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Summary 

The crystal structures of four anion cryptates [X- c BT-6H'I formed by the proto- 
nated macrobicyclic receptor BT-6H+ with F-, C1-, Br- and N; have been determined. 
They provide a homogeneous series of anion coordination patterns with the same li- 
gand. The small F--ion is tetra-coordinated, while C1- and Br- are bound in an octahe- 
dron of H-bonds. The non-complementarity between these spherical anions and the 
ellipsoidal cavity of BT-6H+ is reflected in ligand distortions. Structural complementar- 
ity is achieved for the linear triatomic substrate N;, which is bound by two pyramidal 
arrays of three H-bonds, each interacting with a terminal N-atom of N;. The forma- 
tion constants of the complexes formed by BT-6H' with a variety of anions (halides, 
N;, NO;, carboxylates, SO:-, HPO:-, AMP2-, ADP3-, ATP4-, P,O:-) have been deter- 
mined. Very strong complexations are found, as well as marked electrostatic and struc- 
tural effects on stability and selectivity; in particular the binding of F-, C1-, Br- and N; 
may be analyzed in terms of the crystal structure data. The cryptand BT-6H+ is a 
molecular receptor containing an ellipsoidal recognition site for linear triatomic sub- 
strates of size compatible with the size of the molecular cavity. Further developments 
of various aspects of anion coordination chemistry are considered. 

Introduction. - Anion coordination chemistry, the complexation of  anionic sub- 
strates by organic receptor molecules, has been developing in recent years into a new 
field of generalized coordination chemistry. In view of the role played by anionic spe- 
cies in chemical as well as in biological processes, the discovery of a multitude of new 
structures, properties and reactions may be expected [l]. 
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Building up this field requires the design and synthesis of novel receptor molecules, 
the determination of structures and coordination pattern of their complexes with an- 
ions, the measurement of thermodynamics and kinetics of complexation, the eluci- 
dation of the structure/stability-selectivity relationships for the complexes, the investi- 
gation of molecular catalysis and transport processes on anionic substrates etc. 

Several classes of anion ligands and complexes have been reported. Macro- 
polycyclic ammonium salts yield katapinates [2] and anion cryptates [3-51; acyclic poly- 
guanidinium and polyammonium ions act as anion complexones [6] ;  polyguanidinium 
and especially polyammonium macrocycles form strong and selective complexes with a 
variety of anions [7-121; ditopic polyammonium macrocycles bind linear dicarbox- 
ylates with chain-length selectivity [ 131. 

Detailed investigations of the structure of anion complexes and of their coordi- 
nation patterns are of particular importance for analyzing the intermolecular inter- 
actions involved, for understanding the stability and selectivity of anion binding, for 
designing novel anion receptor molecules. Whereas a wealth of structural data is avail- 
able on cation complexes, there is little such information on anion binding for the 
simple reason that only recently strong anion complexes have been discovered, which 
involve principally macrocyclic and macropolycyclic polycationic ligands [2-131. 

Particularly stable and selective are the anion inclusion complexes, katapinates [2] 
and anion cryptates [3-51, in which the anionic substrate is bound inside the intramole- 
cular cavity of a macropolycyclic receptor molecule. Structural data on such species are 
thus of special interest. Only two crystal structures have been reported until now: a 
chloride katapinate [2] in which the Cl--anion is held in a linear arrangement of 
two +N-H . . . C1- H-bonds inside a macrobicyclic diammonium ion [14]; a chloride 
cryptate of a spherical macrotricyclic ligand [3]  where C1- is bound in a tetrahedral set 
of 'N-H . . . C1- H-bonds [15]. 

We now report four crystal structures of anion cryptates [X- c BT-6Hf] formed by 
the hexaprotonated form of the macrobicyclic ligand 'bis-tren' BT [ 161, with three 
spherical anions F-, C1- and Br- and one linear triatomic anion N;. These structures 
provide a unique homogeneous series allowing to compare related species, to analyze 
coordination patterns, to assess receptor/substrate structural complementarity. They 
confirm the structural assignments made earlier on the basis of molecular shapes and 
complexation data [4]. We also report the stability constants of the complexes formed 
by protonated BT with a number of anions, and discuss their relation with structural 
features. 

BT 
[X c B T - ~ H ' ]  
X = F  , CI-. Er 
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Structural Results. - In view of the very large number of bond lengths and bond 
angles present in the structures of the four anion cryptates studied here, only selected 
values directly relevant to the discussion of these complexes are listed in Tables 1 and 2 
concerning the coordination geometry around the anions and the geometry of the li- 
gand, respectively. The experimental procedures for data collection and refinement and 
the crystal structure data are given in Tables 4 and 5 .  All the other results are con- 
tained in supplementary material available on request (see Exper. Part). 

Description of the Crystal Assembly. - a) [ F -  c BT-6H'l. This complex was ob- 
tained in the course of attempts to crystallize the cryptate of the linear FHF--anion. 
The product obtained in the conditions employed contained a single F--anion in the 
cavity (Fig. 1) and corresponds to the formula: C,,H,,N,O~, F-, 5C104, !A H,O. 

Fig. 1. ORTEP views q f ' / F -  c BT-6HC]:  a) into the cavity; b) along the bridgehead NN-axis 

There are two molecules (123 non-H-atoms) in the asymmetric unit. Seven out of 
ten perchlorate anions are disordered, and the 0-atoms have large temperature factors, 
precluding better refinement. Further attempts to crystallize the cryptate of FHF- are 
being made. 

b) (Cl- c BT-6H'l and ( B r -  c BT-6H+]. In the CI--cryptate, the ligand uses as 
symmetry element, a crystallographic diad axis which passes through the included CI-- 
anion (Fig.Za, b, c). Each unit is surrounded by 6 other Cl--ions (4 of which are 
crystallographically independent) which lie at binding distances from the protonated 
nitrogens, completing their tetrahedra. Another CI- is located well outside these 
groups, acting as a sort of counter ion with shortest distance N(11) . . . Cl(2): 4.37 A. 

The molecular arrangement of the bromide complex is identical to the chloride one, 
the two structures being nearly isomorphous. However, the cryptate unit has lost its 
binary symmetry (space group P3,) (Fig.2d). 

c) ( N ;  c BT-6H'l. This complex crystallized with 4 PF;, one CI- and three H,O- 
molecules outside the ligand as well as a linear Nj-ion occupying the cavity of the 
ligand (Fig. 3 ) .  Each PF,-octahedron oscillates between two major positions around an 
F-P-F axis, whose end is bound to HN+ of the ligand or to H,O-molecules. In the 
course of the refinement, the F-atoms were split into the differently occupied positions. 

Anion Sinding Geometry (see distances and angles in Table I ) .  a) ( F -  c BTdH'] .  
The small F--ion apparently cannot bind equivalently to the 6 protons and slides to- 

4 
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a b C d 

Fig.2. ORTEP vieit's cf(c'I- c B T - 6 H + ] :  a) into the cavity; b) along a CI,O-direction (binary axis); c) along 
the bridgehead N C1 N axis; d) ORTEP view o f [ B r -  c BT-6H'I. 

a b C 

Fig.3. ORTEP uiera ox ( N ;  c B T - 6 H + ] :  a) into the cavity; b) along the direction from an 0-atom to the 
central N-atom of the NT-ion; c) along the bridgehead NN3N-axis. 

Table 1. Anion Coordination Geometry in the Cryptates [ X -  c B T - 6 H + ]  (Distances in A, Angles in Degrees, 
with R.m.s. Deviations in Parentheses)d) 

X- 

NT F- c1- Br- 

M e a n F . . . N t :  2.72(8) Cl~~.N(1I)orN(21):3.19(1) B r . . . N ( I I ) : 3 . 3 3  
Br . . . N(21): 3.35 

Meana, :  118"(5)  Cl . . .N(22)orN(13) :3 .39(1)  Br . . .N(12) :3 .47  
Mean /Il: 100" (4) Mean Br . . N(23): 3.36 
(a, are angles of N2* Br . . . N(22): 3.45 
with the other N'; Dl Br . . . N(13): 3.39 
are the other angles) (Mean r.m.s.d: 5) 

Mean 
< N+Br N': 90" (6) 

CI. . .N(12) or N(23): 3.33 (1) 

< N'CI N': 90" (1) 

Azl . - . N(21): 2.91 
Azl . - . N(22): 2.92 
Az, . . . N(23): 2.96 
Az, . . N(11): 3.02 
Az3.  . . N(12): 2.98 
,423. . .N(13): 2.96 
(Mean r.m.s.d: 4) 
Mean 
< A~+~jN+:122 (2) 
< N+AqN+:95 (3) 

i = I o r 3  

") Numcrotation for the ligand heteroatoms in the complexes of 
/N(1 l)-O(l)-N(2l)\ 
N-N( 12)-0(2)-N(22)-N' 
'N( 13)-0(3)-N(23) ' 

N+ stands for the protonated secondary N-sites; 
N or N' are the bridgehead N-atoms. 
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wards one side of the cavity (Fig. l a ) ,  coordinating in a tetrahedral fashion to 4 proto- 
nated N-atoms, 2 in one bridge and one in each other. The anion is situated well 
outside the bridgehead NN axis (1.3 A). On Fig. I ,  the non-alignment of the lone pairs 
of the two bridgehead N-atoms is clearly visible. The average, F,N-distance is 2.72 
(0.08) A. The tetrahedra around the two fluorides in the asymmetric unit are distorted 
in the same fashion. The two non-F-bonded protonated N-atoms are twice bound to 
perchlorate 0-atoms. All the other N+-H bonds are oriented towards external binding 
with CIO;-anions. 

b) [Cl- c BT-6Ht/ and [Br- c BT-6H+]. The internal C1-- and Br--ions are 
located almost exactly on the NN-axis joining the two bridgehead N-atoms (C1- is off 
by 0.1 A) and at equal distances from them: C1- . . . N = 3.72 A;  Br- . . . N = 3.76 A 
(Fig. 2).  The halide ions are coordinated in an octahedral fashion to the six protonated 
secondary N-atoms by +N-H . . . X- H-bonds (Fig.2a, 2d).  Each of these N-atoms is 
in turn tetrahedrally H-bonded to a halide ion located outside the ligand shell 
(Fig. 4a).  The coordination octahedra of C1- and Br- are almost regular, with angles of 
90 f 5". The N+, X- coordination bonds are not equal; they vary in length by about 0.2 
A for C1- and 0.15 A for Br- (Table 1). These inner N+ . . . X- distances (in A) are 
longer than the external ones: 

95 

Internal External 

X N+ . . . X- H . .  . X -  N+ . . . X- H . .  . X -  
c1 3.19 to 3.39 2.35 3.05 to 3.27 2.16 
Br 3.33 to 3.47 2.45 3.16 to 3.37 2.20 

c) [ N ;  c BT-6H'I. As in the C1-- and Br--cryptates, the Nj-ion lies on the bridge- 
head NN-axis. The two terminal N-atoms of N j  are at 3.34 and 3.21 A from the 
bridgehead N-atoms N and N', respectively; they are H-bonded to the protonated 
secondary amine functions with nearly equal distances of 2.96 (0.04) A, the average 
N+-Az-N+ angle being 95 (3)" (Table Z). These coordination bonds form two tetrahe- 
dra opposed through the common apex (Az,) and nearly eclipsed (dihedral angle 
N,,-Az,-Az,-N,, = 28" (see diagram in Table 1; F i g . 3 ~ ) .  Each second H-atom of an 
N+-site is directed outwards to H,O-molecules on the Az,-side, and bonded to the C1- 
and PF; counter ions on the Az,-side. 

Geometry of the Hexuprotonated Macrobicyclic Ligand BT-6H' in the Cryptates 
[ X -  c BT-6H+]. In all four structures the macrobicyclic ligand is in the endo,endo- 
conformation [17, 181 where the bridgehead N-atoms are turned into the cavity 
(Fig. l a ,  2a, 2d, 3a) ,  with N-N' distances of 7.66, 7.40, 7.50 and 8.84 A for F--, C1--, 
Br-- and NJ-complexes, respectively (Table 2 ) .  All YCH,CH,Z (Y, Z = heteroatom) 
fragments are in the gauche-form and the 0-atoms are turned towards the inside of the 
molecule (mean X- . . . 0 distances, see Table 2) .  

In the F--complex the location of the small anion in one lobe of the bicyclic system 
distorts completely the ligand to achieve tetrahedral coordination of F- (Fig. Z). 

In the el-- and Br--complexes the ligand adopts the same general shape (Fig.2a, 
2d). The three bridges of the macrobicycle form three rather large lobes not related by 
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Table 2. Geometry of the BT-6H+ Ligand in the Anion Cryptates [X- c BT-6H ' I  (Distances in A, Angles in 
degrees)") 

X 

F- 

Cavity dimensions 

mol. A (mol. B) 
N-N' 7.66 (8.02) 
O(1)-0(2) 5.15 (4.82) 
O(1)-0(3) 5.98 (5.81) 
O(2)-0(3) 6.20 (6.13) 
F-0 (1) 4.00 (3.04) 
FFO(2) 3.04 (3.82) 
F-O(3) 3.95 (3.91) 
F-N 3.00 (5.46) 
F-N' 5.40 (3.02) 

c1 

N -N' 7.40 
O(1)-0(2) 5.28 
O(2)-0(3) 6.14 
Cl-O(1) 3.31 
C1-0(2) 3.22 
C1-N 3.71 

Interatomic distances and angles.Table of average values 

C-c  1.50 (15) 
C-N 1.49 (9) 
c-0 1.48 (9) 

< CN+C 113.0 (6") 
I C N  C 109.5 (4") 

1.51 (1) 
1.49 (1) 
1.42 ( I )  

113.6 (5") 
109.1 (5') 

Torsions angles in the ligand 

C-N-C-C 30%: 60", 70%: 180" 60" or 180" 
N-C-C-N 85%: 60", 15%: 180" 60" to 80" 
N-C-C-0 I00Yo: 60" 50" to 70" 
c-C-0-c 30%: 90", 70%: 180" 90" or 180" 

Br- N 3 -  

7.50 
5.40 
5.50 
6.20 
3.71 
3.26 
3.34 
3.76 

1.59 (5) 
1.47 (4) 
1.46 (4) 

116.0 (87 
111.0 (5") 

N-N' 8.84 
O(1)-0(2) 5.60 
O(1)-0(3) 5.40 
0 (2)-0 (3) 5.40 
Az(1)-N' 3.34 
Az(3)-N 3.21 
Az(2)-0(1) 3.17 
Az(2)-0(2) 3.12 
Az(2)-0(3) 3.18 

1.49 (4) 
1.50 (3) 
1.42 (2) 

114.0 (3") 
109.9 (3") 

60" or 180eb) -150" to 180" 
69" ( 4: Sq 70" to 80" 
40" to 80" 57" to 70" 
90" or 160" 170" 

") For numerotation, see footnote in Table 1. 
b, Except angles on each side of N(21). 

ternary symmetry. With C1- two lobes are identical and related by a binary axis passing 
through the 0-atom of the third bridge (Fig. 2c)  I. this C,,-symmetry is not found in the 
Br -complex (disorder?). 

In the NJ-complex, the ligand is markedly expanded around the enclosed Nj-ion 
and the geometrical requirements of the cavity are apparently fulfilled (see torsion 
angles in Table 2). The three lobes of the ligand are much smaller than in the CI-- and 
Br--complexes and they form a perfect trigonal arrangement centered on the "'-axis 
(Fig. 3c). 

The packing in the crystals is shown in Fig. 4 for the Cl-- and Nj-complexes. 

Stability Constants for Anion Binding by Ligand BTdH'. - The stability constants 
of the complexes formed by protonated forms of BT with the anions F-, Cl-, Br-, N; 
as well as with a number of inorganic and organic polyatomic anions, have been deter- 
mined by computer analysis of the pH-metric titration curves measured in presence of 
the corresponding anion. The results are listed in Table 3. In agreement with earlier 
results [4] and with the present structural data, 1 : 1 substrate/ligand stoichiometries 
were used in all cases. To minimize interference from other anions, TsONa was used as 
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a b 
Fig.4. Two examples of molecular packing: a) for [C l -  c BT-GH'], 5 Cl-. showing the six external CI--ions 
H-bonded to the protonated N-sites; b) for  [ N ;  c BT-dH'] CI-, 4 PF;,  3 H,O, *: PF; anion, 0 :  H20-  

molecule. 

supporting electrolyte (see Exper. Part). Earlier anion-binding studies employed spec- 
troscopic (NMR, IR, Raman spectra) and potentiometric methods [4]; they gave stabil- 
ity constants in satisfactory agreement with present ones for Br-, N; and HCO;, taking 
into account the difference in experimental conditions; the values obtained for C1- and 
I- using anion selective electrodes were, however, too low, due perhaps to unsufficient 
electrode response. In the case of F-, taking into account the equilibrium of F,H--for- 
mation did not affect the K,-values. 

Discussion. - The present structural data confirm that the anion complexes of the 
macrobicyclic receptor molecule BT-6H' with F-, C1-, Br-, N; are indeed anion cryp- 
tates. [X- c BT-6H'], in which the substrate is contained in the intramolecular cavity 
and bound by an array of H-bonds; furthermore the structure of the N;-complex 
agrees very well indeed, with that proposed earlier on the basis of geometric considera- 
tions and binding studies [4]. Also, the protonation pattern of BT-6H+ is found to be 
that which may be expected on the basis of known pK,-data [4]. 

On the basis of size and shape considerations, the smaller polyatomic anions (NO;, 
HCO;, SO:-, HPO:-, oxalate, Table 3 ) ,  for which no crystal structure is available, can 
probably still penetrate more or less completely into the ligand to form cryptate com- 
plexes. However, in the case of the larger anions (malonate and especially P,O:-, 
AMP2-, ADP3-, ATP4-, Table 3) only the terminal anionic group should be able to 
enter into the cavity to some extent, resulting in only partial inclusion of the substrate. 

Anion Coordination Geometry. A fundamental property of metal cation complexes 
is their usually well-defined coordination geometry. Clearly, the development of an 
anion coordination chemistry requires an understanding of the basic geometrical fea- 
tures of anion complexes and of the intermolecular interactions which determine them. 
In the present series of structures of anion cryptates [X- c BT-6Ht], the different an- 
ions display indeed characteristic coordination polyhedra: a tetrahedron for F-, an 
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Table 3. Stability Constants log K, for Anion Complexation by Two Protonated Forms BT-nH+ ( n  = S,6) of the 
Macrobicyclic Receptor Molecule BTa) 

BT-6H' BT-5H' BT-6Hf BT-SH' 

F- 4.10 3.20 CH,(CO;)2 3.10 2.00 
CIP) 3.00, 2.26 [25] 1.95, 1.7 [25] so:- 4.90 2.90 
Br- 2.60 1.60 HP0:- 5.50 2.75 
1- 2.15 1.55  AMP^- 3.85 2.65 
N, 4.30 2.65 ADP3- 5.85 4.15 
NOTd) 2.80, 2.95 [25] 1.65, 2.30 [25] ATP4- 8.00 5.40 
HCO; 2.30 < 1.5 p20;- 10.30 6.45 
( c o d 2  4.95 3.35 

") 

') 

Aqueous solution; 25"; see Exper. Part for more details; in the present conditions the pKa-values of the 
ligand BT were: 9.60, 9.35, 8.30, 7.75, 7.00, 5.90, see also [25]. 
Selected properties of some anions; ionic radius: 1.36 (F-), 1.81 (Cl-), 1.95 (Br-), 2.16 (I-) A [19]; average 
H-bond length N,X in +N-H. . . X-: 2.92 (F-), 3.23 (Cl-), 3.37 (Br-), 3.66 (I-) A [20, 211, 2.94 (N;) 
[22, 231: free energies of hydration: -103.8 (F-), -75.8 (C1-), -72.5 (Br-), -61.4 (I-) kcal/mole [24]. 
K, in lmol-'; values below % 2 are not accurate; calculated values of log K, were < 2.0 for the complexes 
of BT-4Hf with the monovalent and divalent anions. 
Binding constants determined previously by pH-metry in somewhat different conditions [25], agree well 
with the present ones for NO; but less so for CI-; "CI-NMR studies in again different conditions, agree 
with the CI-- and NO;-complexes having similar stabilities ( J .  P. Kintzinger & A .  Zahidi, unpublished 
results). 

") 

d, 

octahedron for C1- and Br-, two trigonal pyramids forming a somewhat distorted bi- 
prism for N,- (Fig. 1-3; Table 1) .  

Tetrahedral coordination of F- is found in the structure of the (H,F,)--anion in 
K(H,F,) [26] and has been proposed for the salt (Me,NH+)(H,F,-) [27]. Tetrahedral 
coordination of C1- by +N-H. . . C1- bonds occurs in spherical macrotricyclic anion 
cryptates [3] [15]. In N(CH,CH,NH:),, 3 C1- [28] and in NHiCH,CH,NHl, 2 C1- [29] 
each C1- has three N-neighbours at about 3.2 A. Ethylenediammonium dibromide 
shows 'N . . . Br- . . . N+ angles of 90" [30]. The N;-ion of NH,N, is tetra-coordinated 
forming two H-bonds between each of its terminal N-atoms and NHl-cations [22] [23]. 
Despite the fragmentary literature data available, it is clear that the large number and 
the arrangement of the binding sites made available by macropolycyclic anion recep- 
tors allows to attain much higher coordination number and much better defined geo- 
metries. To what extent these are dependent on the anion on one hand and on the 
ligand features on the other hand, remains to be established by studying numerous 
other anion complexes. 

Stability and Selectivity o j  Complexation. As in the case of spherical cation cryp- 
tates [ 11, three-dimensional binding of an anionic substrate with inclusion into a molec- 
ular cavity, should yield stable and selective anion cryptates. 

Complexution stability in anion binding by BT-6H' should be strongly dependent 
on electrostatic interactions, in view of the fact that it results from formation of zwitter- 
ionic H-bonds +N-H . . . x"-. Thus, the most stable complexes are obtained with sub- 
strates of highest charge density, like the small F- and the multiply charged ions, 
especially the polyphosphates (Table 3). 
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The strong binding of F-, compared to the other halides, may be ascribed to the 
particularly large electrostatic interactions displayed by this small anion and its pro- 
pensity to form strong H-bonds. This is reflected for instance in its much larger energy 
of hydration in the gas phase [31] or in solution (Table 3) and in the formation of the 
very strong H-bond of the (FHF)--anion, which is about three times stronger than the 
corresponding H-bond in (ClHC1)- [31b] [32]. 

One would expect the polyphosphates to be bound even more strongly by BT-6H' 
than actually observed, in view of the fact that AMP2-, ADP3- and ATP4- are corn- 
plexed with log K, = 6.95, 8.30 and 11.00 by the hexa-protonated form of the [24]-N,O, 
macrocycle, the monocyclic analog of BT 1331; very large binding constants are also 
found with other polyammonium macrocycles [8]. This lower binding of the polyphos- 
phates by BT-6H' may be ascribed to the fact that these large substrates can only be 
partially included in the ligand cavity (see above). The same factor probably plays a 
role, in addition to charge density, in the weaker complexation of malonate as com- 
pared to oxalate (Table 3).  

The importance of electrostatic effects is also seen in the large decrease in complex 
stability which occurs on removal of one or two protons from BT-6Hf as shown by the 
log K, values found for BT-5H' and BT-4H' (Table 3 ) .  Of course, the structure of the 
complexes formed by these species may also differ from those of BT-6H', in particular 
with respect to the extent of substrate inclusion. The large decrease in stability of the 
N;- and SO:--complexes of BT-5H' compared to those of BT-6H' shows that the 
removal of a single proton has an especially large effect when the substrate is hexa-co- 
ordinated and/or highly charged. The appreciably higher stability of [F- c BT-SH'] 
compared to the corresponding C1--complex, probably reflects the fact that F- is only 
tetra-coordinated. 

Among monovalent anions, BT-6H+ displays a high complexation selectivity for N j  
(by a factor of about loo), with a sequence I- < Br-, C1-, NO; << N; (Table 3) .  The 
presence of a Cl--ion in the lattice of the N;-cryptate (see above) is structural indica- 
tion for the preferential binding of N;. The strong binding of F- has been discussed 
above. HCO; is also much less well bound that N j  and C10; even less [4]. Such a 
pattern (especially Cloy, I- < N;) does not fit the sequence of hydration energies 
(Table 3 ) ,  nor the lyotropic series [34] nor the sequence of anion binding to carbonic 
anhydrase [35], from which one would expect similar (and rather strong) binding of all 
three weakly hydrated Nj-, I--, Cloy-ions. It is also rather striking that the doubly 
charged SO:--anion is not bound much more strongly than N;. 

Finally, the presence of a macrobicyclic cryptate effect enhancing both the stability 
and the selectivity of anion binding by BT-6H' is indicated by the absence of any 
detectable complexation of N; by the tripodal ligand N(CH,CH,NHT), [4], which con- 
stitutes the binding subunits on which BT-6H+ is built. 

All these binding properties point to the operation of topological discrimination 
due to the receptor properties of BT-6H', i.e. to the shape and size of the intramolecu- 
lar cavity as well as to the arrangements of the binding sites; they are therefore directly 
related to the receptorlsubstrate structural features presented above. 

ReceptorlSubstrate Structural Complementarity in the Anion Cryptates [ X -  c BT- 
6H'J ( X -  = F-,  C1-, Br-, N ; ) .  The three substrate anions F-, C1- and Br- are spher- 
ical species of increasing size (Table 3); N; may be considered as grossly cylindrical 
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with a length of about 5.5 8, (end-to-end distance: 2.33 A + 2 x ionic radius of a N- 
site: 2 x 1.6 A [23]) and a diameter of 2 x 1.6 = 3.2 A. The receptor molecule BT-6H' 
is of ellipsoidal shape, with cavity dimensions of about 4.5 A and 2.5-3.0 for the long 
and short axes, respectively, in a conformationally relaxed state like that of the N;- 
cryptate (Table 2) ; this cavity may be approximated by a cylinder of diameter ( z  5.0 
A) defined by the circles passing through the three protonated N-sites at each pole of 
the molecule and of length ( z  5.5 A) equal to the distance between these circles. 

The structural non-complementarity between F-, C1- or Br- and the BT-6H+ ligand 
has direct structural consequences for the complexes and provides an interesting case 
for analyzing how a receptor molecule responds to a non-ideal substrate. These halide 
ions differ from the intramolecular cavity both in shape and in size, being spherical and 
too small along the bridgehead "-axis. 

The F--ion is so small with respect to the equilibrium cavity, that it does not even 
occupy its centre but shifts towards one pole (Fig. la)  and 'falls' into one lobe of the 
macrobicycle, which is completely distorted in order to complete the coordination te- 
trahedron. This is an indication of the strength of the H-bonds formed and relates to 
the above discussion of the reasons why the F--cryptate is nevertheless highly stable. 

The W- and Br--substrates are larger than F-, large enough to occupy the cavity 
center. However, to accommodate these substrates and to form 'N-H . . . X- H-bonds 
with them, the ligand must contract upon itself and render its cavity more or less 
spherical. This is achieved by a large helical twist around the NN bridgehead axis, 
which results in the large lobes seen in Fig. 2c ('lobe dihedral angles' of about 90") and 
makes octahedral coordination possible. However, that despite this pronounced 
deformation, the resulting ligand conformation is still not ideal and contains ap- 
preciable strain, may be adduced from the fact that in the Cl--complex, the inter- 
nal +N-H. . . C1- H-bonds are longer than those formed with the Cl--ions outside the 
cage (see above). As expected, this difference between internal and external H-bonds is 
less pronounced in the cryptate of the larger Br--ion. 

Receptor-substrate structural complementarity is, in contrast, achieved to a high de- 
gree in the N;-cryptate [N; c BT-6H+]. Nj bears negative charge and high electron 
density with cylindrical distribution on both terminal N-atoms [36]; its cylindrical 
shape and size are such that it may fit tightly into the cavity and form simultaneously 
two pyramidal arrays of three 'N-H . . . N- H-bonds with the three protonated sec- 
ondary N-sites located at each pole of the macrobicyclic ligand BT-6H+. The Nj-sub- 
strate fills out the intramolecular cavity and the ligand adopts an elongated (see the 
long N-N' bridgehead distance of 8.84 A, Table 2) and relaxed geometry with only 
small bridge lobes ('lobe angle' z 20", F i g . 3 ~ ) .  The IR and laser-Raman (Fig. 5) spec- 
tra of the N;-cryptate display asymmetric (2085 & 5 cm-') and symmetric (1363 & 1 
cm-') stretching bands shifted towards higher frequencies with respect to free N; (2052 
and 1343 an- ' ,  respectively [37]), indicating that the cryptated Nj-ion experiences a 
higher effective force field, as one might expect if tight fit hinders substrate defor- 
mation. The cryptand BT-6H' is thus a ~ ~ o l e ~ u l a r  receptor containing an ellipsoi'dal 
recognition site ,for linear trialomic substrates of size compatible with the size of the 
molecular cavity. 

The [N; c BT-6Ht]-species may also be considered as a cryptate of a ditopic core- 
ceptor [38] in which the two tripodal binding subunits of the BT-6H+ macrobicycle 
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1363 1343 cK1 

Fig. 5. Laser-Raman spectrum of ( N J  c BT-6H'I in presence of excess NuN3. Symmetric stretching vibration of 
free (1343 cm-I) and bound (1363 cm-I) N;-anion; aqueous solution at pH = 5. 

cooperate in substrate binding, each holding one of the terminal N-atoms of N;. Such 
ditopic binding is known for complexation of both linear diammonium [38] [39] and 
dicarboxylate [ 131 substrates with coreceptor molecules [38]. 

BT-6Hf also binds the linear anions FHF- and NCO- [412) but NCS- is less well- 
complexed. NO;'), NO; and HCO;, which may be considered as substrates with bent 
triatomic sites, still form stable complexes, probably because they may also bridge the 
two sets of ammonium sites from pole to pole [25]. Complexation of tetrahedral Cl0;- 
ion and especially of the sulfonates RSOj is especially weak, so that the latter is best 
suited for use in the supporting electrolyte since it interferes least with the binding of 
other anions. A more detailed description of these cryptates, as well as of those of the 
other anions listed in Table 3 must await the determination of the corresponding 
crystal structures. 

Conclusion. - The present results on a series on anion cryptates provide insight into 
the structural features of anion coordination and allow to analyze the binding proper- 
ties in terms of receptor-substrate complementarity. 

It would be of much interest to take advantage of the available X-ray crystallogra- 
phic data files for studying the environments and interactions of anions in solids, to 
recognize regularities in intermolecular binding interactions and to establish anion co- 
ordination patterns. The remarkable stability and selectivity of the NT-complex with 
respect to anions of different shape (non-linear, triangular, tetrahedral) are comparable 
to those of the spherical anion cryptates [3], and may be ascribed again to the cryptate 
nature of these complexes. 

Further developments comprise inter alia the design of other selective receptor mol- 
ecules for anionic substrates of various shapes and sizes; the stabilization of unstable 
species (F,H-, C1,F- e tc . )  or of unusual geometries of a given species (for instance 
complex anions); the modification of the physical properties of the bound anions like 
their redox potential [12] or their spectra; the design of molecular catalysts for the 
activation and transformation of bound anionic substrates (e.g. for ATP-hydrolysis 

*) Because of slow reaction of the corresponding acid with the ligand, accurate values of the stability cons- 
tants cannot be determined for NCO- and NO;. 
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[33]); the development of selective anion transport systems for chemical or biological 
species (cf [40] and references therein). 

In view of the key role played by anions ion chemistry and in biology, the devel- 
opment of the various facets of anion coordination chemistry opens many avenues in 
pure as well as in applied research. 

We thank Dr. S.J .  Abbott for measuring the Raman spectra. E. Sonveaux thanks the Fonds National de la 
Recherche Scientifque Belge for financial support. 

Experimental Part 

Preparution of the Anion Cryptates. The synthesis of the macrobicyclic molecule BT has been reported 
earlier [16].The cryptates of the hexa-protonated ligand, [X- c BT-6H+] have been crystallized in the following 
conditions. 

( F -  c BT-6H+] ,  5 CrO;. To a solution of BT-6H+, 6 CIO, (55 mg, 5.10--5 mol) in 1 ml H,O F,HK (3.9 
mg, 5 .  lo-' mol) was added. Vapor diffusion of EtOH into this solutions gave suitable crystals after a few days, 
m.p. %200" (dec.). Anal. calc. for C,,H6,CIsFN80,,, % H 2 0  (1034.04): C 27.87, H 5.94, N 10.83; found: 
C 27.40, H 5.68, N 10.53. 

/Cl- c B T - 6 H + ] .  5 CI-. The free octamine BT was treated by an excess of 1~ HCI and the solution was 
evaporated to dryness. Crystallization was performed in H,O/EtOH m.p. > 260". Anal. Cali. for C24H6,C16N80, 
(721.49): C 39.95, H 8.38, N 15.53; found: C 39.75, H 8.39, N 15.67. 

(Br-  c BT-6HC/ ,  5 Br-. The same procedure as described above for C1.- was used, m.p. > 260". Anal. 
calc. for C,4H6,Br6N80, (988.20): C 29.17, H 6.12, N 11.34; found: C 29.18, H 6.24, N 11.29. 

/ N ;  c B T - 6 H C / .  C l - ,  4 PF;. To a solution of BT-6Ht, 6 CI- (72 mg, 10-4 mol) in 0.2 ml H 2 0  a solution 
of NH4PF6 (130 mg, 8. mole) in 5 ml EtOH was added. Precipitation rapidly occurred. The precipitate was 
filtered, dried and dissolved in 5 ml of hot H20;  NaN, (6.5 mg, mol) was added to this hot solution; the 
crystals which appeared on cooling were filtered off and dried under vacuum at r.t., m.p. = 220" (dec.). Anal. 
calc. for C2,H6~CIF24N,10,P, (1166.08): C 24.72, H 5.15, N 13.21; found: C 24.50, H 4.92, N 13.32. 

The crystals used for the structure determination were obtained by a second crystallization from hot H 2 0  
and were not dried. 

pH-metric Measurements. The pH-metric titration and data analysis procedures were similar to those de- 
scribed earlier [6]. The BT-ligand [I61 was used in its hexa-protonated form, with perchlorate as counterion, 
BT-6H+, 6CI0,. All measurements were performed at 25" under N,-atmosphere on aq. solutions containing 
IO-,M ligand; the concentrations of anions were 1.5 x 10-'~, 5 x 1 0 - 3 ~ ,  2.5 x 10- '~ ,  1.5 x 1 0 - 3 ~  for anions of 
charge 1,2,3,4, respectively. The supporting electrolyte was 0 . 1 ~  TsONa. Data analysis has been performed 
assuming 1 : 1 stoichiometry. 

Table 4. Experimentul Parameters for Data Collection for  the Cryptares [X- c BT-6H+/  

X 

F- c1- Br- N; 

Crystal dimensions 
Wavelength CuK, CuK, MoK, CuKz 
Registered Domain (w-28) Bmax. 68" 68" 31" 68" 
Scan speed 0.033" s-' 0.03" s-' 0.035" s-' 0.05" s-I 
Scan width 1.3" 1.4" + 0.16 tg6' 1.4" 1.5" + 0.16 tg0 
No. of ind. reflex. 18144 1959 6086 7818 
No. of I above backg. 3535 > 2u 1651 > 3 a  2249 > 2u 3240 > 2.50 
Absorption fi  18 cm-' 69 cm-' 61 cm-' 28 cm-' 

Zcrystals:0.6x0.4x0.05 0.3x0.3x0.3  0.2x0.4x0.4  0.4x0.4x0.1 
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Table 5. Structural Data and Refinement Procedures for Structure Determination of the Cryptates 
( X -  c BT-6H+] 
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X- 

Crystal system Monoclinic Trigonal 

Formula unit C24H6uNsO3, F,  C24H6&16N@3 

Cell dimensions a(A) 21.026 (9) 11.186 (7) 
b (A) 12.61 1 (6) 
c(A) 34.916 (13) 24.801 (7) 
B (") 95.67 (9) 
V(A3) 9239 2690 

Space group P ~ , / c  ( Z  = 4) P3121 (Z = 6)  

5(C104), !4 H20 

No. of mol. per asym. unit 
Structure resolution method Direct methods Patterson 

n = 2 n =  % 

Refinement: programme SHELX 76 O.R.F.L.S. 
Thermal parameters CI,N, 0, F axis, Anisotropic 

most C10, 
disordered 

H-atoms No H In theoretical 
position 

R (R,) '10 19.8 (19.8) 5.4 (5.3) 

Trigonal 
P3,  (Z = 3) 
C24H6UBr6N803 

11.537 (7) 

25.413 (9) 

2929 
n = l  
Isomorphous , 

replacement 
SHELX 76 
Anisotropic 

In theoretical 
position 
9.2 (11.0) 

Monoclinic 
P2,ln ( Z  = 4) 
C24H6uN@3, N3, c1, 
4(PF,), 3 H2O 
15.236 (7) 
14.097 (6) 
24.410 (10) 
90.67 (8) 
5242 
n =  1 
Direct methods 

SHELX 76 
Anis. but PF6 iso. in 
rigid groups with 
2 positions for 4F/6 
No H 

16.2 (16.2) 

Crystal Data and Structure Determination. The cell dimensions and diffraction data were collected on an 
automatic 4-circle Philips P W 1100 diffractometer. The experimental procedures and conditions for the deter- 
mination of the crystal structures of the cryptates [X- c BT-6H+] (X = F, C1, Br, N3) are listed in Table 4 and 5. 
The atomic coordinates, along with the complete lists of bond lengths, bond angles and torsional angles, are 
available from the Cambridge Crystallographic Data Centre, University Chemical Laboratory, Lensfield Road, 
Cambridge CB2, IEW. Any request should be accompanied by the full literature citation of this publication. 
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