d i n S e c t i o n 3.3 ,  c o n d i t i o n s f o r  s impl e 
a d d i t i o n r e a c t i o n s (F igur e 2) ca n b e de r i ve d fro m th e mode l  d iscusse d 
i n S e c t i o n 2. I t  may b e wort h ment ionin g t h a t  th e i m p l i c a t i o n s o f  th e 
term s " c o n c e n t r a t i o n c o n t r o l "  an d " a d d i t i o n r a t e c o n t r o l " ,  whic h we 
hav e use d f o r  ou r  a n a l y s i s ,  ar e w e l l  know n t o s y n t h e t i c chemist s c a r r y i n g 
ou t  bas e promote d r e a c t i o n s . 

For  M i c h a e l  a d d i t i o n s o f  C H a c i d i c Compound s (e.g .  d i e t h y l  malonat e 
w i t h a,ß-unsaturate d ketones )  th e f o l l o w i n g recommendation s ar e g i v e n : 3 3 

"When p o s s i b l e ,  r e l a t i v e l y wea k b a s i c c a t a l y s t s suc h a s p i p e r i d i n e . . . 
shoul d b e s e l e c t e d .  I f  s t ronge r  base s ar e r e q u i r e d ,  i t  i s  normal l y 
app rop r i a t e t o us e on l y 0. 1 t o 0. 3 e q u i v a l e n t  o f  th e base. "  Th e analog y 
o f  thes e c o n d i t i o n s t o thos e s p e c i f i e d b y ou r  r u l e A  i s obviou s (concen -
t r a t i o n c o n t r o l ) .  On th e o the r  hand ,  preforme d carbanion s (o rganometa l l i c s ) 
ar e u s u a l l y employe d whe n th e adden d i s mor e b a s i c tha n th e eno la t e 
produce d b y a t t a c k a t  th e unsaturate d carbony l  Compound .  Thoug h th e 
natur e o f  th e meta l  io n p lay s a  c r u c i a l  r u l e i n many " c a r b a n i o n i c "  a d d i t i o n 
r e a c t i o n s ,  a  f i r s t  understandin g o f  th e p r i n c i p l e s i n v o l v e d ca n b e 



34 

Le wi s a c i d pr omot ed Base  pr omot ed 

Pdd i t i o n s  Pddi t i o n s  

Le ui s a c i ds  Bas es  Bas es  Rc i ds  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

nx n R-X B R-H zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

11 AG
0

 -  Ap K» 

R* R" BH* 

E l a c t r o p h i l i c Do N u c l v o p b l l l c Ree  
»ttac k a t t a c k + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA— 

P
+ 

P" BH* 

U 11 
nx n p- x B P-H 

Figur e 18 .  Analog y Betwee n A c i d an d Bas e Promote d A d d i t i o n React ions . 

base d o n th e Brrinste d pK a s c a l e ,  whic h prov ide s a  compariso n o f  th e 
b a s i c i t i e s o f  R~ ,  B  an d P~ .  A s  b a s i c i t y i s  know n t o b e c o r r e l a t e d w i t h 
n u c l e o p h i l i c i t y ,  l i n e a r  f r e e energ y r e l a t i o n s h i p s ca n b e use d t o d e r i v e 
n u c l e o p h i l i c  r e a c t i v i t i e s fro m pK a values. 3 * *  F igu r e 1 8 show s tha t  th e 
r e l a t i o n s h i p betwee n th e thermodynami c q u a n t i t y  " a c i d i t y "  (carbeniu m 
ion s ar e Lewi s a c i d s ! )  an d th e k i n e t i c ter m " e l e c t r o p h i l i c i t y "  i s o f 
th e sam e k in d a s th e r e l a t i o n s h i p betwee n " b a s i c i t y "  an d " n u c l e o p h i l i c i t y " , 
and we ar e p r e s e n t l y workin g o n a  q u a n t i f i c a t i o n o f  t h i s c o r r e l a t i o n , 
hopin g tha t  t h i s  w i l l  p rov id e a  deepe r  understandin g o f  Lewi s a c i d promote d 
a d d i t i o n s . 
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