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SMALL SYNTHETIC MACROCYCLIC CAGES. PROTON TRANSFER 
PROPERTIES AND METAL COMPLEXES 

Mauro Micheloni 
Department o f  Chemistry, University o f  Florence, 
V i a  Maragliano 75, 1-50144 (Italy) 

(Received April 18.1988) 

Abstract The synthesis, characterization and liga- 
tional properties of a series of small macrocyclic 
cages are discussed. 

Keywords: Macrocyclic cages, H. L. synthesis, characterization, ligational properties 

INTRODUCTION 

The challenge of  designing and synthesizing new macro- 
cyclic compounds in order to achieve new chemical 
properties is one of the most fascinating aspects of 
the macrocyclic chemistry. The present report will 
review the chemistry o f  a series o f  small syntnetic 
cages with the general formula reported in Figure 1 .  

X=NH, L1 

x=s, L2 

x=o, L3 

FIGURE 1 .  General formula indicating the macrocyclic 
cages belonging to the series. 
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4 M. MICHELONI 

The presence o f  a ' t r i d i m e n s i o n a l '  c a v i t y  a l l o w s  t o  ex- 

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

chemical  p r o p e r t i e s  o f  t hese  compounds. The c h e m i s t r y  

o f  t h e s e  compounds i s  v e r y  much i n f l u e n c e d  by t h r e e  

main c h a r a c t e r i s t i c s :  i )  s i z e  o f  t h e  c a v i t y ;  i i )  

r i g i d i t y ;  i i i )  n a t u r e  o f  t h e  donor atoms. The s i z e  o f  

t h e  c a v i t y  i s  v e r y  sma l l  and o n l y  sma l l  i o n s  can be 

encapsu la ted .  R i g i d i t y  is t h e  second i m p o r t a n t  

c h a r a c t e r i s t i c s :  t h e  presence o f  s h o r t  e t h y l e n i c  c h a i n s  

on t h e  twelve-membered macrocyc le  maKes t h i s  p a r t  o f  

t h e  m o l e c u l e  r a t h e r  r i g i d .  The two methy l  groups f u r -  

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

o f  t h e  mo lecu le  wh ich  i s  r e l a t i v e l y  more f l e x i b l e  i s  

t h e  u n i t  wh ich  b r i d g e s  t h e  two unmethy la ted  n i t r o g e n  

atoms, which c o n t a i n s  two p r o p y l e n i c  cha ins .  F i n a l l y  

t h e  donor atoms, wh ich  a r e  a l l  o r  m a i n l y  n i t r o g e n s .  

t h e s e  macrocyc les  i s  s c h e m a t i c a l l y  

2. The f i r s t  i m p o r t a n t . s t e p ,  wh ich  

cages, i s  t h e  p r e p a r a t i o n  o f  a 

t w e l v e  membered tetra-azamac,rocyc. le 

o f  t h i s  key-compound i s  f u l l y  descr  

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

t h e  a p p r o p r i a t e  u n i t  t h e  two secondary n i  

i s  t h e  second s t e p  o f  t h e  s y n t h e s i s .  I n  

o f  t h e  n i t r o g e n  d e r i v a t i v e 2  12,17-dimethy 

pentaazabi  c y c l  o C7.5.51 nonadecane ( L 1 )  t h e  

S y n t h e s i s  o f  cages 

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

r e p o r t e d  i n  F i g u r e  

i s  common f o r  a l l  

t r a n s - d i m e t h y l a t e d  

1 ) .  The s y n t h e s i s  

bed i n  r e f .  1 .  The 

b r i d g i n g  w i t h  

rogen  atoms, 

t h e  s y n t h e s i s  

-1 ,5,9,12,17-  

key  s t e p  i s  

r e p r e s e n t e d  by t h e  f o r m a t i o n  o f  t h e  m a c r o b i c y c l i c  com- 

pound 12,17-dimethyl-5-tosyl-1,519,12117-pentaazabi- 

cyc lo [7 .5 ,5 ]nonadecane  ( 3 )  (see F i g u r e  2). The s t i r r e d  

suspension c o n s t i t u t e d  by powdered sodium carbonate,  
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SMALL SYNTHETIC MACROCYCLIC CAGES 5 

/ \ 

HzSO4 conc. 

exchange I 
FIGURE 2. Synthetic route followed to obtain the 

cages. 

compounds ( 1 )  and (2) was refluxed for 32 h. The yield 

of this reaction was found to be 31%. Longer reaction 

ttmes resulted in markedly lower yields, The tosyl 

group was removed by using concentrated 96% sulfuric 

ac i d3, the f i nai product was put- i f i ed as tr i hydro- 
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6 M. MICHELONI 

p e r c h l o r a t e  

t r i h y d r o b r o m  

d e r i v a t i v e 4  

t e t r a a z a b i c y  

b r o m i d e  monohydra te  s a l t  ( H 3 L l ) B r 3 - H 2 0 .  W h i t e  c r y s t a l s  

o f  t h e  s l i g h t l y  s o l u b l e  m o n o p e r c h l o r a t e  s a l t  HL1-C104 

were  i s o l a t e d  by  a d d i t i o n  o f  c o n c e n t r a t e d  sod ium 

s o l u t i o n  t o  t h e  aqueous s o l u t i o n  o f  t h e  

de s a l t .  The s y n t h e s i s  o f  t h e  sulphur 

(L2 )  12,17-dimethyl-5-thia-lf9,~2,17- 

l o  r 7 . 5 . 5  J nonade 

u s i n g ,  as b r i d g i n g  u n i t ,  t h e  

t he 3 ,3  ’ - t h i od i p r o p  i on i c ac 

t echn i que t h e  b i cy  c 1 i c t I i  i od 

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

ane was c a r r i e d  o u t  by 

c h l o r i d e  d e r i v a t i v e  ( 4 )  o f  

d. By u s i n g  h i g h  d i l u t i c j n  

amide (6)  was o b t a i n e d .  

0duc.t w i t h  d i b o r a n e  i n  d r y  

THF y i e i d e d  impure  (L2).  The f i n a l  p u r i f i c a t i o n  was 

a c h i e v e d  by  s u b l i m a t i o n  i n  vacuo a t  80  OC o f  t h e  impure 

m i x t u r e .  The m o n o p e r c h l o r a t e  s a l t  ( L E ) * C I 0 4  was ob- 

t a i n e d  by  a d d i n g  a s l i g h t  excess  o f  p e r c h l o r i c  a c i d  i n  

e t h a n o l  t o  an e t h a n o l i c  s o l u t i o n  o f  t h e  f r e e  cage, The 

s y n t h e s i s  o f  t h e  oxygen d e r i v a t i v e 5  1 2 , 1 7 - d i r n e t h y l - 5 -  

0x0-1  9,12# 1 7 - t e t r a a z a b i  c y c l  o [ 7 . 5 . 5 ]  nonadecane ( L 3 )  has 

been c a r r i e d  o u t  by u s i n g  as b r i d g i n g  u n i t  t h e  @,$ ’ -  

O x y d i p r o p i o n i c  a c i d  ch  o r i d e  ( 5 ) ,  o b t a i n e d  by c h l o r i n a -  

t i o n  o f  t h e  c o r r e s p o n d  n g  a c i d .  The l a s t  p r o d u c t  was 

o b t a i n e d  by a c i d i c  h y d r o l y s i s  o f  t h e  commercial  

d i n i t r i l e .  The f i n a l  p r o d u c t  was p u r i f i e d  as mono- 

p e r c h l o r a t e  s a l t  (HL3)*C104.  I t  i s  w o r t h w h i l e  t o  n o t e  

t h a t  a l l  t h e  s y n t h e s i s  so f a r  used  f o r  o b t a i n i n g  t h e  

m a c r o c y c l i c  cages o f  t h e  s e r i e s  a r e  non- temp la ted  

s y n t h e s i s .  T h i s  means t h a t  a t  t h e  end o f  t h e  s y n t h e t i c  

r o u t e  w h a t  we o b t a i n  I S  t h e  f r e e ,  o r  a t  most t h e  

monopro tona ted  cage, w h i c h  can be used f o r  s t u d y i n g  

b o t h  p r o t o n a t i o n  and m e t a l  complex f o r m a t i o n  r e a c t l o n s .  
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SMALL SYNTHETIC MACROCYCLIC CAGES I 

P r o t o n a t i o n  behavior. 

The p r e c u r s o r  compound of t h e  s e r i e s  ( L i )  can taKe up 

a t  maximum t h r e e  p r o t o n s ,  even i f  p o t e n t i a l l y  f i v e  

p r o t o n a t i o n  s i t e s  a r e  a v a i l a b l e .  In t h e  s o l i d  s t a t e  

mono- and t r i - p r o t o n a t e d  s a l t s  of L l  have been 

o b t a i n e d .  In aqueous s o l u t i o n  t h i s  macrocyc le behaves 

as a very  weaK base i n  t h e  t h i r d  p r o t o n a t i o n  s t e p  

(logKac2 for t h e  s tepwise  e q u i l i b r i a  ( 1 )  and as 

H ( ~ - ~ ) L I ( ~ - ~ ) +  + H+ = H ~ L I ~ +  ( 1 )  
moderate base i n  t h e  second p r o t o n a t i o n  s t e p  ( l o g  

K2=8.41]296. In  t h e  f i r s t  p r o t u n a t i a n  s t e p  L l  behaves 

as an ex t remely  s t r o n g  base: t h e  p r o t o n  can n o t  be 

removed even i n  s t r o n g  a l K a l i n e  s o l u t i o n .  The 13C 

n . m . r .  s p e c t r a  o f  H L i +  i n  water  and i n  3 ma1 dm-3 KQH 
s o l u t i o n  a r e  t h e  same. The spect rum o f  H L I +  spec.ies 

(see F i g u r e  3 )  shows s i x  sharp s i g n a l s  account ing  for 

f d 

r I I I 
60 50 40 30 PPM 

FIGURE 3. f 3 C  n.m.r. spectrum o f  t h e  H L I t  spetr--ies 

w i t h  t h e  r e l a t i v e  assignments. 
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8 M. MICHELONI 

an o v e r a l l  Cgv symmetry, p o s s i b l y  t i m e  averaged among 

lower-symmetry conformers and/or tautomers.  No changes 

i n  b o t h  t h e  p u r e  water  and 3 mo1 dm-3 KOH s p e c t r a  were 

d e t e c t e d  a f t e r  one week. The assignments were made by 

u s i n g  APT t e c h n i q u e a t g  and two-d imensional  iH-13C 

n . m . r .  The ‘H n . m . r .  spectrum o f  [HLi](Cl04) i n  d r y  

CD3CN o r  CDCl3 shows a c o m p l i c a t e  m u l t i p l e t  p a t t e r n  

(see F i g u r e  4 )  between 1 . 5  and 3.0 p.p.m, ,  where t h e  

I 22’ 

FIGURE 4. ‘H n . m . r .  spectrum of [HLIJ(C\04] i n  d r y  

CD3CN 

s i g n a l  o f  t h e  methy l  group i s  r e c o g n i z a b l e  a t  2.28 

p.p.m, and a broad s i g n a l  a t  9 .3  p.p.m. The l a s t  

s i g n a l ,  wh ich  i n t e g r a t e s  f o r  t w o  p r o t o n s ,  i s  a t -  

t r i b u t a b l e  t o  t h e  ‘ t rapped ’  d e s h i e l d e d  -NH+g p r o t o n s .  

T h i s  s i g n a l  d isappears  by add ing  two e q u i v a l e n t s  o f  
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SMALL SYNTHETIC MACROCYCLIC CAGES 9 

CH30H o r  water, due to excessive linewidth, indicating 
intermediate or fast proton exchange on the n.m.r. ex- 
periment time-scale with 'external' active hydrogens, 

The experimental findings, i.e. the extremely high 
basicity (unmeasurable in aqueous solution) and the 
fast proton exchange, allow us to classify L1 as 'FAST 

PROTON SPONGE'. In o r d e r  to better investigate the 
origin of both the high thermodynamic stability and the 
high Kinetic lability of the monoprotonated species 
HLI+,  the x-ray crystal structure of the CHL1lBr  salt 
was carried out.'* Good crystals for x - r a y  analysis 
were obtained by slow diffusion of diethyl ether into a 
concentrated solution o f  the [ H L l I B r  salt in tetra- 
nydrofuran. ~n Figure 5 a view of the HLI+ cation i s  

7 

FIGURE 5 .  View o f  the H L l c  cation showing Only part 
of the labelling scheme. 
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10 M. MICHELONI 

r e p o r t e d .  The s t r u c t u r e  shows t h a t  t h e  f i v e  n i t r o g e n  

atoms a r e  l o c a t e d  a t  t h e  ap ices  o f  a s l i g h t l y  d i s t o r t e d  

square pyramid,  w i t h  t h e  f o u r  t e r t i a r y  n i t r o g e n s  form- 

i n g  t h e  basal  p l a n e  and t h e  secondary n i t r o g e n  atom t h e  

v e r t e x .  The n i t r o g e n  atoms a r e  i n  t h e  endo 

conformat ion ,  t h e  e t h y l e n i c  cha ins  a r e  all below t h e  

basal  p lane.  The s t r u c t u r a l  d a t a  c o n f i r m  t h a t  p r o t o n a -  

t i o n  o c c u r s  on t h e  secondary amino group. The two 

hydrogen atoms 1127 and 1-130, bonded t o  t h e  secondary 

n i t r o g e n  N16, f o r m  hydrogen bonds w i t h  N7 and N1 

r e s p e c t i v e l y .  The H d d * N  d i s t a n c e s ,  2.28 and 2.04 A ,  
show t h a t  t h e s e  hydrogen bonds a r e  r a t h e r  weakf1,  p e r -  

haps due t o  t h e  s t e r i c  r e p u l s i o n s  between t h e  secondary 

n i t r o g e n  and t h e  methy l  groups and/or t o  i n t e r n a l  con- 

s t r a i n t s  o f  t h e  m a c r o c y c l i c  bacKbone. However, each 

hydrogen o f  t h e  NH2+ group f u r t h e r  i n t e r a c t s  w i t h  b o t h  

br idgehead n i t r o g e n  atoms. The d i s t a n c e s  o f  these 

hydrogen bonds a r e  2.44 and 2.76 r e s p e c t i v e l y .  In  

c o n c l u s i o n  t h e  a r r a y  o f  s i x  hydrogen bonds between t h e  

hydrogen atoms o f  t h e  NH2+ group w i t h  t h e  f o u r  t e r t i a r y  

n i t r o g e n  atoms maKes t h e  s t r u c t u r e  p a r t i c u l a r l y  s t a b l e  

f r o m  t h e  thermodynamic p o i n t  o f  v iew, a l b e i t  no s i n g l e  

hydrogen bond i s  p e c u l i a r l y  s t r o n g .  These s t r u c t u r a l  

f e a t u r e s  o f  t h e  HLI+ spec ies  a l l o w  a l s o  t o  e x p l a i n  t h e  

f a s t  protonation/deprotonation K i n e t i c .  Indeed, t h e  

hydrogen atoms o f  t h e  N H 2 +  group, s i n c e  they  l i e  on t h e  

' s u r f a c e '  o f  t h e  molecu le ,  can e a s i  l y  i n t e r a c t  w i t h  t h e  

s o l v e n t  and be i n  f a s t  exchange w i t h  t h e  a c t i v e  

hydrogen atoms o f  t h e  s o l v e n t  mo lecu les .  These r e s u l t s  

a r e  i n  sharp c o n t r a s t  w i t h  t h e  behav io r  observed f o r  

t h e  m ~ n o p r o t o n a t e d  f o r m s  o f  t h e  c 1 . 1 . 1 1  c r y p t a n d l 2 S l 3  

and d i a z a b i c y c l o a l k a n e s ~ 4 ,  where t h e  p r o t o n ,  l o c a t e d  

i n s i d e  t h e  i n t r a m o l e c u l a r  c a v i t y ,  shows s low t r a n s f e r  
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SMALL SYNTHETIC MACROCYCLIC CAGES 11 

r e a c t i o n .  The a d d i t i o n  o f  t h e  second p r o t o n  t o  f o r m  t h e  

HzL12+ spec ies  produces marKed changes i n  t h e  13C 

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

changes in  t h e  second p r o t o n a t i o n  s t e p .  When t h e  

average number o f  bound p r o t o n s  t o  Ll i s  2 ,  two s e t s  o f  

S i r :  s i g n a l s  i n  t h e  13C n . m . r .  spectrum a r e  p r e s e n t .  One 

s e t ,  account ing  for ca. 80% o f  t h e  t o t a l  carbon, 

be longs t o  one or more isomers i n  f a s t  exchange w i t h  

H L l +  and H3LI3+. The second Set ins tead,  account ing  f o r  

ca.  20% o f  carbon, be longs t o  one or more isomers which 

exchange s l o w l y ,  on t h e  n . m . r .  t i m e - s c a l e ,  w i t h  a l l  , t h e  

above spec ies .  The v a l u e  o f  t h e  second p r o t o n a t i o n  con- 

s t a n t  (logK2 = 8.41) i s  s l i g h t l y  s m a l l e r  t h a n  t h o s e  

u s u a l l y  found f o r  t h e  second p r o t o n a t i o n  s t e p  o f  secon- 

d a r y  amino groups o f  monocyc l i c  p o l y a z a c y c l o -  

a l k a n e ~ ~ ~ , ~ ~ .  The a c i d i t i o n  o f  t h e  t h i r d  p r o t o n  t o  t h e  

cage LI t o  f o r m  H3Lq3+ i s  d i f f i c u l t  and t h e  r e l a t i v e  

e q u i l i b r i u m  cons tan t  cannot be a c c u r a t e l y  measured i n  

t h e  usual  pH-range. LogK3 i s  e s t i m a t e d  t o  be less than  

2 .  The e l e c t r o s t a t i c  r e p u l s i o n s  among c l o s e  p o s i t i v e  

charges can e x p l a i n  such low v a l u e  f o r  l o g K 3 .  F o r  t h e  

spec ies  H3L13+ Only one s e t  o f  s i x  pe3KS i 9  found f o r  

t n e  f3c n . m . r .  spectrum. The i n t e r e s t i n g  p r o t o n a t i o n  

b e h a v i o r  o f  L1 (PROTON SPONGE) i s  due t o  t h e  presence 

o f  t h e  

mo 1 ecu 

f o r m a t  

group 

h a v e  s 

secondary n i t r o g e n  atom and t o  a s u i t a b l e  

a r  shape wh ich  a l l o w s  hydrogen-bond frameworK 

on. To b e t t e r  understand t h e  r o l e  p l a y e d  by t h e  

p r e s e n t  i n  t h e  d i - p r o p y l e n i c  b r i d g i n g  u n i t  we 

n t h e s i z e d  t h e  s u l p h u r  cage (L2), by r e p l a c i n g  

t h e  I.IH group W i t h  s u l p h u r .  In t h i s  way t h e  O v e r a l l  

m o l e c u l a r  topo logy  s h o u l d  n o t  change. Both  i n  t h e  s o l i d  

s t a t e  and tn aqueous s o l u t i o n  t h e  cage L2 can taKe UP 

a t  most two p r o t o n s .  ~2 behaves as a r a t h e r  s t r o n g  base 
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12 M. MICHELONI 

i n  b o t h  p r o t o n a t i o n  s t e p s 4  (logK1=11.g1; logK2=0.70) ,  

A s  expected L 2  does n o t  show p r o t o n i c  sponge behav io r  

even i f  t h e  s tepwise  p r o t o n a t i o n  c o n s t a n t s  a r e  unex- 

p e c t e d l y  h i g h  f o r  t e r t i a r y  n i t r o g e n  atoms.17 The s t e p -  

w ise  p r o t o n a t i o n  e n t h a l p i e s  have been determined by 

d i r e c t  c a l o r i m e t r y .  The r e s u l t s  show t h a t  b o t h  p ro tona-  

t i o n  s t e p s  a r e  v e r y  exrr thermic r e a c t i o n s  (dH7=-13.3 and 

dHi=-11.5 Kcal m o l - t ) .  The h i g h  b a s i c i t y  o f  L2 i n  t h e  

f i r s t  p r o t o n a t i o n  s t e p  i s  e n t i r e l y  due t o  a v e r y  

f a v o r a b l e  e n t h a l p i c  t e r m  (dkfj=-l3.3 Kcal ma1- l ) .  T h i s  

means t h a t  t h e  added p r o t o n  shou ld  i n t e r a c t  very  

s t r o n g l y  w i t h  t h e  t e r t i a r y  n i t r o g e n  atoms t o  f o r m  t h e  

manoprotonated spec ies  HL2+. I n  o t h e r  words t h e  

hydrogen atom o f  t h e  NH+ group shou ld  be well embedded 

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

A s  we have a l r e a d y  seen i n  t h e  case o f  t h e  p r e c u r s o r  

cage L t  t h e  f i r s t  p r o t o n  i s  so s t r o n g l y  bound t h a t  i t  

cannot be removed i n  3 mol dm-3 KOH s o l u t i o n  (PROTON 

SPONGE). The s u l p h u r  cage L2, i n  which one s u l p h u r  atom 

has r e p l a c e d  t h e  secondary n i t r o g e n  -NH i n  L1 w i t h o u t  

subetan t  at m o d i f i c a t i o n  o f  t h e  o v e r a l l  m o l e c u l a r  

topo logy  i s  l e s s  b a s i c  t h a n  L1 and i t s  b a s i c i t y  i s  

measurab e .  Never the less  t h e  b a s i c i t y  o f  L2  i s  very  

h i g h  f o r  a compound h a v i n g  o n l y  t e r t i a r y  n i t r o g e n s ,  

thus i n d i c a t i n g  t h e  v e r y  impor tan t  r o l e  p l a y e d  by t h e  

m o l e c u l a r  topo logy  i n  t h e  p r o t o n  t r a n s f e r  r e a c t i o n s .  

The oxygen d e r i v a t i v e  (L3) has been t h e  t h i r d  cage o f  

t h e  s e r i e s  so f a r  syn thes ized.  The presence o f  t h e  

e l e c t r o n e g a t i v e  oxygen atom i n  t h e  b r i d g i n g  u n i t  allows 

a b e t t e r  unders tand ing  o f  t h e  role p l a y e d  by t h i s  group 

on t h e  p r o t o n a t i o n  behav io r  o f  t h e  cage. The cage L3 

behaves as a d i p r o t i c  base, b o t h  i n  s o l i d  s t a t e  and 

s o l u t i o n ,  The f i r s t  p r o t a n  c.annot be removed even i n  
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SMALL SYNTHETIC MACROCYCLIC CAGES 13 

strong alkaline ~ o l u t i o n ~ * ~ ~ ,  showing a protonic sponge 
behavior. In conclusion all the macrocyclic cages 
belonging to the series are powerful proton receptors. 
Two of them, the precursor compound L1 and the oxygen 
derivative L3 are FAST PROTON SPONGES. They compete 
=uocetisfully with OH- in binding proton in aqueous 

solution. Interesting to note that if we replace the 
solvent from pure water to water/DMSO mixture (50% by 
mole), in which the pK,=17.&, all protonation conatants 
are measurable, also those which are not in pure 
water 18. 

METAL COMPLEXES 
Many metal ions: Li+, Na+, K + ,  B e e + ,  Mg2+, A13+, Co2+, 
M i 2 + ,  Cue+ and Sn2+ were taatad f a r  cJomplarr formation 
with the precursor cage L i .  By using the I3C n,m.r. 
spectroscopy no evidences for metal coordination were 
found f o r  Na+,  K + ,  Be2+,  and A l 3 + ,  whereas only weak 
interaction occurs for Mg2+ ion. With a1 1 the other 
metal ions, except lithium, solid complexes were iso- 
lated by mixing the appropriate metal salt and [HLiIBr 
in boiling methanol. Reaction times varied from 10 min 
for copper to 24 h for cobalt and nickel complexes. For 
the diamagnetic ions the formation of the complex was 

fallowed by I 3 C  n,m.r., considerable variations in the 
spectra were found when the metal ion was encapsulated. 
In the case o f  the copper complex the ability of Li to 
encapsulate metal ions was confirmed by the X-ray crys- 
tal structure analysis o f  [ C u t l ) ( C 1 0 4 ) 2 * H 2 0 .  The struc- 
ture consists of [CuL1J2+ cations, (ClOb)’ anions and 
water molecules2. The copper ion is wholly enclosed by 
the cage (see Figure 6) adopting a five-co-ordinate 
geometry, which can be described as a distorted square 
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14 M. MICHELONI 

pyramid with the secondary nitrogen in the apical 
position. The M-N distances are whithin the range e x -  

pected for five-coordinated amine-copper complexes. 

FIGURE 6. Drawing of the [ C U L I I ~ +  cation 

The two angtes N(2) -Cu-N(3)  and N(2) -Cu-N(4 ) ,  not sub- 

tended by chelate rings are 106.7 and 118.9 degrees, 
These high values indic.ate an intramolecular repulsion 
between the propylenic chains and the methyl groups, I n  

principle four diastereoisomers are possible for a 
square-pyramidal c.omptex of t h i s  cage. The methyl 
groups and the hydrogen atom of the secondary amino 

group can each assume two different configurations, The 
copper complex however occurs as only one diastereo- 
isomer. In solution the copper complex shows the same 
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SMALL SYNTHETIC MACROCYCLIC CAGES 15 

stereochemistry as in the solid state a6 demonstrated 

by its electronic spectrum which is diagnostic of a 

distorted square-pyramidal structure. Another important 

experimental evidence supporting the encapsulation is 

the great inertness o f  the complex towards strong acid 

solutions: samples of [CuLiJ(CI04)~ dissolved in 

perchloric acid o f  different concentration (0.1 u p  to 

1 0  mol dm-3) at 50 *C for many days did not show any 

detectable decomposition. Cobalt and nickel ions are 

also encapsulated into the cage cavity. The electronic 

spectra of the c.obalt and nickel complexes show essen- 

tially the same features both in the solid state and in 

~iolution of CH3CN or 1 mol dm-3 HCI, These spectra are 

diagnostic of high-spin distorted square-pyramidal 

geometrietii9 f o r  both complexes, Both complexes shows 

great inertness towards acidic decomposition: no detec- 

table c.hanges were found in their electronic spectra on 

standing for several days in strong ac.idic. s o l u t i o n s .  

I I I I 
60 50 40 30 PPM 

FIGURE 7. 13C n.m.r.. of the zinc complex of 1 1 .  
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16 M. MICHELONI 

The f 3 C  n.m.r. spectrum o f  the zinc complex with ti in- 
dicates the encapsulation of the zinc ion. The spectrum 

consists of nine sharp signals (see Figure 7) at room 

temperature in water o r  OMSO solution. The methyl 

groups give rise to two signals. The spectrum is in- 
dicative of C, symmetry with the zinc atom and the 

nitrogen atoms of the N-CH3 and NH groups lying in the 

symmetry plane. The zinc complex is also very inert 

towards atrong m i d  media; ita 13C n . m , r .  Bpaotrum does 

not change in 3 mu1 dm-3 HCI for a few days. After 3 

months at room temperature only ca. 20X o f  H3Li3+  is 

formed, the chemical shifts o f  the remaining complex 

were unchanged. These results confirm the encapsulation 

o f  the zinc ion by the cage which involves all five 

nitrogen donor atoms. The lithium ion reacts with HL1* 

only at high pH. In 1 mol d r 3  KOH the formation of the 

lithium complex is complete as demonstrated by the oc- 

currence o f  a nine-line 4 3 ~  n.m.r. spectrum, similar to 

that o f  the zinc complex and indicating C, symmetry. 

With a 1 : 2  lithium to HL1+ ratio the nine-line pattern 

occurs along with the six-line pattern due to HL1+.  The 

two patterns integrate for the same amounts of  €.arbon, 

indicating a 1 : 1  metal-to-ligand ratio for the lithium 

species. A l l  signals are sharp, indic.ating 6lOw ex- 

change rates between the two species on the n.m.r. 

t ime-seal e. Upon addi t ion of 1 mol dm-3 HCI the 3C 
n.m.r, spectrum shawed only signals due to H3L13+, in- 

dicating the destruction o f  the lithium complex within 

the recording time. The selective encapsulation o f  the 

lithium ion by the cage L1  is a remarkable ligational 

property of this cage. Even more interesting is the 

fact that lithium can be encapsulated but sodium ion is 
not, showing 100% discrimination between these two 
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SMALL SYNTHETIC MACROCYCLIC CAGES 17 

a l K a l  i n e  i ons ,  

The s u l p h u r  cage L2 shows a muc.h l e s s  tendency t o  b i n d  

me ta l  i o n s  than  t h e  o t h e r  cages. A s o l i d  compound o f  

c o m p o s i t i o n  CuLE(ClO4)2 was i s o l a t e d  and c h a r a c t e r i -  

zed4. The e l e c t r o n i c  s p e c t r a  o f  t h e  complex a r e  t h e  

same i n  t h e  s o l i d  s t a t e  and i n  s o l u t i o n  and a r e  d i a g -  

n o s t i c  o f  a d i s t o r t e d  square-pyramidal  s t r u c t u r e 1 9  

(aqueous s o l u t i o n  10900 (€=164) ,  15100(€=221) ,  35900 

cm-1 (E=1372 ] ) .  The (CuLZj2+ i s  a l s o  v e r y  i n e r t  toward 

a c i d  s o l u t i o n :  no a p p r e c i a b l e  decomposi t ion was 

d e t e c t e d  a f t e r  a weeK i n  5 mol dm-3 p e r c h l o r i c  a c i d  

s o l u t i o n .  A s  d i s c u s s e d  p r e v i o u s l y  f o r  t h e  cage L l ,  

t h e s e  exper imen ta l  ev idences  a r e  c o n s i s t e n t  w i t h  t h e  

h y p o t h e s i s  o f  t h e  e n c a p s u l a t i o n  o f  t h e  c o p p e r ( l 1 )  i o n  

i n t o  t h e  cage c a v i t y .  The f o r m a t i o n  o f  ( C ~ 1 2 ) ~ + ,  a t  

room tempera tu re ,  i s  r a t h e r  s low .  Due t o  t h e  l o n g  t i m e  

r e q u i r e d  t o  r e a c h  t h e  chemical  e q u i l i b r i u m  i n  t h e  r e a c -  

t i o n  between C u ( l l )  and 12,  a ba tchw ise  p o t e n t i o m e t r i c  

p rocedure  was used t o  de te rm ine  t h e  s t a b i l i t y  c o n s t a n t  

o f  ( C U L E ! ] ~ + . ~ ~ ~ ~  The e n t h a l p y  o f  complex f o r m a t i o n  

r e a c t i o n  was de te rm ined  by d i r e c t  b a t c h - m i c r o c a l o r i m e -  

t r y .  The thermodynamic paramethers f o r  t h e  r e a c t i o n  

cue+ t ~2 = ( C U L Z ) ~ +  a r e :  I W J K = ~ ~ . ~ ,  A H o  =-14,0 

Kcal ma1-l and T ds"= lO.& Kcal m o l - l .  The s t a b i l i t y  o f  

t h e  (CuL2I2+ complex i s  n o t  v e r y  high, but what i s  more 

r e l e v a n t  i s  t h e  e x t r e m e l y  f a v o r a b l e  e n t r o p i c  c o n t r i b u -  

t i o n  t o  t h e  o v e r a l l  s t a b i l i t y .  The e n t h a l p i c  c o n t r i b u -  

t i o n  i s  also f a v o r a b l e  b u t  i s  n o t  large compared w i t h  

t h o s e  f o r  t h e  f o r m a t i o n  o f  many C u ( l l f - p o l y a z a  macro- 

c y c l  i a  complexes, l j 2 1  f E 2  The r e l a t i v e l y  low e n t h a l p y  u f  

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

t h e  e n t h a l p y  o f  r e a c t i o n ,  such as c.onformationa1 

changes and d e s o l v a t i o n ,  s h o u l d  p l a y  an impor tan t  r o l e  
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18 M. MICHELONI 

in determining the o v e r a l l  enthalpy o f  formation o f  the 

[CuLE] &'+ complex. Furthermore the very favorable 

entropic term can be interpreted in terms o f  ligand 

pre-orientation and large release o f  solvent molecules 

as consequence o f  the encapsulation o f  the Cu(ll) ion 

i n  the cage cavity. We conclude therefore that the 

thermodynamic parameter6 o f  formation of [ C U L Z ] ~ +  con- 

firm the hypothesis that the Cu(ll) ion i s  located in- 

side the cavitya4 Although the l i g a t i o n i l l  properties o f  

the oxygen cage L 3  towards metal ions are still under 
study, Ejome preliminary i - e t i ~ l t s ~ r ~ ~  indic.ate that the 

coordination behavior of L3 i s  somehow similar to that 
o f  the precursor cage L i .  
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