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Model studies in recognition using new molecular 
shapes 

J u l i u s  Rebek, Jr. 
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Abs t r ac t  - The cha l l enges  p re sen ted  by t h e  s e l e c t i v e  complexation of small, 
b i o l o g i c a l l y  s i g n i f i c a n t  molecules are be ing  faced  through t h e  use  of new molecular  
shapes  in which s t e r e o e l e c t r o n i c  cons ide ra t ions  are inco rpora t ed .  Molecular 
c l e f t s ,  in which hydrogen bond donors and accep to r s  are ar ranged  in a convergent 
s ense ,  are p a r t i c u l a r l y  advantageous f o r  t h i s  purpose. 
and t h e i r  l i n i n g s  can be a l t e r e d  t o  provide  microenvironments complementary t o  a 
range of t a r g e t  s t r u c t u r e s .  Amines, metal ions, n u c l e i c  a c i d  components, and amino 
a c i d s  have a l l  been bound wi th in  such s t r u c t u r e s .  In a d d i t i o n ,  a p p l i c a t i o n s  in 
biomimetic c a t a l y s i s  and asymmetric r ecogn i t ion  are be ing  developed. 

They are r e a d i l y  assembled 

INTRODUCTION 

Given t h e  many successes  of macrocycl ic  compounds in b ioorgan ic  chemistry and t h e  devot ion  
of e n t i r e  conferences  t o  t h e  d i scuss ion  of s t r u c t u r e s  of t h a t  shape, what fo l lows  below 
might be regarded as apos tasy .  
fo l lowed our  r e a l i z a t i o n  t h a t  most macrocycl ic  compounds involve  t h e  convergence of Lewis  
bases .  They are n e a r l y  i d e a l  complements t o  s p h e r i c a l  c a t i o n s ,  bu t  f o r  o t h e r  gues t  s p e c i e s  
they  have l i m i t a t i o n s .  I f  t h e  t a r g e t  gues t  s p e c i e s  is a base,  then s t r u c t u r e s  f e a t u r i n g  
complementary a r r a y s  of a c i d s  are r equ i r ed .  S t e r e o e l e c t r o n i c  e f f e c t s ,  however, make it 
d i f f i c u l t  t o  a r r ange  t h e  convergence of a c i d s  in gene ra l  and ca rboxy l i c  a c i d s  ( r e f . 1 )  in 
s p e c i f i c  (Fig.  1 ) .  Attachment of ca rboxy l i c  a c i d s  t o  macrocycles is e a s i l y  accomplished, 
( r e f .  2 )  bu t  t h e  a c i d i t y  tends  t o  d ive rge  from t h e  b inding  s i te ;  ou r  i n t e n t  t o  c o n t r o l  t h e  
microenvironment near  t h e  hydrogen of t h e  ca rboxy l i c  a c i d  l e d  t o  t h e  use  of a molecular  
c l e f t  (Fig.  2).  

Abandoning macrocyl ic  compounds f o r  a l t e r n a t i v e  shapes  
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Acidity is directed away 
from the rest of the structure 
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Fig. 2 
Acidity is directed toward 
specific groups of the structure 

This  r equ i r ed  t h a t  a U-turn be engineered  i n t o  t h e  s t r u c t u r e  because t h e  f i r s t  bond l e a d i n g  
from t h e  carboxyl  group is p o i n t i n g  in e x a c t l y  t h e  wrong d i r e c t i o n .  
( r e f .  3) d e s c r i p t i o n  of an unusual  t r i c a r b o x y l i c  a c i d  (Fig.  3) provided t h e  s c a f f o l d  on 
which t h i s  U-turn could be nego t i a t ed .  S p e c i f i c a l l y ,  t h e  t r i a x i a l  arrangement of t h e  
carboxyl  f u n c t i o n s  i n s u r e s  t h a t  a U-shaped r e l a t i o n s h i p  e x i s t s  between any two of them. 
Th i s  t r i a c i d  can be used as a module f o r  " r eve r s ing"  t h e  sense  of molecules t h a t  it 
con ta ins .  For example, condensation wi th  s imple  a n i l i n e s  l eads  t o  imides ,  and wi th  o r t h o  
s u b s t i t u t e d  a n i l i n e s  f u r t h e r  conformat iona l  r e s t r i c t i o n  is achieved. The reg ion  of space 
n e a r  t h e  ca rboxy l i c  a c i d  hydrogen becomes s u b j e c t  t o  some con t ro l .  

Fo r tuna te ly ,  Kemp's 
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MOLECULAR CLEFTS 

By merely combining two of t h e  t r i a c i d  molecules with a s u i t a b l y  s u b s t i t u t e d  phenylene 
diamine we were a b l e  t o  gene ra t e  t h e  f i r s t  of our s y n t h e t i c  molecular c l e f t s .  
a r c h i t e c t u r a l  motif could be repeated wi th  o t h e r  aromatic  space r s ,  s p e c i f i c a l l y  wi th  
a c r i d i n e  yellow and a naphthalene diamine (Fig. 4). Crys ta l log raph ic  s t u d i e s  showed t h a t  
only t h e  ca rboxy l i c  ac ids  sepa ra t ed  by a benzene spacer  exist as hydrogen bonded dimers,  
i.e. -2.6A between opposing carboxyl oxygens. The a c r i d i n e  space r  p re sen t s  -8 .M and t h e  
mid-size naphthalene vers ion provides  -5.5A f o r  t h i s  d i s t ance .  The s t a c k i n g  i n t e r a c t i o n s  
o f f e r e d  by these  aromatic  space r s ,  p a r t i c u l a r l y  t h e  a c r i d i n e  are a l s o  a v a i l a b l e  f o r  binding 
c e r t a i n  amino a c i d s  ( r e f .  4). 

This  

Fig. 4 Convergent diacids wlth eromatlc spacers 

The c lose  con tac t  of t h e  two ca rboxy l i c  a c i d s  wi th  t h e  benzene space r  l e d  t o  some very 
unusual a c i d i t i e s  ( r e f .  5). 
measure of t he  p r i c e  t h a t  is paid t o  f o r c e  two negat ive charges i n t o  a small volume of 
space,  p a r t i c u l a r l y  i f  t he  more b a s i c  ( r e f .  1) lone p a i r s  are fo rced  t o  converge. The 
i n s t a b i l i t y  of t he  dianion can be used t o  g r e a t  advantage because i ts  a f f i n i t y  f o r  a l k a l i n e  
e a r t h  ions is l a rge .  For example, calcium o r  magnesium ions  are e x t r a c t e d  from aqueous 
s o l u t i o n  i n t o  chloroform wi th  these  d i a c i d s ,  and they can be t r anspor t ed  ac ross  simple 
l i q u i d  membranes as c h e l a t e  complexes ( r e f .  6 )  (Fig. 5). 

The second pKa is  > 11, and t h e  ApKa (6 u n i t s )  becomes a 

/ 
CHC13 

Flg. 5 
Calcium transport 
across liquid membranes 

Relative rates: 

Diacld = 0.7 
~-23187 I 1.0 
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The mid-size ve r s ion  invo lv ing  t h e  naphtha lene  space r  binds t enac ious ly  t o  small molecules 
t h a t  can t r ansmi t  t h e  ac id /base  informat ion  of two d i c a r b o x y l i c  a c i d s  a c r o s s  t h e  c l e f t .  
Both a l coho l s  and amines form 2 : l  complexes, whereas diamines and d i o l s  form 1:l complexes 
(F ig .  6). They have proven q u i t e  u s e f u l  as c h i r a l  s o l v a t i n g  agen t s  o r  s h i f t  r eagen t s  f o r  
NMR. The mono f u n c t i o n a l i z e d  d e r i v a t i v e  w i t h  a-phenyl-ethylamine p l aces  an asymmetric 
c e n t e r  very  near  t h e  s i t e  where a racemic a l c o h o l  is bound, and a l a r g e  e f f e c t  on t h e  nmr 
s p e c t r a  is t h e  r e s u l t  ( r e f .  7) .  With convent iona l  c h i r a l  a c i d s ,  t h e  asymmetric c e n t e r  ( a t  
t h e  a carbon) would be a t  some d i s t a n c e  from t h e  gues t  and t h e r e f o r e  less e f f e c t i v e  i n  
c r e a t i n g  an a n i s o t r o p i c  environment. 

Cooperative hydrogen bonding Asymmetric centers 
In close contact 

Fig. 6 

MOLECULAR CHELATION 

The a c r i d i n e  space r  o f f e r s  both r a p i d  a c c e s s i b i l i t y  and a l a r g e r  c l e f t .  As a r e s u l t ,  i t  has 
occupied most of our  a t t e n t i o n  i n  t h i s  series. Complementary f u n c t i o n a l i t y  and s i z e  was 
provided  by a number of h e t e r o c y c l i c  compounds. 
p a i r s )  i n  d ive rgen t  d i r e c t i o n s  and w e  have worked through t h e  s e l e c t i v i t y  of such p rocesses  
w i t h  a number of examples ( r e f .  8) (Fig.  7). Moreover, t h e  s t r o n g  d i p o l e  of t h e  a c r i d i n e  
p o r t i o n  provides  s t a c k i n g  o p p o r t u n i t i e s  f o r  a romat ic  d e r i v a t i v e s  and an a d d i t i o n a l  p o i n t  of 
b ind ing  is  provided. Neu t ra l  he t e rocyc le s  are a l s o  bound wi th in  t h e  c l e f t .  E i t h e r  t h e  
d i c a r b o x y l i c  a c i d  o r  t h e  cor responding  diamide f i n d s  s u i t a b l e  hydrogen bonding s u r f a c e s  wi th  
d i k e t o p i p e r a z i n e  d e r i v a t i v e s .  We have explored  t h e  promiscui ty  of t h i s  c l e f t  u s ing  
he te rocyc le s  which p resen t  a series of d i f f e r e n t  hydrogen bonding p a t t e r n s .  

Diamines expres s  t h e i r  b a s i c i t y  ( lone  

heterocycles using ionic 
forces and hydrogen bonds 

In a l t e r i n g  t h e  l i n i n g  of t h e  c l e f t  f o r  h e t e r o c y c l i c  subs t ances ,  it became apparent  t h a t  
s l i g h t  mod i f i ca t ions  could be engineered  i n t o  t h e  s t r u c t u r e  t h a t  could provide  s u r f a c e s  
complementary t o  nuc leo t ide  bases ( r e f .  9 ) .  Accordingly,  an imide (Fig.  8) was prepared. 
It p r e s e n t s  hydrogen bonding edges and an  a romat i c  s t a c k i n g  s u r f a c e  which converge from 
pe rpend icu la r  d i r e c t i o n s  t o  create a microenvironment i d e a l  f o r  adenine  d e r i v a t i v e s .  
s u i t a b l e  c o n t r o l  systems i t  is p o s s i b l e  t o  d i s s e c t  t h e  r e l a t i v e  c o n t r i b u t i o n s  of base- 
p a i r i n g  and a romat i c  s t a c k i n g  in s o l v e n t s  such as CDC13. 
s i n g l e  a romat i c  s u r f a c e ,  a molecular  c h e l a t i n g  agent  r e s u l t s .  It can i n t e r a c t  w i th  adenine  
i n  both Watson-Crick and Hoogsteen senses ;  i n  a d d i t i o n ,  i t  can muster a r y l  s t a c k i n g  f o r c e s .  
Th i s  material provides  such a complementary a r r a y  of hydrogen bonds t h a t  is  capable  of 
e x t r a c t i n g  adenine  and i t s  d e r i v a t i v e s  such  as adenosine from aqueous s o l u t i o n  i n t o  an 
o r g a n i c  so lven t !  ( r e f .  10). 

With 

By appending % of t h e  u n i t s  t o  a 
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H -  

H 
H-bondlng 

Watson- Hoogsteen 
Crick 

R = H, rlbosyl, 
deoxyribosyl 

Fig. 8 

SIZES A N D  SHAPES 

The number of d i f f e r e n t  shapes a v a i l a b l e  is l i m i t e d  only  by t h e  access  t o  space r  elements.  
For example, t r e n  g ives  a t r i s i m i d e .  I t , c a n  a c t  as a molecular " t o o l  chuck" invo lv ing  t h r e e  
convergent imides. It f i n d s  a complement in melamine, f o r  example; slow exchange is 
observed a t  room tempera ture  in t h e  nmr s p e c t r a  and up t o  9 hydrogen bonds could be involved  
(F ig .  9). 
s y n t h e s i s  of t h e  nuc leus  desc r ibed  by Lindsey ( r e f .  11). Here t h e  d i s t a n c e  is complementary 
t o  4 ,4 ' -b ipyr idyl  and indeed a 2:l complex is formed w i t h  t h i s  he t e rocyc le  ( r e f .  12) .  

A te t ra  a r y l  porphyr in  space r  is a l s o  a v a i l a b l e ,  due t o  t h e  h igh ly  e f f i c i e n t  

CH, 

Flg. 9 New slzes and shapes for molecular recognition 

 OH^ I melamine 

Nature ' s  u se  of weak in t e rmolecu la r  f o r c e s ,  which act only a t  s h o r t  d i s t a n c e s ,  l e a d s  t o  high 
s e l e c t i v i t y .  
r ecogn i t ion .  For example, by merely reducing  t h e  imide func t ion  of t h e  adenine  r ecep to r  
wi th  NaBH4, t h e  e f f e c t i v e  acid-base p a t t e r n  of hydrogen bonds is a l t e r e d .  
d e r i v a t i v e s  a r e  bound more e f f e c t i v e l y  than adenine  d e r i v a t i v e s  ( r e f .  13) (Fig.  10). 

This  behavior can be p r o f i t a b l y  i m i t a t e d  in model s t u d i e s  of molecular  

Now cy tos ine  
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Fig. 10 Binding selectivity is determlned by patterns 
of acids ( A )  and bases (19). 

Recent ly ,  we have brought our  exper ience  on adenine r ecogn i t ion  t o  bear  on t h e  problem of 
s e l f - r e p l i c a t i n g  systems, and some progress  has been made i n  t h i s  regard .  In connect ihg  an 
adenine  to a recep to r  f o r  adenine ,  a system t h a t  is capable  of d imer iz ing  ( o r  po lymer iz ing)  
i s  c rea t ed  because i t  is self-complementary. The monomer, however, is capable  of a c t i n g  a s  
a templa te  f o r  i t s  own cons t ruc t ion  (F ig  11). Base p a i r i n g  a t  both ends b r ings  t h e  r e a c t i v e  
c e n t e r s  t oge the r  and such a system can s e l f - r e p l i c a t e  through a u t o c a t a l y s i s .  S o r t i n g  out  
t h e  k i n e t i c  parameters ( r e f .  14)  in systems is not an easy t a s k ,  bu t  model compounds could 
be of cons ide rab le  gene ra l  use  f o r  t e s t i n g  no t ions  i n  p r e b i o t i c  chemistry.  

r! 
" 

T N 

"i 

Fig. 11 Self-recognition and self-repllcallon In a model system 

CATALYSIS 

The moderate d i r e c t i o n a l  c h a r a c t e r i s t i c s  of hydrogen bonds can a l s o  be used i n  c a t a l y t i c  
s e t t i n g s .  The a b i l i t y  t o  " d i r e c t "  ca rboxy l i c  a c i d s  and o r i e n t  them toward o t h e r  p a r t s  of a 
g iven  s t r u c t u r e  has now provided cases  of i n t r amolecu la r  e n o l i z a t i o n s  ( r e f .  15)  (Fig.  12) .  
The coopera t ive  e f f e c t s  of t h e  imidazole /carboxyla te  p a i r ,  (a  system t h a t  resembles t h e  
a c t i v e  si tes of t h e  s e r i n e  p r o t e a s e s )  can a l s o  be observed ( r e f .  16) .  Both these  cases  
d e p a r t  from e x i s t i n g  models i n  t h a t  t h e  more b a s i c  2 lone p a i r s  of t h e  ca rboxy la t e  are 
d i r e c t e d  toward t h e  r e a c t i o n  pa r tne r .  
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H3C 

H 3c 

R = CH(CH3)z 

Flg. 12 Intramolecular general base catalysls by carboxylate 2 lone pairs 

A more ambi t ious  under tak ing  invo lves  t h e  gene ra t ion  of s y n t h e t i c  c a t a l y s t s .  In t h i s  
con tex t  t h e  r i g i d  space r  elements provide  t h e  advantage of s e p a r a t i n g  a c i d  base  p a i r s  t o  
exp lo re  t h e  p o s s i b i l i t i e s  of concer ted  c a t a l y s i s .  With less r i g i d  s t r u c t u r e s  o r  t hose  t h a t  
i nvo lve  d ive rgen t  f u n c t i o n a l i t y ,  such an arrangement is d i f f i c u l t  t o  achieve .  The 
convergent d i c a r b o x y l i c  a c i d  de r ived  from a c r i d i n e  resembles t h e  a c t i v e  s i t e  of lysozyme in 
s t r u c t u r e .  It shows an unusual  a c t i v i t y  f o r  c leavage  of c e r t a i n  hemiace ta l s  ( r e f .  17). 
Presumably, i t s  f u n c t i o n a l i t i e s  can g rasp  t h e  s u b s t r a t e  y e t  p re sen t  a c i d  and base  groups 
po i sed  f o r  what is l i k e l y  t o  be concer ted  c a t a l y s i s  (Fig.  13).  

wwaiysis v i  hemlacetal cleavage by 
N-CH~ convergant tunctlonal groups 
0 

CH3 

With s u i t a b l e  mod i f i ca t ions  it should be p o s s i b l e  t o  gene ra t e  s t e r e o e l e c t r o n i c a l l y  r e l e v a n t  
models f o r  o t h e r  enzyme a c t i v e  si tes.  The u l t i m a t e  g o a l  he re  i s  t h e  convergence of recogni- 
t i o n  with c a t a l y s i s ;  t h e s e  even t s  must occur c l o s e l y  toge the r  in space  and time t o  model 
t h e  Pau l ing  p r i n c i p l e  f o r  enzyme a c t i o n  ( r e f .  18).  
r e p o r t  on our  p rogres s  in due course.  

We are pursu ing  t h i s  g o a l  and we w i l l  
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