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The Chelate, Cryptate and Macrocyclic Effects 

The chelate, macrocyclic, and cryptate effects are analyzed. It is concluded that 
for all three effects considerable stabilization is derived from the greater basicity 
induced in donor atoms as ethylene bridge5 are added. Further considerations of 
importance in these effects are (1) desolvation effects, where steric constraints to 
solvation of the donor atoms in the free ligand lead to increased complex stability. 
(2) enforced dipole-dipole repulsion in the ligand, which is relieved on complex 
formation, and (3) structural preorganization of the ligand such that the donor 
atoms in the free ligand are already correctly oriented for complex formation. Only 
for the chelate effect is entropy of paramount importance. where it is derived from 
a cratic effect. It is emphasized that the level of preorganization of macrocycles. 
and to a lesser extent cryptands, is much lower than commonly realized. Newly 
emerging types of more highly preorganized ligands are discussed. 

INTRODUCTION 

The chelate,' macrocyclic,2 and cryptate3 effects are of major im- 
portance in coordination chemistry because they allow for the de- 
sign of ligands which display greatly enhanced complex stability 
and metal-ion selectivity. Figure 1 shows the changes in complex 
stability for the metal ions Cu(I1) and Pb(I1) as the structure of 
the simple diammine complexes is elaborated through chelating 
macrocyclic. and finally cryptand ligands. The selectivity aspect is 
illustrated by the CuiPb selectivity, i.e., log K for the Cu(1I) com- 
plex minus log K for the Pb(I1) complex through this series of 
complexes. For the simple diammine the CuiPb selectivity is five 
log units in favor of Cu, but by the time the cryptand-2.2.2 is 
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5.0 7.6 6.8 9.2 12.0 Pb: 2.7' 
w 2 :  cu: 7.6 l og4  10.5 8.5 B1 6.6 6.5 

unidentate chelate macrocyclic macrocyclic cryptand 
plus chelating 
donor groups 

increasing structural elaboration 

FIGURE 1 A selection of complexes showing the effect on complex stability for 
Pb(I1) and Cu(I1) as the complexity of the ligands increases along the series uni- 
dentate, chelate, macrocyclic, and cryptate. Formation constants are from Refs. 
5. 26, 32, and 71. The log p. values for Pb(I1) marked with an asterisk (*) are 
estimated from the known (Ref. 26) log K ,  values by comparison with Cd(I1). 

reached, it has reversed to be some five orders of magnitude in 
favor of Pb(I1). 

In this Comment an attempt will be made to synthesize current 
ideas on the origins of the chelate, macrocyclic, and cryptate ef- 
fects. In so doing two aspects, not widely considered in analyzing 
the origins of these effects, will be highlighted. Included in Fig. 1 
are ligands which are derived from simpler analogs by the addition 
of chelating groups where the added donor atom is a neutral oxygen 
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donor. Thus, from EN is derived THEEN, and from 18-aneN2O, 
is derived BAE-lR-aneN,O,. Figure 1 shows that the effects on 
complex stability of adding neutral oxygen donors in chelating 
groups are very similar to the effects of adding oxygen donors to 
form macrocycles or cryptands. Thus, many of the properties of 
oxygen-donor containing macrocycles are to be understood in terms 
of the coordinating properties of the neutral oxygen donor atom, 
and are not solely produced by the presence of a macrocyclic 
structure. Most important here is the intrinsic basicity along the 
series HzO, ROH, R,O (R = alkyl). Similarly, many of the prop- 
erties of N-donor macrocycles and chelates are to be understood 
in terms of the intrinsic basicity along the series NH,, NH,R, 
NHR2, and R3N. 

The second point considered here is that of steric strain, which 
so often masks the intrinsic basicities of the 0 and N donor atoms. 
The steric strain increase in taking two DPTN ligands (see Fig. 2 
for key to ligand abbreviations) from the low-energy conformations 
for the free ligand and wrapping them around the Ni(I1) ion to 
form the complex [Ni(DPTN),]*+ is some 15 kcal m01-l.~ The 
latter is an unfavorable contribution to camplex formation almost 
as large as the observeds free energy of complex formation. One 
can thus hardly consider profitably the thermodynamics of complex 
formation for the complexes shown in Fig. 1 without taking steric 
strain into account. We therefore include some results of molecular 
mechanics (MM) calculations as an aid to understanding complex 
stability. 

1. THE INTRINSIC BASICITY OF SATURATED 
NITROGEN AND OXYGEN DONORS 

The protonation constantsS along the series NH, through N(CH,), 
are NH,, 9.2; NH,CH,, 10.6; NH(CH3)2, 10.8; N(CH3),, 9.9. This 
set of data gives the impression that the intrinsic basicity varies 
little along this series. How then are the analogous phosphine 
series: PH,, -14; PH2(CH3), 0.0; PH(CH,),, 3.9; P(CH,),, 8.7, 
understood?6 The measurement of gas-phase basicities of these 
bases7-'" using mass and cyclotron resonance spectrometry helps 
to unravel the origin of these effects. In  Fig. 3 is seen the free 
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en dien trien tetren penten 

W 

18-aneN,, 

12-aneN, 

p-l r,, n 

BAE-18-aneNfl4 l8crown6 pentaglyme 

H ' U  I 
A .r..m.r 

I MYli 13-aneN4 lCaneN, 16-aneN, 

FIGURE 2 Some of the ligands discussed in this paper 

energy of protonation in the gas-phase of the series of bases NH, 
through NR,, PH, through PR,, OH, through OR,, and SH, through 
SR, (R = methyl). It is seen that in all cases there is an increase 
in intrinsic basicity as hydrogens are replaced by methyl groups. 
Why then do the protonation constants of the amine series not 
display this intrinsic basicity order in water, while the phosphine 
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I 

0 1 2 3 

number of methyl groups on donor atom 
FIGURE 3 Variation of the free energy of protonation in the gas phase for various 
series of bases as the number of methyl groups attached to the donor atom is varied. 
All free energies are for the removal by the base in the gas phase of a proton from 
the H,O + ion as indicated. 
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series still does? If a Born-Haber cycle is constructed for each of 
the amines in the above series, it becomes apparent that the poor 
basicity of N(CH,), (relative to what might be expected from the 
gas-phase basicities) is due to the lower energy of solvation of the 
(CH,),NH+ cation. This appears to be caused by two effects.6 
First, the proton in the gas phase is bare, and so experiences much 
less strain in coordinating to N(CH,),. In water, however, the 
proton has a bulky solvation sheath, which is sterically hindered 
by the methyl groups. 

,C"3 
+H-N- C H ~  

\ 

CH3 

bulky solvation 942 CH3 
I' ./ 

'. \ 
sheath hindered H20--f+- N-CH3 

by methyl groups OHq CH3 

gas phase aqueous s o l u t i o n  

The second factor, which is thought" to account for the relatively 
poor basicity of N(CH,),, is inability to disperse positive charge 
to the solvent through hydrogen bonding, Thus, NH$ is stabilized 
relative to (CH3),NH+ and PH,' by the inability of the CH, groups 
on (CH,),NH+ and the hydrogens on PH,' to hydrogen bond with 
the solvent. The hydrogens on PH,' through (CH,),PH+ do not 
hydrogen bond to the solvent at all well. Evidently hydrogen bond- 
ing does not, unlike the series NH; through (CH,),NH+ , deter- 
mine the basicities of PH,' through (CH3),PH+, and the basicity 
order in water for the phosphines resembles the gas-phase order. 

Figure 4 shows the variation in enthalpy of complex formation 
in the gas-phase of Lewis acids other than the proton, along the 
series NH3 through N(CH,),, and H,O through (CH3)20. Along 
these two series all Lewis acids show increasing complex stability 
in the gas-phase as hydrogens on the donor atoms are replaced by 
methyl groups. From the above discussion, it might be anticipated 
that, in the absence of steric effects, Lewis acids in aqueous so- 
lution should also show increases in free energies of complex for- 
mation along the series NH, < NH,R < NHR2 < NR,, and H,O 
< R O H  < R,O. Very germane to this discussion is the E and C 
analysis of Drago et u I . , ' ~  which suggests that there is a strong 
increase in covalence along these two series. One can find', many 
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-AH "1 
(kcal.mol-') 

I 

10- 

5 -  

I 

0 1 2 3 

number of methyl groups on donor 
FIGURE 4 Enthalpy of complex formation in the gas phase of a variety of Lewis 
acids with the series of ligands NH,, NH,CH,, NH(CH,),, N(CH,), (a), and H,O, 
CH,OH, (CH,),O (o), as a function of the number of methyl groups attached to 
the donor atom. All the enthalpies are for the reaction where NH, is displaced 
from the complex by an amine (a), or H,O is displaced by an alcohol or ether (0). 
Data from Refs. 7-10. The curvature in each series is a function of steric hindrance. 
It is noteworthy that the response of most metal ions, as shown by Li' here. to 
the inductive effects of added methyl groups is stronger for the oxygen donor (0) 
series of ligands than for the nitrogen donors (a). 

examples of low steric-strain systems, such as the I, complexes, 
which in solvents of low dielectric constant show stability orders 
which are very strongly NH, < NH,CH, < NH(CH,), < N(CH,), 
or CH,OH < (CH,),O. 
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2. STERIC STRAIN. THE CONSEQUENCE OF 
REPLACING HYDROGENS ON THE DONOR ATOMS 
WITH METHYL GROUPS 

Molecular mechanics  calculation^'^ take as their premise the idea 
that each bond length and angle in a molecule has an ideal strain- 
free value. The strain-free Ni-N bond length in complexes of 
polyamines with low-spin Ni(I1) is, for example, 1.91 A, while the 
strain-free N-Ni-N bond angle is 90".14 The tendency of these 
bonds to retain these lengths and angles is modeled using force 
constants. Other forces in the molecule, which tend to distort the 
strain-free lengths and angles, are the van der Waals forces, and 
torsional forces, which are also simply m0de1ed.I~ The MM cal- 
culations are able to predict the gas-phase structures of molecules 
or ions with a high degree of accuracy by finding the minimum 
strain energy structure for the c0mp1ex.l~ 

Consider first what happens when secondary nitrogens are turned 
into tertiary nitrogens by adding methyl groups to them. The MM 
calculations, using a strain-free Ni-N bond length of 1.91 A in 
both cases, predict the Ni-N bond lengths shown. 

Steric repulsion 
/ 

secondary n i t  rogens t e r t i a r y  ni t rogens 

The calculations agree with the results of X-ray crystallography, 
even down to quite small structural  detail^.'^ The calculations also 
show that the stretching of the Ni-N bonds in [Ni(TMC)]*' is due 
to van der Waals repulsions between the N-methyl groups. Ac- 
companying the stretching of the Ni-N bonds is an increase in the 
total strain energy, X U ,  from 11.3 kcal mol-I in [Ni(cy~lam)]~+ 
to 35 kcal mol-I in [Ni(TMC)]*+, which seems to be the most 
probable explanation for the drop in complex stability from log 
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K ,  = 20 for the cyclam complex15 to only 8.6 for [Ni(TMC)I2+ .16 
The drop would be even larger except for the greater basicity of 
the nitrogens in the TMC complex. One should also note the 
accompanying drop in the ligand-field splitting parameters" from 
a value of Dq, = 2043 cm-I in [Ni(cyclam)J2+ to 1782 cm-' in 
[Ni(TMC)I2+. This indicates decreasing overlap in the bond as the 
Ni-N bond is stretched in [Ni(TMC)12+. 

If one attaches an extra chelate ring to an existing ligand, the 
donor atom which acts as the point of attachment moves up one 
along the series primary, secondary, tertiary. The same is true 
when an alkyl bridge is added to form a macrocycle or cryptand: 

- 
H20 ' 1 'OH2 

OH2 O"2 

macrocyl i c / unidentate chelate 

/ 

cryptand 

Crystallography shows that in adding a bridging alkyl group there 
is significantly less steric strain induced than when methyl groups 
are added. Molecular mechanics calculations yield similar results.I8 
One may appreciate the reason for this in a very simple manner. 
When two methyl groups are fused to give a bridging ethylene 
group, the main source of van der Waals repulsion, which is be- 
tween the methyl groups, or the methyl groups and adjacent co- 
ordinated groups, is removed: 
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steric repulsion 1 arge 

fus ion  of CHJ groups 
removes steric strain 

1- 

steric strain small 

chelate 

A contributing factor to the stability of complexes as structural 
elaboration proceeds along the series unidentate, chelate, macro- 
cyclic, cryptate might thus be expected from the fact that donor 
atoms can be made better intrinsic bases by moving along the series 
zero order, primary, secondary, tertiary, without there being an 
inordinate increase in steric strain energy. 

3. LIGAND FIELD STRENGTHS OF COMPLEXES WITH 
UNIDENTATE, CHELATE, AND MACROCYCLIC 
LIGANDS 

It is found19 that charge-transfer bands in low-strain complexes 
such as 12.NH3 through 12.NR3 move in parallel with the heats of 
complex formation, indicating that increasing complex strength is 
caused by a process of the type 

R 

R - N - 1 - 1  

R 

‘3 P 
/ 

as NH3 is changed along the series through to NR3. This parallels 
the results foundm for complexes of Ni(I1). It is generally considered2’ 
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that LF strength in complexes of transition metal ions is a measure 
of covalence in the M-L bond. Consider the LF splitting param- 
eter, 10 Dq,  in the following series: 

complex: [Ni(NH,),J2+ [Ni(EN)$+ [Ni(9-aneN3),]’’ 
10 Dq 10750 cm-I 11500 cm-I 12350 cm-’  

“zeroth” primary secondary 
nitrogens nitrogens nitrogens 

complex: [ Cu(NH,),IZ + [ Cu(EN)J2 + [Cu(2,3,2-tet)I2 + [Cu(~yclam)]~ + 

nitrogens: all “zeroth’ all primary two primary, ail secondary 
10 Dq 17000 18300 19000 19900 

two secondary 

The interpretation placed upon these series is that one is increasing 
10 Dq because the covalence in the M-N bond is increasing as the 
nitrogens are changed from “zeroth” to primary and then second- 
ary. The values of 10 Dq follow the order of intrinsic basicity of 
the nitrogens only because here sufficiently low steric strain has 
been achieved. A general result in macrocyclic chemistry is that 
where the macrocycle coordinates to the metal ion with low steric 
strain, very high LF strengths are observed. 

4. THE CHELATE EFFECT 

A problem associated with interpreting enthalpy and entropy changes 
on complex formation involved in the chelate effect is that there 
may be differences in the extent of solvation in the two complex- 
ation equilibria, i.e., for the unidentate and for the chelate com- 
plexes being compared. If, for example, the chelate ligand has one 
less water of solvation than the two unidentate ligands with which 
it is being compared, this would lead to an overall more favorable 
enthalpy of complex formation, because energy would not have 
to be expended to remove this water molecule before the complex 
could be formed. However, fewer water molecules would be re- 
leased on complex formation, resulting in a compensating change 
in the entropy contribution to the free energy of complex forma- 
tion. It is thus found that free energy changes2’ are much less 
affected by solvation effects than are enthalpy or entropy changes. 
A second point to be borne in mind when analyzing the chelate 
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TABLE I 

Thermodynamic contributions to the chelate effect in complexes of ethylenediamine with Cu(I1) and Ni(I1)’ 

Unidentate Complex A G  AH AS Chelate Analog AG AH AS AG* A H *  AS” 7.91‘ 
(Chelate Effect)h 

[Ni(NH,)2(H20)4)” -6.93 -7.8 -3 [Ni(EN)(H20),]” -10.03 -9.0 4 -3.1 - 1.2 7 7.9 
[Ni(NH,),(H,0)2]2‘ - 11.08 - 15.6 -15 [Ni(EN),(H20),J” .-18.47 - 18.3 3 -7.4 -2.7 18 15.8 
[Ni(NHl)h]Z ’ -- 12.39 - 24 -39 [Ni(EN),J2 ’ -24.16 -28.0 - 10 -11.77 - 4  29 23.7 

[Cu(NH,)Z(HLO),I’ ’ - 10.68 - 1 1 .  I -- I [Cu(EN)(H~O),J”  - 14.38 - 13.1 6 -3.7 -2.0 7 7.9 
[Cu(NH,),(H,O)~]” - 17.74 -22.0 - I4 [Cu(EN)L(H20)J” --26.74 -25.5 7 -9.0 -3.5 21 15.8 

“All data from Ref. 5 .  
“The thermodynamic manifestation of the chelate effect, such that AG* = AG(EN complex) - AG(NH, complex). 
‘The value of 7 . 9 ~ .  where n is the number of chelate rings in the complex should he compared with A S * .  
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ard reference state is defined, and showed that in mole fraction 
units the chelate effect “disappears.” It is not correct to infer from 
the results of Adamson that the chelate effect does not exist. The 
chelate effect is largely due to an increase in translational en- 
t r ~ p y . ~ ~  The translational entropy is a function of the volume of 
the standard reference state. When the standard reference state is 
one of unit mole fraction, as employed by Adamson, it refers to 
a situation where each one of the components of the equilibrium 
entirely fills the space of the standard reference state, and trans- 
lational entropy is zero. The ideas of A d a m ~ o n ~ ~  lead to a very 
simple approach to the chelate effect, where each extra chelate 
ring in a complex should give R In 55.5 (where 55.5 is the molality 
of pure water) or about 8 entropy units to the entropy of the chelate 
effect. This may be expressed25 as Eq. (1) for an n-dentate 
polydentate ligand: 

logK, (polydentate) = logp,(unidentate) + (n - l)log55.5 (1) 

If log pn values for ammonia complexes are substituted into Eq. 
(l), it predicts log K,  values for the polyamines which are much 
too low. However, if the greater basicity of the polyamines com- 
pared with ammonia is corrected for by inserting an “intrinsic 
basicity factor” of 1.152 (= pK(CH3NH2)/pK(NH3), i.e., 1016/ 
9.2), Eq. (2) is obtained which has very good predictive powers: 

logK,(polyamine) = 1.15210gP,(NH3) + (n - l)log55.5 (2) 

Equation (2) is very successful at predicting formation constants 
for polyamine ligands: 

C o m p 1 ex Ni(EN) Ni(D1EN) Ni(TR1EN) Ni(TETREN) Ni(PENTEN) 

log K ,  (calc) 7.6 11.0 14.1 17.3 19.2 
log K ,  (obs) 7.4 11.0 14.0 17.4 19.1 

In the case of Pb2+ the stability of the ammines were unknown. 
However, the stability of the known polyamine complexes could 
be used in Eq. (2) to estimate log K,(NH3) = 1.6. Subsequent 
study of the Pb(II)/NH, system yielded26 log K ,  = 1.55. Equation 
(2) has been elaboratedz5 to include aminocarboxylic acids, and 

250 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
5
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



used to estimate log K ,  for other ammonia complexes, e.g., La3', 
0.2; Sc3+, 0.7; Fe3+, 3.8; and UO;+, 2.0. 

The entropy contributions to the chelate effect are expected24 
from Adamson's work to be 7.9 cal deg-' mol-' per chelate ring. 
Table I shows that the entropy contributions to the chelate effect 
are fairly close to the expected value of 7.9n. The extra stability 
due to the electron-releasing properties of the ethylene bridges of 
the chelate should manifest itself as ligand field stabilization energy 
(LFSE), if it is assumed that the LFSE is an indication of the extra 
covalence in the M-L b ~ n d . ~ ' . ~ '  In Table I1 is seen the difference 
in AH between the ethylenediamine complexes and their ammine 
analogs, for Cu(1l) and Ni(II), compared with the differences in 
LFSE for the same pairs of complexes. It is seen that the differences 
in LFSE tend to be somewhat too small to account for the whole 
of the chelate enthalpy. However, excellent correlations between 
the positions of the electronic band maxima in spectra of amine 

TABLE I1 

A comparison between the differences in enthalpy of complex formation and of 
ligand field stabilization energy (LFSE) in complexes of Cu(I1) and Ni(I1) on 

chelate ring formationa 

10 Dq ALFSE AH - A(AH) 
Complex (cm-') (kcal mol-') (kcal mol-') (kcal mol-I) 

9250 
9800 

loo00 
10500 

10750 
11600 
14800 
15200 

17000 
18300 

19OOO 
19900 
11200 

. 1 1 w  

1.20 

2.7 

4.0 

2.0 

3.5 

4.7 

5.5 

- 7.8 
- 9.0 

- 15.6 
- 18.3 

- 24 
- 28.0 
- 11.1 
- 13.1 
-22.0 
-25.5 

-27.7 
-32.4 

- 18.6 
- 24.1 

1.46 

1.33 

2.26 

0.6 

1.7 

1.7 

-1.8 

"10 Dq values from Ref. 28, AH from Ref. 5. 
bHigh-spin Ni(I1). 
'Estimated from band energies reported in Ref. 17. 
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complexes of Cu(I1) and of Ni(II), and their heats of formation in 
aqueous solutions, have been reported,28 which suggest that the 
increases in AH are related to covalence, but that LFSE is not the 
total indication thereof. This is not surprising, since 10 Dq is but 
a measure of the energy difference between a probably nonbonding 
tZg energy level and an antibonding eg level, and thus all other 
overlaps in the M-N bonds are ignored.27 The fact that the LFSE 
does not account for all of the chelate enthalpy may therefore not 
signify that any of the chelate enthalpy is derived from some effect 
other than increased covalency in the M-L bond. 

A. The Size of the Chelate Ring 

The drop in complex stability which usually accompanies an in- 
crease in size of the chelate ring has been modeled by Schwarzenbach' 
and Cottonz9 in terms of models which consider entropy effects. 
However, the available evidences.30 suggests that only for very 
large rings (above seven-membered) do entropy effects contribute 
significantly to the drop in stability. The drop in complex stability 
is, in fact, enthalpy controlled. For six-membered chelate rings, 
the drop in complex stability relative to the five-membered ring 
analog is regarded31 as being due to steric strain. Molecular me- 
chanics calculations on polyamine complexes support this inter- 
pretat i~n.~. l*  For high-spin Ni(II), the differences in AU, the change 
in strain energy on complex formation, match very well the dif- 
ferences in A H ,  for pairs of otherwise similar complexes, where 
one member of the pair has five-membered chelate rings and where 
the other member of the pair has six-membered chelate rings. This 
is seen in Table 111. Of particular interest in Table I11 is the value 
of -AU for the 2,3,2-tet relative to the 2,2,2-tet complex. Here 
the six-membered ring complex of 2,3,2-tet is more stable with 
Ni(I1) than is that of 2,2,2-tet. In  agreement with general opinion, 
the MM calculations suggest that the greater stability of the com- 
plex of 2,3,2-tet is due to release of cumulative ring strain, which 
in the 2,2,2-tet complex is caused by the bite (N--N distance) of 
the five-membered chelate ring being too short to bridge the dis- 
tance between the coordination sites on Ni(I1). 
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TABLE I11 

The changes in enthalpy of complex formation of polyamine complexes of Ni(I1) 
on increasing the chelate ring size from five- to six-membered, compared" with 
the differences in strain energy calculated by molecular mechanics calculation. I R  

~ ~ 

Corn p I e x U' - AUd AHe - A(A.H) 

1.2 

3.3 

6.7 

1.3 

7.1 

- 3.9 

- 9.0 
-7.8 
- 18.3 
- 15.0 

- 28.0 
-21.3 
- 11.9 
- 10.6 

- 25.3 
- 17.6 

- 14.0 
- 17.9 

1.53 

3.07 

7.44 

1.46 

1.91 

Ni(EN) 1.14 
Ni(TN) 3.04 

WTN) ,  7.16 

Ni(TN), 13.12 
Ni(D1EN) 6.08 
Ni(DFTN) 8.28 

Ni(DIEN), 11.87 
Ni(DPTN)* 21.32 

Ni(2,3,2-tet) 7.32 

Ni(EN), 3.35 

Ni(EN), 4.57 

-1.82 Ni(2,2,2-tet) 9.44 

"The difference in strain energy, - AU, should be compared with the difference 
in enthalpy of complex formation, - A(AH); units are kcal mol- l ,  

bEN = ethylenediamine, TN = 1,3-diaminopropane, DIEN = 1,4,7-triazahep- 
tane, DPTN = 1,5,9-triazanonane. All high-spin Ni(II), waters and charges ne- 
glected for simplicity. 

'Ref. 18. 
dCorrected for differences in strain energy of free ligands.'* 
'Ref. 5. 

B. Metal Ion Size and the Size of the Chelate Ring 

The complexes of larger metal ions are destabilized more than 
those of smaller metal ions by an increase in size of chelate ring.32 
This is found to be true for complexes of EDTA and its analog 
based on trimethylenediamine, TMDTA.30 One can obtain a linear 
relation between the change in complex stability between the 
TMDTA complex, and the EDTA complex, A(1og K), and the 
ionic radius of the metal ion.33 The drop in complex stability is 
entirely an enthalpy effect, as seen in Table IV. The change in 
complex stability on increase of chelate ring size is metal-ion re- 
lated, and is thus not a property of the free ligand, but of the 
complex. Molecular mechanics calculations that the ideal 
size of metal ion for coordination to EN to form a minimum strain 
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TABLE IV 

The effect of increase of chelate ring size on thermodynamics of complex formation in passing from complexes of EDTA to those 
of TMDTA" 

~~ ~ ~ ~ ~~~~ ~~ ~ 

EDTA TMDTA 

Metal Ion Ionic Radius34 log K AH AS log K AH AS 

cu* + 0.57 18.70 - 8.2 58 18.76 - 7.7 60 
Cd2 + 0.95 16.36 -9.1 44 13.83 -5.4 45 
Ca2 + 1 .oo 10.61 -6.6 26 7.26 - 1.7 27 
La' + 1.03 15.46 -2.9 61 11.28 + 3.8 64 
PbZ+ 1.18 17.88 - 13.2 38 13.70 - 6.4 41 

"TMDTA = 1,3,-diaminopropane-N,N,Nf, "-tetraacetate; all data from Ref. 5; units for AH, kcal mol-'; AS, cal deg-' mol-I. 
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chelate ring has a M-N bond length of 2.50 A, and a N-M-N angle 
of 69". On the other hand, the minimum strain chelate ring with 
TN (1,3-diaminopropane) has a M-N bond length of 1.6 8, and an 
N-M-N angle of 109.5". This means that the minimum strain- 
energy stiuation with EN type rings will occur with metal ions such 
as the large La3 + or Pb2 + , which have small N-M-N angles because 
of their high coordination numbers. On the other hand, the lowest 
strain for TN complexes would occur with, ideally, a small metal 
ion such as Be2+ with its tetrahedral coordination geometry. In 
between these two extremes a steady progression will be found 
where, for example, a large metal ion such as Cd2+ will show a 
stronger preference for EN over TN than will a smaller metal ion 
such as Cu2+. 

The metal-ion size-related pattern of the dependence of complex 
stability on chelate ring size can be observed for many pairs of 
ligands, such as EDTA and TMDTA, or 2,2,2-tet and 2,3,2-tet. 
Even more interesting, it is also observed33 for pairs of macrocyclic 
ligands, such as 12-aneN4 and 13-aneN4, or 13-aneN4 and 14-aneN4. 

C. The Role of Solvation in Complexes of Charged Ligands 

Martell,, has shown that for aminocarboxylic acids, the entropy 
change on complex formation is proportional to the charge on the 
metal ion (2') and on the free ligand (2- ) ,  and inversely pro- 
portional to the crystal radius ( r + )  of the metal ion. In Fig. 5 is 
shown a plot of entropy change on complex formation for a variety 
of aminocarboxylates, ranging in size from glycine to EDTA, as 
a function of -2 'Z- l r  + .  It has been pointed that part of 
the increase in AS with increase in number of negative charges 
must be due to the favorable entropy of translation effect associ- 
ated with chelate ring formation. Also plotted in Fig. 5 is the 
entropy of complex formation for ML, complexes of aminocar- 
boxylates as a function of - 2 + 2 - / r  + . The value of 2 - is taken 
as the sum of the charges on 2L. The few data available suggest 
that a linear relationship between - 2 + Z - / r  + and AS is present 
for the ML, complexes. One would expect the relationship for the 
ML, complexes to run parallel to that for the ML complexes, and 
be displaced downward by 7.9 cal deg-' mol-', the entropy of the 
chelate effect. A broken line has been drawn for the ML2 rela- 
tionship to run parallel to that for the ML complexes, although 
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100- 

- 
AS 

(cal. mot 
deg‘’) 

50- 

I 1 I I I I- 

0 4 8 12 16 
O+ 

-z+,z-.r-’ 
FIGURE 5 Variation of the entropy of complex formation of carboxylate containing 
ligands as a function of - Z ‘ Z  - / r .  Data from Ref. 5 .  Z + is the oxidation state 
of the uncomplexed metal ion, Z ~ is the number of carboxylate groups on the free 
ligand, and r is the crystal radius (Ref. 34) of the metal ion in A .  The ligands are, 
for ML complexes: glycine (V) iminodiacetate (m), nitrilotriacetate A), eth- 
ylenediamine-N,N’-diacetate ( + ), EDTA (0) .  and  oxydiacetate i@). For 
the ML, complexes, the ligands are: glycine (c), iminodiacetate (O), ethy- 
lenediamine-N,N’-diacetate ( 0 ), N-methyliminodiacetate (a), a n d  oxy- 
diacetate (0). T h e  metal ions are Mg’+ (1). Ca” ( 2 ) ,  Sr” (3), Ba” (4 , 
Li’ ( 5 ) ,  Na+ (6), Y3+ (7), La3+ (8), Lu3+ (9), Yb3+ (lo), Mn2+ (111, 
Ni” (12), Zn2+ (13), Cd2+  (14), H z+ (15), Pbz+ (16), In3+ (17), Sc3+ 
(18), A13+ (19), Fe3+ (20), Cu” (215. 
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more data may reveal that the best straight line does not run 
parallel. However, the downward displacement appears to be in 
the vicinity of 15 cal deg-I mol-’, virtually double the expected 
displacement. This possibly reflects differences in degree of sol- 
vation of the free ligands and of the complexes involved in the two 
relationships. The actual observation of such good correlations 
between AS and - 2 + Z  - / r  + appears to be derived from the amount 
of water which is liberated on complex formation, which in turn 
is a function of the charge on the metal ion, and its size, as well 
as the charge on the ligand. 

D. Effect of Structure of the Chelate Ligand 

An important aspect of coordination chemistry is the “architec- 
ture” of the ligand, and how this affects coordination to the metal 
ion. Familiar examples, such as the inability of the tripod ligand 
TREN to adapt to the planar coordination geometry required by 
Cu2+,  have already been An important effect to dis- 
cuss here is that of adding C-alkyl groups to the ethylene bridges 
of chelating ligands. The C-methylated ethylenediamines show small 
increases in log K as the degree of C-methylation increases. These 
increases in log K ,  are accompanied by increases in LF strength,2’ 
so that it seems reasonable to attribute them to increasing electron- 
releasing ability as C-methylation increases. However, when the 
ethylene bridge of EDTA is C-methylated, or alkylated by forming 
a cyclohexane ring in trans-CDTA, there are much larger increases 
in complex stability which are metal-ion independent, and entropy 
controlled. The results for Ca2+ are typical: 

log K ,  AH AS 

[Ca(EDTA)]’- 10.6 -6.6 26 
[Ca(CDTA)]’- 13.2 -3.7 48 

This increase in complex stability has been i n t e r ~ r e t e d ~ ~  in terms 
of the greater ease of assumption of the skew form of the free 
ligand, which is required for complex formation, whereas EDTA 
presumably adopts the lower energy trans form as the free ligand. 
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EDTA 

viewed down the C-C axis 

trans-CDTA 

viewed down the C-C a x i s  

- 

trans-arrangement skew-arrangement - 

What is important here in relation to the following discussion on 
the macrocyclic effect is that these are examples of preorganization 
of the ligand into the correct conformation for complex formation, 
which leads to higher complex stability. This is possibly an im- 
portant contribution to the macrocyclic effect, where it is generally 
regarded that in some way preorganization might be responsible 
for the greater complex stability observed. It is interesting to note 
here that high levels of preorganization are not confined to ma- 
crocycles or cryptates, and can just as easily occur in chelating 
ligands. 

5.  THE MACROCYCLIC EFFECT 

It goes without saying that any explanation of the macrocyclic effect 
has to be consistent with the chemical properties observed for 
macrocyclic complexes. Properties already mentioned are the greater 
thermodynamic stability, i.e., the thermodynamic manifestation of 
the macrocyclic effect, and the greater ligand field strength pro- 
vided the macrocycle fits the metal ion. Among the more remark- 
able properties of complexes of macrocycles is the ability to sta- 
bilize unusual oxidation states of metal ions, for example Ni(III),37- 
40 Ni(I),41942 C U ( I I I ) , ~ ~ - ~ ~  Co(I),37345-46 Ag(II),47 Pt(III),48 and even 
Hg(III).49 Another property of interest is the kinetic inertness of 
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the complexes of macrocycles towards demetallation, the kinetic 
macrocyclic effect. 

In the macrocyclic effect, the stability of the complex of the 
macrocyclic ligand is compared with that of its open-chain analog. 
The number of particles in both equilibria is the same so that no 
translational entropy effects are expected, which is an important 
difference between the macrocyclic and chelate effects. Contri- 
butions which are expected to be important in the macrocyclic 
effect are: 

(1) preorganization of the ligand2.4.50.5’,53 
(2) desolvation of the donor atoms in the confined space of the 

(3) intrinsic basicity effects52 
(4) dipole-dipole repulsion in the cavity of the ligand52.53.54 

macrocyclic cavity2 

Under effect (1) suggestions such as “pre~training,”~ “preorient- 
ing,”50 and “multijuxtapositional fixedness” have been g r o ~ p e d . ~ ’  
The term “preorganization,” suggested by Cram,53 is used here 
for all these effects. 

A property of macrocycles which is of paramount importance is 
the cavity in the center of the ligand. An important idea in ma- 
crocyclic chemistry is that macrocycles should display selectivity 
for metal ions on the basis of the match between the size of the 
metal ion and of the cavity in the ligand, which will be referred 
to here as size-match selectivity. At the same time, it is of great 
importance to consider what happens when there is a mismatch 
between the size of the metal ion and of the cavity, and, in par- 
ticular, to what extent the macrocycle is able to compress the too- 
large metal ion. 

A. The Thermodynamics of the Macrocyclic Effect 

Before proceeding to consider what the relative importance of the 
contributions to the macrocyclic effect are, it is necessary to es- 
tablish what are probably the best thermodynamic representations 
of the effect. In considering the chelate effect, it was possible to 
select very simple examples such as ethylenediamine versus am- 
mine systems, which minimized the contributions of strain energy 
and other extraneous effects. Similarly, for the macrocyclic effect, 
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it is important to minimize differences such as strain energy in 
making the comparison. Thus, if as an example the Cu(I1) complex 
of 12-aneN4 is selected, the metal ion is too big for the macrocyclic 
cavity, and strain energy effects will make a large c o n t r i b ~ t i o n . ~ ~  
The choice of cyclam to compare with 2,3,2-tet2 is probably a good 
one for Cu(II), high-spin Ni(II), and probably also Zn(I1). Mo- 
lecular mechanics calculations20 suggest that for these three metal 
ions, cyclam represents a minimum strain complex out of the set 
of tetraazamacrocycles from 12-aneN2 through 16-aneN4. In ad- 
dition, 2,3,2-tet appears to be a best-fit situation for these metal 
ions, since they all form their most stable complexes with 2,3,2- 
tet out of the series of ligands 2,2,2-tet through 3,3,3-tet, suggesting 
that here too there is a minimum strain energy situation. 

Table V suggests that the macrocyclic effect is, for all three metal 
ions, almost entirely due to a more favorable enthalpy contribution 
for the complex of the macrocycle. In Table VI are seen55,56 the 
thermodynamic parameters for the formation of the complexes of 
18-crown-6 and its open-chain analog pentaglyme with Na+ , K +  , 
and Ba2+ in 100% methanol. One sees here too that enthalpy 
makes a major contribution to the macrocyclic effect. For mixed- 

TABLE V 

Thermodynamic contributions to the macrocyclic effect in complexes of tetraaza- 
rnacrocycles.’ 

CU(I1) Ni(11)” Zn(I1) 

log cyclam 
K , :  2,3,2-tet 

AH: cyclam 

log K (MAC) 

2,3.2-tet 
AH (MAC) 

26.5 
- 23.2 

3.3 
- 32.4 
-27.7 
-4.7 

-19.4‘ 
15.9 

-3.5 
- 

- 24.1 
3 
- 5.5 

15.5 
12.6 
2.9 
- 

- 14.8 
-11.9 
- 2.9 

AS: cyclam 13 -8 21 
2,3,2-tet - 
AS (MAC) 0 - -2 3 

18 - 10 - 13 

aFor key to ligand abbreviations. see Fig. 2; units A H ,  kcal mol-’, AS, cal deg 
mol-I; the thermodynamic contributions to the macrocyclic effect are log K (MAC), 
AH (MAC), and AS (MAC). 
bAll quantities refer to high-spin Ni(I1). 
‘This value is somewhat lower than that reported in Ref. 2(b), and is from Ref. 
15. 
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TABLE VI 

Thermodynamics of complex formation of Na-,  K’, and Ba” with 18-crown-6 
and its open chain analog in 100% methanola 

Na + K’ Ba” 

1% K ,  18-crown-6 4.36 
1.44 pentaglymeb ~ 

log K (MAC) 2.92 

6.06 7.04 
2.3 - 2.1 

3.96 4.14 
- 

AH‘ 18-crown-6 - 8.4 - 13.4 - 10.4 
pentaglyme -4.0 - 8.7 -5.69 
AH (MAC) - 4.4 -4.1 - 4.8 

AS 18-crown-6 -8 - 17 - 3  
-8  - - 7  - 20 pentaglyme - 

AS (MAC) -1  3 5 

“Data from Refs. 55 and 56. 
bPentaglyme = CH,(OCH,CH,),OCH, 
‘Units are kcal mol-I. 
dunits are cal deg I mol- I .  

donor macrocycles containing S,  N, and 0 donors, Arnaud-Neu 
et aL5’ concluded that both enthalpy and entropy contributed to 
the macrocyclic effect. The evidence appears to suggest, then, that 
if there is not a serious mismatch between the size of the metal 
ion and the macrocyclic cavity, there will always be a substantial 
contribution from enthalpy to the macrocyclic effect, with entropy 
sometimes contributing, but usually to a lesser extent. 

B. The Role of Preorganization, Desolvation, and Dipole- 
Dipole Repulsion 

In the simplest case preorganization of the Iigand, as is found for 
the nonmacrocyclic CDTA ligand,36 involves the ligand already 
being in the right conformation for complex formation. In the case 
of 18-crown-6, and also the cryptand-2,2,2 as seen in Fig. 6, the 
ligands are not preorgagnized, in the sense that they are not in the 
same conformation as found in the complex. The conformation 
f o P  the free 18-crown-6 is the C, conformation shown in Fi.g. 6, 
while that for the K + complex is D3d. The conformation of the 
free ligand59 cryptand-2,2,2 is similar to that of 18-crown-6, in that 
in both cases there are methylene groups which are folded into 
the cavity in the ligand. MM calculations showm that these folded 
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FIGURE 6 Diagrammatic representation of the structures of the free ligands as 
observed in the crystal structures (Refs. 58, 59) for 18-crown-6 and cryptand-222 
(left-hand side), and the conformations required for coordination to metal ions 
(right-hand side). Modified after Ref. 53. 

conformations are adopted in order to lessen dipole-dipole re- 
pulsion. Because of dipole-dipole repulsion the energy of the & 
conformation of the free ligand 18-crown-6 is considerably higher 
than the energy of the C;. Thus, there will be a considerable in- 
crease in strain energy in rearranging the ligand into a confor- 
mation suitable for complex formation. However, the MM 
calculations60(b) suggest that this will still be a lesser increase in 
strain energy than is the case for pentaglyme in forming its complex 
with K'. The free ligand 18-crown-6 is thus not preorganized in 
the sense that it is already in the right conformation for complex 
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formation. However, it is, even in the Cj  conformer, in a high 
strain energy state. Thus, in the gas phase, the macrocyclic effect 
here might be derived from the fact that the free ligand is in a 
higher energy state for the macrocycle than for the open-chain 
analog. If 18-crown-6 is dissolved in water, it is likely that solvation 
lessens the dipole-dipole repu1sion60(b) and a D,,-like conforma- 
tion is However, it is here probable that the solvation 
of 18-crown-6 would be less than that of pentaglyme. Under these 
differing conditions the macrocyclic effect would be observed in 
the gas-phase or low dielectric constant solvents because of the 
higher strain energy in 18-crown-6 than in pentaglyme, but the 
macrocyclic effect would in water be one due to differential sol- 
vation. The structure of 18-crown-6 in the solid states8 and in 
solvents of low dielectric constant is C,, and here dipole-dipole 
repulsion appears to be minimized by folding of the ligand in on 
itself. However, if the ligand is sufficiently rigid, as in the spher- 
ands, shown in Fig. 2, then it appears that dipole-dipole repulsion 
cannot be avoided, and in this case the very large affinity which 
the spherand displays for Li+ may be traced directly to the relief 
of dipole-dipole repulsion on complex formation.53 It thus seems 
possible that all three of the effects discussed here, namely preor- 
ganization, solvation, and dipole-dipole repulsion can contribute 
to the macrocyclic effect under appropriate conditions. The im- 
portant factor here is that all three types of effect lead to a high 
energy state fo r  the macrocycle, which is relieved on complex for- 
mation. 

Molecular mechanics calculations on cyclam and 2,3,2-tet20.52 
show similar results to those on crown ethers. For the free ligands, 
if the dipole-dipole repulsion in the macrocyclic cavity is ignored, 
the increase in strain energy on complex formation with Ni(II), 
AU, is about the same for both 2,3,2-tet and cyclam. When dipoles 
are placed on the nitrogens, the enforced dipole-dipole repulsion 
in the macrocyclic cavity of cyclam leads to a very much smaller 
AU due to the higher energy state of the free cyclam iigand. It 
was considered that solvation of these dipoles would simply change 
the origin of the macrocyclic cavity to an origin in solvation dif- 
ferences.20 However, these calculations suggested that not all of 
the macrocyclic enthalpy would be caused by solvation/dipole- 
dipole repulsion  effect^.^^.^* 
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Margerum,2(b) in his study of the thermodynamics of complex 
formation of Ni(1I) with cyclam and 2,3,2-tet, found that the ma- 
crocyclic effect was caused entirely by a favorable enthalpy effect, 
with entropy actually making an unfavorable contribution. It was 
this result which led Margerum to make the insightful proposal 
regarding the role of ligand solvation, and although the thermo- 
dynamics now regarded as being most accurate are somewhat dif- 
ferent from those of Margerum,z(b) the results in Tables V and VI 
concur with his in that the enthalpy contribution appears to be the 
most important. What would be required to better assess the role 
of ligand solvation, and the other proposals listed above, in pro- 
ducing the macrocyclic effect would be complete Born-Haber cycles 
of the type shown below for both the formation of the macrocyclic 
complex and its open-chain analog: 

For the ligands cyclam and 2,3,2-tet a recent study6I has shown 
that the heat of solution (AHsoi + AH,,, in the above cycle) was 
some 5.2 kcal mol-' smaller for cyclam than for 2,3,2-tet. From 
this it was tentatively concluded that the entire macrocyclic en- 
thalpy of -4.7 kcal mol-l for the Cu(1I) complex of cyclam rel- 
ative to 2,3,2-tet was due to differential ligand solvation. However, 
to be more certain of this, it would be necessary to know AH,,, 
for the Cu2+ complexes of both cyclam and 2,3,2-tet, which might 
also differ by 5 kcal mol-l, thereby canceling out the contribution 
from differential solvation. Izatt et ~ 1 . ~ ~  measured only the heat of 
solution of the pure ligands into methanol (AHsoi), for 18-crown- 
6 and pentaglyme, and found them to be virtually identical. This 
tends not to support the idea of a contribution from ligand bol- 
vation, although without the heats of vaporization of the free li- 
gands, AHsub in the above cycle, one cannot attach too much sig- 
nificance to this result. The same authors also determined the size 
of the macrocyclic enthalpy for Na+,  K + ,  and Ba2+ in 90% meth- 
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anol, and found essentially the same result as in 100% methanol 
reported in Table VI. This tends to suggest that here solvation 
effects are not important, since such a change in dielectric constant 
and solvating power might have been expected to cause a change 
in the magnitude of the contributions to the macrocyclic effect.55 
However, as discussed above, the origin of the macrocyclic effect 
may simply change from differential solvation to dipole-dipole 
repulsion as the dielectric constant is lowered. 

No thermodynamics for complex formation of macrocycles and 
their open-chain analogs are available in the gas phase, and this 
is a situation which one hopes will be corrected in the not too 
distant future. However, some theoretical studies are available 
which give calculated values. Thus, Reibnegger and Rode62 report 
LCAO-MO calculations on Li+ complexes of lZaneN, and its 
open-chain analog (CH3NHCH2CH2NHCH2)2. The authors them- 
selves point out the very approximate nature of the calculations, 
but suggest that a major contribution to the macrocyclic effect 
arises because of the large energy required to take the open-chain 
analog from its minimum energy linear conformer to that required 
for complexation, which is not necessary in the prestrained ma- 
crocycle. It is not clear from the paper what the contribution is 
from dipole-dipole repulsion to the high energy of the open-chain 
ligand when it is folded so as to coordinate to the metal ion. Of 
particular interest here are the calculations of Yamabe et u Z . ~ ~  
These calculations indicated that there is a considerable contri- 
bution from covalence to the stabilization of the M-0 bond, sug- 
gesting that it is not entirely correct to regard the M-0 bond as 
being purely electrostatic. A recent photoelectron spectroscopic 
study of crown ethers and N-donor macrocycles and their open- 
chain analogs@ has indicated a greater ease of removal of electrons 
from the dipoles on the donor atoms of the macrocycle than of 
the open-chain compounds. This might be due to dipole-dipole 
repulsion within the macrocyclic cavity, although the structures of 
the macrocyclic ligands (Fig. 6) show that dipole-dipole repulsion 
is possibly less than might be expected. 

C. The Role of Inductive Effects (Intrinsic Basicity) 

The relationship betwen enthalpy of complex formation and ener- 
gies of ligand field bands foundZs for polyamine complexes of Cu(I1) 
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and Ni(I1) suggests a relationship between covalence in the M-N 
bond, produced by inductive effects, and the enthalpy of complex 
formation. An indication of the importance of this is seen in the 
enthalpies of complex formation along the following series (com- 
pare with LF parameters in Section 3): 

Complex : [Cu(NH,),]" [Cu(EN)$' [Cu(2.3,2-tet)]'+ [Cu(cyclam)]?' 

AH (kcal mol- ' )  - 22.0 -25.5 -27.7 -32.4 

If it is assumed that the increase in AH along the series from 
[Cu(NH3)J2+ to [Cu(2,3,2-tet)I2+ is a function of the number of 
nitrogens pushed up one place in the series zeroth, primary, sec- 
ondary, tertiary, by extrapolation a value of AH of about -29.9 
kcal mol-' for [Cu(cyclam)12+ would be expected. The fact that 
- AH for [Cu(~yclam)]~+ is, at - 32.4 kcal mol-I somewhat higher 
than this suggests that the extra 2.5 kcal mol-' is derived from 
noninductive-effect-related contributions such as differential sol- 
vation, dipole-dipole repulsion, and preorganization. One also 
obtains a rough estimate that 2.2 kcal mo1-I of the macrocyclic 
effect would be due to inductive effects. Theoretical calculations 
suggest that this figure is20 about 3.4 kcal mol-'. 

Perhaps the most compelling evidence for the greater covalence 
of the M-N bonding in the N-donor macrocycles lies, however, in 
the chemistry of the complexes themselves. Thus, [Fe(9-aneN,),I2 + 

is low-spin, whereas its open-chain analog [Fe(D;EN),12+ is high- 
spin.65 The ability of macrocyclic ligands to stabilize Ni(II1) and 
Cu(II1) is within the group of macrocycles clearly related 
to ligand-field strength and covalence. If only ligand-related effects 
(solvation, dipole-dipole, and preorganization) were important in 
producing the macrocyclic effect, the tetraazamacrocycles would 
not be expected to be so very much better at stabilizing unusual 
oxidation states, even where the fit of the metal ions to  the 
macrocycle was poorer than is found for open-chain p ~ l y a m i n e s . ~ ~  

To summarize, then, the macrocyclic effect appears to be pre- 
dominantly an enthalpy effect. Three ligand-related factors, preor- 
ganization, differential solvation, and dipole-dipole repulsion, 
probably contribute to the macrocyclic enthalpy. The contribution 
of one type observed under one set of conditions, e.g., low di- 
electric constant solvent (dipole-dipole repulsion), may change to  
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a n ~ t h e r ~ ~ . ~ ~  in solvents of higher dielectric constant (differential 
solvation), and the relative importance of each contribution will 
probably differ from macrocycle to macrocycle, and as a function 
of solvent. 

The fourth contribution, the greater basicity of donor atoms 
along the series NH,, NH,R, NHR,, NR,, and H 2 0 ,  ROH, R 2 0 ,  
makes a substantial contribution in the cases of the nitrogen do- 
nors, and accounts for many of the properties of the complexes 
themselves. The important aspect of macrocyclic structure is that 
the macrocycles are sterically efficient, and allow for the exercising 
of the greater basicity of the donor atoms of macrocycles without 
paying the steric penalties that are incurred in open-chain ligands 
when addition of N-alkyl groups is used to change donor atoms 
from primary to secondary. One might also tentatively suggest here 
that the greater basicity of the oxygen donor atom along the series 
H20, ROH, R,O must contribute something to the macrocyclic 
effect in crown ethers, and, as discussed below, the cryptands. 

D. The Size-Match Selectivity of Macrocycles for Metal Ions 

This topic has already been covered in some detail e l~ewhere,~,  
and so it will be covered here only insofar as it casts light on the 
nature of the macrocyclic effect. For crown ethers, as stated in the 
Introduction, much of the observed behavior is simply related to 
the coordinating properties of the neutral oxygen donor, and is 
not solely the product of the macrocyclic structure. Thus, the open- 
chain polyethers of the Kryptofix-5 type show complexing prop- 
erties for the alkali metal ions very similar to those of crown ethers,66 
and even appear to display size-selectivity (Fig. 8). 

K ryp t o f  1 x-5 
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K 

Li 

(open-chain ether) 

0 '  1 

0.8 1.0 1.2 1.4 1.6 1.8 

CRYSTAL RADIUS (A) 
FIGURE 7 Formation constants, log K , ,  in methanol of a variety of ligands, 
complexing with the alkali metal ions, as a function of crystal radius (Ref. 34) of 
the metal ion. Data from Ref. 78. Kryptofix-5 is an open-chain ether described by 
Weber and Vogtle (Ref. 66). 

Addition of groups containing neutral oxygen donors to existing 
ligands virtually always has a metal-ion size-related effect on com- 
plex stability, shown for the ligands L, and L, below: 

0 

hm7A0 \ yo 
-0 / c - c \  

0 

0- -0 0 0 0 0- 

L1 (oxalate) 

Mg2 + Ca2 + Sr2 + Ba2 + 

0.72 1.00 1.18 1.35 
- 1.4 0.0 +0.5 + 0.9 
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This type of effect is independent of the nature of the metal ion, 
e.g., Cu2+,  La3+, Pb2+, and simple metal-ion size appears to be 
the controlling factor. The interpretation put on this is in accord 
with ideas on intrinsic M-0 bond strengths shown up by theoretical 
 calculation^.^(^),^^ Thus, in the gas phase the M-0 bond strength 
order should follow the polarizing power of the metal ion, e.g., 
Mg2+ > Ca*+ > Sr*+ > BaZ+ o r b ’  > Na+ > K +  > Rb’ > CS’ ,  
for both the aquo ions and the macrocycle. However, as the metal 
ion becomes smaller, so also the steric crowding becomes greater 
when the ligand is forced to coordinate to it, and it is this which 
leads to stability orders with macrocycles such as K’ > Na’ > 
Li’. This is illustrated in Fig. 8. There is a subtle difference be- 
tween selectivity so generated, and genuine size-match selectivity, 
in that in the former the ligand is quite flexible, and it is only the 
bulk of the ligand which destabilizes the complexes of smaller metal 
ions. In classic size-match selectivity, the cavity in the macrocycle 
is regarded as being rigid, and destabilization of the complexes of 
small metal ions is produced by their lack of fit to this rigid cavity. 
The importance of the distinction only becomes clear when one 
observes that the former type of selectivity should also be observed 
in the complexes of open-chain ligands, even though their greater 
flexibility should make it less marked than in crown ethers. This 
is amply illustrated by the relationship between ionic radius and 
log K,(L2) - log K,(L,) found for open-chain ligands in the table 
above.33 True size-match selectivity would not be observed for 
open-chain ligands. The drop off in complex stability as size in- 
creases for a ligand such as 18-crown-6 is not because Cs’ or Rb’ 
are too big for the macrocyclic cavity. In fact, the MM calculation 
shows60(b) that the Cs+ ion coordinates to 18-crown-6 with less 
strain than does K’ . The stability order K +  > Rb + > Cs’ reflects 
the order of M-0 bond ~ t r e n g t h ~ , ~ ~  K’ > Rb’ > Cs+ (Fig. 8), 
and exactly the same type of “fade” in complex stability can be 
found33 with increasing metal-ion size for complexes of open-chain 
0-donor ligands. The suggestion of Cram53 that simple crown ethers 
are too flexible to behave as though rigidly “preorganized” appears 
to be correct. One should also note that Pedersen6’ in his original 
paper on crown ethers pointed to the possible importance of dif- 
ferences in M-0 bond energy in the aquo ion and in the crown 
ether complex in apparent size-selectivity. 
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difference in sum '. 

-50- corrected for 
differences in 
heats of \ 
solvation, 
M'h) + 

M'(aq) 

- - .- - 
% 

E - 
0 corrected for ---,' 
Y differences in u 

* 
w z 
w observed 

AG of complex 
format ion 

Y 

0 ;  
0.8 1 .o 1.2 1.4 1.6 1.8 

CRYSTAL RADIUS ( A )  
FIGURE 8 The components of the energies contributing to the final stability order 
observed for 18-crown-6 complexes with the alkali metal ions. as a function of 
radius. Since some of these individual contributions may exceed 200 kcal mol-I, 
in order to facilitate comparison, these are plotted relative to the value for Cs- .  
The uppermost relation is thus the energy for the process in the gas phase. M*(g)  
+ [Cs(18-crown-6)]'(g)+ [M(18-crown-6)]-(g) + Cs'(g). These energies do not 
contain the strain energies induced in the ligand by the process of complex for- 
mation. The next relationship down is corrected for the heats of solvation of the 
individual ions, and is derived from the upper relation by subtraction of the en- 
thalpies for the process M+(g)  + Cs*(aq)-+ M'(aq) + Cs+(g). Finally, the lowest 
relationship is derived by subtracting the strain energies induced by the process of 
complex formation, relative to the strain energy in the Cs' complex. This Curve 
now resembles the observed free energies of complex formation in methanol. which 
are included for comparison, although it is much sharper. All energy values from 
Ref. 60(b). It is important to note that the strain energy in the Cs- complex is less 
than that in the K *  complex, i.e.. Cs- does not fit less well. The lower stability 
of the Cs' complex ultimately is derived from the lower Cs-0 as compared to 
K - 0  bond strengths. 

270 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
5
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



For the N-donor macrocycles, extensive molecular mechanics 
calculations have shown the fact that the series 12-aneN4 through 
16-aneN4 are far more flexible than might have been appreciated.68 
For metal ions small enough to lie in the macrocyclic cavity of the 
smaller members of the series, something approaching size-match 
selectivity is observed, e.g., in Cu(I1) which complexes most strongly 
with cyclam, the ligand which MM calculations and models suggest 
fits Cu(1I) with least steric strain. However, for large metal ions 
such as Cd(I1) or Pb(II), the fact that coordination probably occurs 
lying out of the macrocyclic cavity does not appear to offer any 
disadvantages, and both of these metal ions form their most stable 
complexes with 12-aneN4, the member of the series which has the 
smallest macrocyclic cavity. The origin of the greater flexibility of 
the tetraazamacrocycles is to be found in the ability of the com- 
plexes to assume a number of different conformers, which differ 
from each other in the best-fit size of metal ion, whether the metal 
ion must lie in the cavity or out of it, and in the tolerance of the 
conformer to change in size of metal ion. The whole effect may 
be neatly summarized in the trans-I and trans-I11 conformers of 
12-aneN4, shown in Fig. 9. The trans-I conformer is highly flexible, 
and coordinates with the metal ion lying out of the plane of the 
macrocycle,68 and so is strongly preferred by large metal ions. This 
is the strongly preferred conformer for 12-aneN4 complexes, and 
this factor accounts for the strong preference of large metal ions 
such as Pb(I1) and Cd(I1) for 12-aneN4. On the other hand, the 
trans-111 conformer strongly constrains the metal ions to lie in the 
plane of the four donor atoms, and is therefore disfavored by too 
large metal ions. This conformer is strongly preferred over the 
trans-I for cyclam, and accounts for the low affinity for larger metal 
ions such as Pb(I1) or Cd(1I) for cyclam. Once again, theoretical 
calculations and experimental results do not support the idea of 
the rigid cavity in the macrocyclic ligand. Factors other than size- 
match selectivity are responsible for the selectivity patterns of the 
tetraazamacrocycles. A closer analysis suggests that the overriding 
factor here is not macrocyclic ring size, but the size of the chelate 
rings formed in the ~ o m p l e x . ' ~ . ~ ~  The behavior of the tetraaza- 
macrocycles in terms of their selectivity patterns thus resembles 
very strongly that discussed in Section 4.B for chelates where ring 
size is varied. In order to generate control of ligand selectivity for 
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as metal ion becomes 
larger: 

metal ion rises 
out of plane of 

donor atoms 

symmetry of conformer 
is such that metal ion 
is strongly constrained 
to remain in plane of 

donor atoms 

TRANS-Ill 

12-aneN4 

t 
. I  I 

nitrogen donors 
TRANS-\ rotate outwards 

to keep dipoles 
oriented towards 

metal ion 

FIGURE 9 The trans4 and tram-111 conformers of 12-aneN4, showing diagram- 
matically that the tram-I conformer is much better able to accommodate large 
metal ions than is the trans-111. 

metal ions based on something more nearly approaching size-match 
selectivity, one must turn to the cryptands. 

E. Can Macrocycles Compress Too Large Metal Ions? 

Space does not permit a detailed discussion of this question. How- 
ever, molecular mechanics calculations indi~ate~O.~* that significant 
compression of metal ions by saturated macrocycles is rather un- 
likely. One reason for this relates to  the fact that it is easier to 
distort bond angles and torsion angles than it is to distort bond 
lengths. Thus, when a metal ion is too big for a macrocyclic cavity, 
if possible it would prefer to undergo N-M-N bond angle distor- 
tion and rise up out of the macrocyclic cavity, than undergo 
M-N bond length compression.68 Similarly, the forces in the ligand 
which tend to make it keep a constant hole size are rather weak, 
being made up, for example, of C-N-C angle bending, or N-C- 
C-N torsional effects. Thus, for metal ions which are slightly too 
big for the cavity (by < 0.05 A), the steric strain is taken up in 
many small distortions of the ligand rather than significant M-N 
bond length compression. Just how difficult it is to compress a 
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metal ion is seen (Section 7) for a novel rigid macrocyclic ligandI4 
where putting low-spin Ni(I1) with a strain-free Ni-N length of 
1.91 A into a hole with a best-fit size of 1.73 A results in a compres- 
sion of the Ni-N bond of only 0.05 A. Far more stretching of the 
macrocyclic hole than compression of the metal ion occurs. 

The above ligand is sufficiently rigid that the metal ion cannot 
escape compression, but for conventional macrocycles, a large mis- 
match between the size of the metal ion and of the macrocyclic 
cavity is easily dealt with by change in conformation. Thus, many 
different conformers of the macrocycle exist, which have different 
metal-ion size preferences, and the energy differences between 
these conformers are not large.68 On the other hand, stretching of 
meta1 to ligand bonds is a common oc~ur rence .~ .~*  Stretching of 
the metal to ligand bond is produced by steric crowding. The forces 
involved in steric crowding are the very strong van der Waals 
repulsive forces which are easily able to overcome the forces gov- 
erning M-L bond length deformation. 

6. THE CRYPTATE EFFECT 

The rigidity of the three-dimensional cryptates appears to be con- 
siderably greater than that of the macrocycles, and although the 
free ligand in cryptates is not totally preorganized, being folded 
in on itself (Fig. 6), once coordinated to a metal ion it appears to 
exert far more demanding metal-ion size requirements. This is 
shown in Fig. 7, where it is seen that the sharpness of the size- 
selectivity of the cryptand-2,2,2 is much greater than that of ma- 
crocycles such as 18-crown-6 or 15-crown-5. Indeed, the size-se- 
lectivity of 15-crown-5 is virtually identical to that of the open- 
chain ether Kryptofix-5 of Weber and Vogtle.66 The interpretation 
placed upon the stability order K +  > Rb' > Cs' for both crown 
ethers and the open-chain ether is that this reflects the intrinsic 
M-0 bond strength K' > Rb' > C S + . ~ ( ~ )  However, the very 
much steeper slope K +  >> Rb' >> Cs' observed for the cryptand 
must reflect a genuine stcric constraint on fitting the too large Rb + 

and Cs' metal ions into the cavity of the cryptand. 
The higher level of preorganization of the cryptands as compared 

to other Iigands leads to remarkable proper tie^,^ familiar now to 
most readers. One of the more remarkable results of the high level 
of preorganization found in cryptands is the first protonation con- 
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stant of the cryptand shown below, which is in excess of 16!69 
Crystallographic analysis69 of the protonated form of the ligand 
shows that the proton joins the hydrogen on the secondary nitrogen 
of the ligand, and that both of these protons are hydrogen bonded 
to one other nitrogen in the ligand. In addition, the dipoles on the 
remaining nitrogens are oriented to lie some 0.5 A beneath these 
two protons. The H-bonds do not appear to be very unusual, and 
are even a little long. One might have expected something more 
dramatic. The structure, however, illustrates the power of preor- 
ganization. The two equivalent protons are both held within the 
cavity-in simple macrocycles such as cyclam one of the two pro- 
tons on the protonated secondary nitrogen must lie outside the 
cavity, where it must be solvated by water molecules. Here the 
cryptand ligand provides all of the solvation for both protons-no 
solvent molecules have to be organized to provide solvation. As 
a result the ligand acts as a “proton sponge,” and is not depro- 
tonated even in 3M NaOH.69 [An even higher proton affinity (pro- 
tonation constant -lO1s] was estimated from rate data for the 
[l: 1 : 11 macrobicyclic cryptand (P. B. Smith, J .  L. Dye, J .  Cheney 
and J.  M. Lehn, J .  Am. Chem. SOC. 103, 6044 (19Sl).] 

The first point to be made about the cryptate effect is that even 
here many of the coordinating properties of the cryptands are those 
of the neutral oxygen donor atoms. This is seen in the formation 
constants of the series of ligands below. This set of ligands em- 
phasizes that in deciding on the size of the cryptate effect, one 
should compare ligands which have the same number of donor 
atoms, including oxygen donors.’O 

The following table shows that the effect of adding hydroxyethyl 
arms to lS-aneN20, to give BHE-IS-ane-N,O, can give an increase 
in complex stability which approaches that produced by cyclizing 
the two arms of BHE-IS-aneN,O, to give cryptand-2,2,2. In cases 
such as that of Cd’+, where the metal ion appears to be too small 
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I 
H 

\ 

CN3 c OH 

I 8-aneN20, BHE- 1 S-aneN,O, cryptand-2,2.2 

log K:' Pb2- 6.8 9.2 12.0 
Ba' 3.0 (5.3)* 9.5 
Ca' + 1.7 4.1 3.5 

5.3 8.0 6.8 
CU' * 6.1 6.6 6.5 
Cd2 + 

*The value of Ba" is estimated from that of the very similar bis(2-hydroxypro- 
py1)analog. 

for the cavity of cryptand-2,2,2, the complex with monocyclic BHE- 
18-aneN2O, may even be the more stable. 

One might ask here why the complexes of BHE-18-aneN2O, are 
more stable than those of 18-aneN,04. Clearly, the presence of 
the hydroxyethyl arms is providing some sort of chelate effect 
relative to the complexes of 18-aneN2O,, where instead of the 
coordinated alcholic oxygens, water molecules might be coordi- 
nated to the metal ion. However, it seems unlikely that this chelate 
effect is due to a cratic term. The reason for saying this is as follows. 
If one imagines a hypothetical complex with a unidentate ethanol 
group coordinated to the metal, and supposes that the donor strength 
of the alcohol to the metal ion is identical to that of water, then 
a log K ,  for the alcohol of log M5.5  or - 1.74 is expected, because 
there are 55.5 times as many water molecules as ethanol molecules 
in the standard reference state. The cratic contribution to the che- 
late effect should provide a stabilization of log 55 S, which exactly 
cancels out the log K ,  = - 1.74 for ethanol, once the alcohol joins 
the l&aneN,O, to form a chelating group. There should thus be 
no net complex stabilization due to cratic effects when hydroxy- 
ethyl groups are added to existing ligands. It seems more probable 
that the stabilization of complexes of metal ions with BHE- 
18aneN,O, relative to those of 18-aneN2O, is due to the greater 
basicity of the alcoholic oxygen than the oxygen of one water 
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molecule, which is displaced when the alcoholic arm of BHE-18- 
aneN,O, is coordinated to a metal ion. It is thus predicted that 
when the thermodynamics of complex formation for BHE-18- 
aneN20, become available, the stabilization relative to Wane-  
N204 will be an enthalpy effect. 

In the absence of enthalpy of complex formation data for BHE- 
18-aneN,04, the cryptate effect must be evaluated by comparing 
the enthalpies and free energies of complex formation for l&aneN,O, 
relative to cryptand-2,2,2. The available data5 for 18-aneN,04 and 
cryptand-2,2,2 show that the cryptate free energy is almost entirely 
due to enthalpy differences: 

Metal ion: Sr2 + BaZ + Ag + Cd’ ’ 
AH (cryptand-2,2,2) - 10.6 - 14.2 - 12.8 0.5 
AH ( 18-aneN,O4) -2.6 __ - 3.0 -9.2 __ -0.7 
crvvtate AH - 8.0 - 11.2 - 3.6 1.2 
cryptate AG - 7.4 - 9.0 -2.5 - 2.0 

The manifestation of the cryptate AC as enthalpy is in accord with 
interpretation of the cryptate effect in exactly the same terms as 
the macrocyclic effect, namely differential solvation effects, di- 
pole-dipole repulsion, inductive effects, and also preorganization 
effects. In the case of preorganization effects one would include 
prestraining effects (i.e., the cryptand free ligand is in a high state 
of steric strain before complex formation) as well as favorable 
entropic effects because of a reduction in the number of conformers 
possible for the ligand. As with the macrocyclic effect, such fa- 
vorable entropy contributions appear to be more than cancelled 
out by unfavorable entropy contributions arising from the weaker 
solvation of the cryptand. Looking at the stability constants along 
the series 18-aneN20,, BHE-18-aneN2O,, cryptand-2,2,2 it seems 
likely there is also a considerable contribution from inductive ef- 
fects. Thus, the complexes of BHE-l&aneN,O, have primary oxy- 
gen donors on their alcoholic arms, and these are turned to sec- 
ondary (ethereal) oxygens on cyclization to turn BHE-l&aneN,O, 
into cryptand-2,2,2. A considerable portion of the cryptate effect 
would thus be derived from the greater basicity of the ethereal 
oxygens of cryptand-2,2,2 as compared with the alcoholic oxygens 
of BHE-18-aneN,04. However, the importance of this effect should 
vary with the ionicity of the M-0 bond. Thus, with more ionic 
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bonding, as found for K +  or Ba2+ , the contribution of increased 
basicity of the donor atoms should be smaller, but for more cov- 
alent metal ions such as Pb2+ , this contribution is expected to be 
substantial. 

A factor which should be considered here is what effect the 
oxygen donors should have on the basicity of the bridgehead ni- 
trogen atoms of, for example, cryptand-2,2,2. Most readers will 
be familiar with the way oxygen atoms two carbons away from a 
nitrogen donor will tend to decrease proton basicity. This is seen 
in the series of ligands where protons are progressively replaced 
by hydroxyethyl groups, where the protonation constants are: NH,, 

N(CH2CH20H)3, 7.8. Thus, one might have expected the induc- 
tive effects to be unfavorable on the nitrogen bridgehead atoms, 
and even adjacent oxygen donors, in a ligand such as cryptand 
222 : 

9.2 ;  NH2CH2CH20H, 9.5;  NH(CH2CH,OH),, 8 .9 ;  

P 0 - I  

F0? CQ (I$ 
LjbN Go 0 4  0 2  

n 
(-a 0 "3 

o w 0  o w 0  
W W 

cryptand 322 
pK, = 8.2. pK, = 7.3 

bd 
cryptand 211 cryptand 222 

pK, = 10.1, pK, = 7.9 pK, = 9.6, pK, = 1.3 

The protonation constants for cryptand-222 and cryptand-211 are 
much higher than for triethanolamine. Since this is not true for 
cryptand-322, one must assume that the high pK values for cryp- 
tand-222 and cryptand-211 represent a cryptate effect where the 
cavity in the ligand provides a preorganized structure allowing 
hydrogen bonding from the proton on the nitrogen to the oxygens, 
leading to stabilization. The larger cavity in cryptand-322 presum- 
ably does not provide correct preorganization for stabilizing the 
proton bound to the bridgehead nitrogen. 

One might thus draw the inference from the low pK value of 
triethanolamine that oxygens will lead to electron-withdrawing ef- 
fects, and increased basicity arguments cannot be used to ration- 
alize the cryptate effect. However, if one proposes that ethoxy 
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groups are electron withdrawing relative to the proton, how can 
one then explain the fact that the pK for ethanolamine is higher 
than that of ammonia? The answer is that the ethoxy group is not 
electron withdrawing relative to a proton, and the low basicity of 
triethanolamine is a solvational plus steric problem in exactly the 
same way as for trimethylamine. The true order of inductive effects 
for the ethoxy substituent is more closely reflected in the order of 
protonation constants: NH3, 9.2; NH,CH,CH,OH, 9.5; and 
NHZCHZCH,, 10.8. 

7. THE SEPULCHRATES 

The sepulchrates, first prepared by Sarge~on, '~  are formally cryp- 
tands. They have shown much interesting chemistry, including the 
fact that the electron-exchange rate between the Co2+ and Co3+ 
complex i s  many orders of magnitude faster than that for the anal- 
ogous trzs-EN system. In other cases where such high rates of 
electron exchange are found, as in the Co2 + and Co3 + tris-bipyridyl 
systems, this has been attributed to the high LF strength of the 
ligand providing easy access to the low-spin state of CO(II).~, How- 
ever, the LF strength of the sepulchrates appears to be no different 
from that of the TRIS-EN analog,72 since the Co(I1) and Co(II1) 
TRIS-EN complexes appear to have LF spectra almost identical 
to those of the sepulchrate analogs. An important factor to consider 
here is the postulate (Section 3) that where there are secondary 
rather than primary nitrogen donor atoms a higher LF is expected 
if the metal ion is coordinated by the ligand without excessive strain. 
For the Ni(I1) complexes, the following LF splitting parameters 
can be estimated from the reported73 spectra: 

lOD9 = 11500cm-' lOD9 = 1199Ocm-' lOD9 = 12400cm-' 
(hemi-sepulchrate) (sepulchrate) 

The Ni(I1) complexes follow the expectations from the presence 
of secondary N-donors that the LF in the sepulchrate will be higher. 
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High-spin Co(I1) (Co-N = 2.16 A) and Co(II1) (Co-N = 1.92 A) 
do not show higher LF values because they are, respectively, too 
big and too small for the cavity in the ~epulchrate,’~ causing ex- 
cessive strain. It appears that low-spin Co(I1) (Co-N = 2.07 A) 
is about the same size as high-spin Ni(I1) (Ni-N = 2.10 A), and 
should also fit the cavity in sepulchrates. The low-spin Co(I1) in 
sepulchrate should thus be stabilized by higher LF strength, and 
could provide a pathway for electron exchange because of a more 
accessible low-spin Co(I1) state in the sepulchrates than in the 
TRIS-EN c~mplexes.’~ 

8. CONCLUSIONS AND FUTURE TRENDS 

A number of views have been promoted in this review. One is 
that inductive effects are of importance in generating the macro- 
cyclic and cryptate effects. Another view promoted is that macro- 
cyclic ligands, and to a lesser extent cryptands, are not nearly as 
rigid or preorganized as generally imagined. The macrocycles, in 
particular, are relatively flexible molecules. It seems doubtful that 
conventional macrocycles compress metal ions to any significant 
extent. Macrocycles are sufficiently flexible that too large metal 
ions can be easily coordinated lying out of the macrocyclic plane. 
Size-match selectivity, whereby the most stable complex is formed 
where there is a closest match between the size of the metal ion 
and of the cavity in the ligand, appears not to be strong in 
macrocycles. For example, selectivity patterns with alkali metal 
ions are very similar in both crown ethers and in open-chain ethers 
where there is no cavity. The selectivity patterns for tetraaza- 
macrocycles do not support the idea of size-match selectivity, and 
the controlling feature here appears to be the size of the chelate 
rings formed on complex formation. 

Cram53 originally used the term preorganization in a very wide 
sense to also include desolvation effects and dipole-dipole repul- 
sion effects as contributions to complex stabilization. In this sense, 
the order of relative preorganization of ligands is: solvents, uni- 
dentate ligands < chelates < macrocycles < cryptates. There is 
considerable flexibility in this order, in that a chelating ligand such 
as CDTA (see Section 4.D) may be more preorganized than many 
macrocycles. The few results available on the metal-ion complexing 
properties of ~ p h e r a n d s ~ ~  suggest that these ligands, although they 
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are formally macrocycles, may be more preorganized than cryp- 
tands. Unsaturated macrocycles, particularly those of biological 
origin such as the porphyrins and corrins, also appear to have a 
high level of preorganization. 

In the future, the synthesis of even more highly preorganized 
ligands than those discussed above should produce even more re- 
markable coordination chemistry. Pointers to this are seen in the 
s p h e r a n d ~ , ~ ~  and in the “proton sponge” type of nitrogen-donor 
cryptand discussed above.69 An area of preorganization of partic- 
ular importance is that of “cascade” complexes, typified by the 
bis-copper(I1) complex of the ligand BISTREN.75 Whereas the 
Cu2+ ion in solution binds C1- only weakly, and there is5 no 
evidence for the existence of complexes of the type [CU-C~-CU]~+ 
in aqueous solution, the bis-copper(I1) complex of BISTREN binds 
C1- very strongly, and also has a very high affinity for OH- ion: 

BISTREN X-  = OH-,logK, = 11.6 
X- = Cl-,logK, = 3.6 

cu*+ + x- - cux+ X = OH-,logK, = 6.3 
X = Cl-,logK, = 0.5 

Another interesting ligand, first synthesized by Wainwright ,76 
and shown below as 11, appears to be very highly pre~rganized .~~ 
The ligand shows strong size-~electivity,~’ having stronger pref- 
erence for metal ions which are small enough to fit into the ma- 
crocyclic cavity: 

log K1 (CU’+) 
I I1 

11.9 21.5 
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Ligand 11, as seen above, shows the largest macrocyclic effect (or 
is the ligand a cryptand?) of which the authors are aware, of some 
9.6 log units stabilization relative to the complex of I. A space- 
filling model of I1 shows hardly any space for a metal ion to fit 
into the cavity. A contribution to the high stability of the Cu(I1) 
complex of I1 relative to I is thus probably derived from the small 
cavity in the free ligand of 11, which precludes solvation and en- 
forces dipole-dipole repulsion. Molecular mechanics calculations 
indicate a very high level of strain in the Ni(I1) complex of 11, 
which would ordinarily mean a very weak complex. Crystallo- 
graphic studies of the Ni(I1) complex of I1 show that the metal ion 
is actually compressed by some 0.05 A.14 However, the high level 
of strain in the complexes of I1 with metal ions is apparently more 
than offset by the high level of strain in the free ligand, so that 
complexes of high stability are formed. 

An important task in coordination chemistry is thus the synthesis 
of even more highly preorganized ligands. One can only speculate 
on what remarkable properties might not emerge in terms of such 
things as size selectivity, complex stability, and the stabilization of 
unusual oxidation states. 
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