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Abstract

A review of recent research carried out at Adelaide in three areas of macrocycl:c complex
chemistry: (i ) coronatcs, cryptutcs and related metal complexes: (ii) metal complexes of
pendant arm macrocyclic ligands: and (iii) metallocyclodextrins is presented, and the relation­
ship between complex stability. lability and structure is explor-.' «) 1997 Elsevier Science S.A.

I. Introduction

The pioneering research of the Nobel Laureates for 1987~ Pedersen [J ,2]1 Lehn
[3-7J and Cram [8-] 0] generated thecoronands, cryptands, spherands and cavitands,
and has stimulated a great and enduring interest ill the selective complexation of
metal ions and other species by macrocyclic ligands. Contemporaneously, the charac­
terization of ionophoric antibiotics [11 ~ J2] and the inclusion complexes of the
cyclodextrins [l 3-··19] gave new insights into the selective complexation processes of
naturally occurring macrocycles. Meanwhile, the syntheses of the tetraaza macro­
cycles cyclen [20] and cyclam [2J] generated :\ new impetus to the study of transition
metal complexes [22], and subsequently the HHuchmcnt of pendant arms with oxygen
donor groups to these ligands extended their complexing abilities to the alkali metal
and lanthanide ions [23-27].

This evolution of the chemistry of mucrocyclic complexes provided great stimula-
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tion to our research in Adelaide, and in this review we discuss some ofour endeavours
together with related research of others in three main areas: coronates, cryptatcs
and related complexes; metal complexes of pendant ann macrocyclic ligands; and
metallocyclodextrins. A linking theme throughout is the relationship between com­
plex stability, lability and structure, and the mechanistic insight which accrues.
Readers seeking a more comprehensive coverage arc directed to some excellent
reviews of macrocyclic chemistry [22,28--31] in addition to the references cited above.

2. General aspects ofcoronates and cryptates

The chemistry of the coronands and cryptands (Fig. I) wl.ich are remarkable for
their ability to complex alkali and alkaline earth metal ions in addition to other
metal ions to form coronates, [M (coronand )]/11 +, and cryptates, [M (cryptand )]/fl +,

respectively. has been widely reviewed L1-7.29-31]. However, because of theextraor­
dinary extent of this chemistry. it is necessary to briefly review some of its salient
aspects to place our research in context.

Much discussion of coronand and cryptand solution chemistry revolves around
their structures determined by X-ray crystallography. The coronands, as exemplified
by 18C6 possess puckered structures in which the oxygens are in a ccmmon plane,
and from whi.h their name originates [32]. Coronate structures arc exemplified by
[K ( l8C6)] + where the coronand ring opens to accommodate K+ in the mean plane
llf the coordinating oxygens [33], while in [Na( 18C6)]+ the coronand assumes a
conformation with one oxygen out of the mean plane of the other five to partially
encapsulate Na" [34]. The structure adopted by [K(l8C6)]+ is attributable to K+,
whose eight-coordinate radius (I'M) is 151 pm [35], optimising bonding distances by
fitting into the 18C6 ring, whose hole radius is estimated at 130 pm from
Cory-Pauling-Koltun models [36,37] and 140.5 pm from crystallographic data [38],
while interacting with two SeN - above and below the ring. These distances are
optimised in [Na( 18C6)]+ through distortion of the ring to accommodate thesmaller
seven-coordinate Na+ (I'M = 112 pm) which is also coordinated to a water, In
[Na( 1SC5)] + [39] seven-coordinate Na+ is out of the plane of the 1~C5 ring, whose
hole radius is estimated to be 85 pm from Cory-Pauling-Koltun models and
103.6 pm flam crystallographic data [36-38], and is also coordinated to one
seN - and a water. Thus, although M+ and coronand hole size are major compo-

n coronand abc cryptand

1 12C4 0 0 0 C111
2 15C5 1 C 0 C211
3 1BC6 1 1 0 C22'
4 21C7 1 1 1 C222
5 24C8 2 1 1 C322
6 27C9 2 2 1 C332
7 30C10 2 2 2 C333

Fig. 1. Schematic representations of corouands and crYI'I.ill' h.
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ncnts determining coronate structure, interactions with counter ions and water play
a role in the crystalline state, and it is anticipated that similar factors arc important
in solution.

BCCHUSC of the bicyclic structure of cryptands, the size relationship between M+

and the cryptand cavity is more clear cut than is the analogous relationship for the
coronands. Thus, in the crystalline state. cryptates may exist in an inclusive form
where the metal ion is at the centre of the cryptand cavity, and an exclusive form
where the metal ion is too large to fit into the cavity and resides on one face of the
cryptand. Such inclusive cryptatcs arc exemplifed by [Li(C211 )J+ [40],
[Na(C22J)]+ [41], and [Na(C222)]+ [40] and its Rb+ and Cs+ analogues [42].
(Although eight-coordinate Rb+ and Cs+ are substantially larger than the estimated
C222 cavity size, this cryptand is sufficiently flexible to accommodate them.)
Exclusive cryptates arc exemplified by [Na(C21 I )J+ [43] and [K(C221 )]+ [41].

In the formation of macrocyclic metal complexes the solvation energy of M + and
the rnacrocyclic ligand, the hardness or softness of M + and the macrocycle donor
atoms [44.45], the number of macrocycle donor atoms. the relative sizes of M + and
the cavity formed by the macrocycle, and the conformational changes accompanying
complexation an affect stability. The coronand 18C6 shows a substantial selectivity
in complcxing alkali metal ions as is exemplined by the variation of the stability of
[M(J Se6)]+ in water for which log(K/dm3 11101- 1) = 0.80, 2.03, 1.56 and 0.99, where
M + := Na", K+. Rb+ and Cs", respectively. at 298.2 K where K is the formation
constant [46]. A similar selectivity is found in methanol, as indicated by
log(K/dm3 11101 - I) =4.42, 6.15, 5.35 and 4.37 where the stabilities are higher because
of the decreased ability of this solvent to compete with 18e6 for M + [47]. The
increased stability of [K( I8e6)] + in methanol by comparison with that of the K+

complex of pcntaethylene glycol. CHJO«(CH2hO)sCH3, the linearanalogue of 18C6
for which log(Kjdm3 mol-I) ;-:2.20 [37]. typifies the generally greater stability of
the coronates compared with the complexes of their linear polyether analogues.
This is termed the "macrocyclic effect". The smaller 15C5 is selective for Na+ as
indicated by log(Kjdm3mol- I)=4.03, 4.87. 3.78, 3.74 and 3.39, where
M + =Li +, Na+, K". Rb+ and Cs+, respectively, at 298.2 K in propylene carbonate
[48]. The corresponding values for Isr6 are 2.70, 4.55, 6.08, 5.33 and 4.48. This
change in selectivity may be partly attributed to the change in coronand cavity
radius which increases for 14C4, 15C5, J8C6 and 2IC7 in the sequence 60, 85, 130
and 170 pm as estimated from Corey-Pauling-Kol ..lJ1 models [36,371. However,
change in solvent can sometimes cause changes in macrocyclic selectivity for metal
ions as is discussed in Sections 3-5.

The formation of a coronate requires sequential dcsolvation and conformational
changes, but m.-re than two steps are seldom kinetically characterised. Acoustic
studies of [M( 18C6)] + in water have been interpreted in terms of a mechanism
where 18C6 assumes a conformation appropriate to complexation of M + (kt/k -I)
prior to the complexation step (k2/k . 2)

k 1 k2

M + + J8C6'¢ M + + J8C6:¢ [M(l8C6)]+
Lo) L;t

( I )
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For the first equilibrium k I =6.3 x ]0" s- J and k _I == ] x 107 s' 1 at 29R.2 K, and for
the second Hr- lik,=O.8, 2.2, 4.3, 4.4 and 4.3 dm3mol- J s I lind lO-7k _,==6,3.4,- -
0.37, 1.2 and 4.4 s·'1 for Li +, Na -+, K +, Rb -I and Cs '. respectively :49]. A different
model has been proposed for [M( 18C6)] -I- in methanol where the initial SICp is the
formation of an encounter complex tktlk_d where ]8('(1 resides in the second
coordination sphere of Na+ which is followed by dcsolvation and conformational
change in the second stage (/.:2/11. -2)

k l k2

M + 18C6 ¢ MI- ... 18C6 ¢ [M( 18C6)]-I-
k. I k 2

(2)

The (ktlk _.) equilibrium lies to the right and is not kinetically characterised by the
acoustic technique used, and H)"- 1'11\2:'= 0.6, 2.8 and 1.8 s- I for Li -I, Na+ and K.",
respectively. at 298.2 K [50]. A major difference between the mechanisms is that in
the firsr IRC6 assumes an appropriate conformation before M + complcxation and
vice-versa in the second. Nevertheless, in the absence of M +, the conformational
equilibrium

lio
18C6'¢ 18C6

k- o

(3)

for which ko'" 2 x ]07
S -. and k _0 =2.04 x 101) s" I is detected in methanol [50].

Irrespective of ditlcrenccs in mechanistic interpretation, these studies indicate that
some of the coronand and coronate rate processes arc rapid and arc solvent depc»­
dent. The latter effect is found in our 2'~Na NMR study of the Na + exchange

Ii,,;

Na + +18C6...~ [Nat 18C6)] + (4)

where I0-9kc = >4.1, 1.5 and 0.1 dnr' 1110(-1 s-I and ]0-4kd =43.4, 7.2 and
1.03 s-! in acetone, methanol and pyridine at 298.2 K, respectively [5]]. The kJ

decomplcx.uion step is a different and slower step by comparison with the k - 2 step
detcctcc "y the acoustic studies, and probably represents an early stage in the
resolvntion and conformational changes leading to uc.-omplexation of
[Na(]8C6)r. The complexation kc=kdK where K is the [Na{1~C6)]-I- stability
constant.

The cryptands Czl l, e22] and C222 show a remarkable degree of selectivity for
alkali metal ions which is mainly due to the matching of the ionic radius for (he
appropriate coordination number of M +, I'M' to the radius of the cryptand cavity
estimated from Corey-Pauling-Koltun models [4] a;-; seen in Table 1. The 1110st
stable cryptates are those where the sizes of M + and the cryptand cavities arc most
closely matched. Although the cryptate stubilitics genera By increase with the decrease
insolvent solvating power, the selectivity pattern does not change [52,53]. However,
as cryptand size and flexibility increases both selectivity and cryptate stability dimin­
ish markedly as is seen for C322.

Because M + is isolated from the solvent in an inclusive crypta.e its chemical shift
is almost invariant with change in the nature of the solvent while that of solvated
M + has a significant solvent dependence. This was shown to be the case in 7Li
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" :1!c I
\,t] i.uion of the cryptutc stability constant in water at 2lJR.2 K" with cavity radius. r~.. anl Il1ctHI ion
radius, I'M

Cryptund

C211
('221
C" ) 'l "_...-
(')22

I'~,

HO pm
IlOpm
140pm
180pm

log(A'/dm~ mol It

M'= L" Na
, K1 Rbi Cs l'I

I'~f "" 76p/11 112 pm 151 pm 161 pm 174p01

5.5 J.2 <2 <2 <2
2.50 5.40 J.YS 2.55 <2
<2 llJ 5.4 4JS <2
<2 1.65 2.2 2.05 2.0

II Ref. [4]. The r; tin: estimated from Corey P<lulillg Kolt-m models.
h Rei', ps 1. Six- and seven-coordinate I'M arc given for l.i ' and Na ; . respectively. Eight-coordinate r",
arc !d\'cl1 for K ' . Rb ' and Cs I.

NMR studies of [Li(C211)]+ in a range of solvents consistent with [Li(C21I)]+
retaining its inclusive structure in solution [54]. In contrast. the 23Na shift of
[Na(C211 )] + is sensitive to the li:Jlure of the solvent consistent with its exclusive
structure in solution [:;5]. For [Cs(C222)]+. 1

33CS NMR studies show that an
equilibrium between inclusive and exclusive forms of the cryptate exists in solution
while [Cs(C21I )] + and [Cs(C221)] + exist in the exclusive form only [56-58]. The
free cryptand may exist in three majorconformations in solution. eXO-·lJXO. cxo-entk)
and cndo-cndo where exo and endo indicate that the nitrogen lone electron pair
points outwards from and inwards to the cryptand centre. respectively. In the
crystalline state the endo-endo conformation is adopted in cryptates [40--43.59-61]
and this appears to be the case in solution also. However. acoustic studies are
consistent with a facile solvent dependent equilibrium existing between all three
conformations for C222 in several solvents [62.63].

Acoustic studies of [M(C222)]+. where M+ is Na", K+. Rh' and Cs+, in
propylene carbonate arc in accord with the rate processes

kn k l k2

M + +C222¢ M -j ...C222"¢ M + .C222'¢ [MC222)]+
Ii uk.I k·2

(5)

where ko/k -0 characterises the close to diffusion controlled formation of the
encounter complex M +•••C222" in the exo-exo form. exclusive M + .C222' is in the
exo--enc!o fOL:" and inclusive [J\tHC222)] + is in the endo-endo form [64]. (When
M+=K+ and Rb", 10-8k.=7.2 and 6.0s- l• and 10-7k2=11 and 7.65- 1, respec­
tively. at 298.2 K.) These processes encompass a considerable numoer of rapid
desolvation and conformati .inal changes in the formation of [M(C222)] + and similar
processes also occur in other cryptate systems.

The majority of kinetic studies have been carried out using the slower stopped­
flow [65]and NMR methods l66-63] such that thedecomplexation (k d ) and complex­
ation (k e ) rate constants represent the slowest steps in a multistep process.

k.~

M + -l-cryptandee [M(cryptand »:
kd

(6)
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Nevertheless. such studies in com bination with stability sttidies yield valuable insight
into cryptutc complexation processes. Thus. the general decrease in stability or
[M(C221 )]+ and [M(C222)]+ as the donor power of the solvent increases. as
indicated by the Gutmann donor number (DN) [()9-71]. is mainly the result or a
substantial decrease in kd while k, shows a relatively small variation with the nature
of the solvent [65.67]. This is consistent with the transition state Io. the rate
determining dccomplexation step more closely resembling solvated M + and e221
or C222, than either [M(C221 )J' or [M(C222)]+. respectively [65].

Witl-in this extensive span of coronate and cryptate chemistry we have studied
the complexation or metal ions by diaza bibracchiul lariat ethers. cryptands and
modlied cryptands as is discussed below.

3. Bibracchial lariat ether complexes

The lariat ethers arc either coronandsor azacoronunds with pendant armsattached
to one or mot e ring carbons or ring nitrogens, respectively [30,72]. The diaza
bibracchial lariat ethers 7.13·bis( 2·hydroxyethyl )·1.4.1 O,·trioxa·7, J3-diaza·
cyclopcntadecane (bhcC2I) and its 2·1ncthoxycthyl analogue (bmcC21). and
7, I tJ-bis( 2·hydroxycthyl )·1,4, I0,13-tctraoxa-7, lo-diazacyclooctadccanc (bhcC22)
and its2-mcthoxycthyl analogue (bmcC22) [38,73] occupy a structural niche between
the diazacoronands I.t.;. l O,-trioxa-7, 13-diazacyclopl:Htadecanc (C2) ) and
1.4.10, 13-tctraoxa-7, lti-diaza lu .tadecaue (e22) ( Fig. 2) and the cryptunds e22 I

C21 bhe.C21 bmeC21

C22 bheC22 bmeC22

Fig. 2. Schematic representations of some diaza coronauds and bibracchiul lariat ethers.
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and C221 (Fig. I). In the crystalline state [Na(bhcC12)f. [K(hhcC22)]+ and
[N,l( bmcC12)r adopt a .\1'11 configuration where both arms arc on the same side
of the macrocyclic ring with eight-coordinate Na + and K+ at the centre of it

cryptand-likc cavity. while [K(bmcC22)j" adopts an (/'1/; configuration with an arm
on either side of the mucrocyclic ring coordinated to eight-coordinate K -f at its
centre [38.73]. This difference is attributed to the greater stcric crowding caused by
the methyl groups in K(bmeC22)]"'. but packing forces may also contribute to this
departure 1'1'0111 the syn configuration. Similar structural data is not available for the
analogous [IV1 (bheC21 )1 + and [M (bmcC21 )] ... species. However. as our X-ray struc­
ture of [K(C2])]1 shows K oj to be 141 pm out of the plane or puckered e21 [74]
and Na + is substantially out of the mean plane of [Na( ]5C5)] + [39]~ the entry of
Nu + and K~· into the macrocyclic hole appcurs less likely in [M (bhcC21 )] + and
[M (bmcC21 }J -f. This likelihood diminishes further for all four bibracchial lariat
ethers for Rb' and Cs+ which arc included ill the solution studies discussed below
[75-77J.

The stability constants for the foul' bibracchiul ether complexes of the alkali metal
ions and Ag' together with those for e21. e22 [4R. 78]~ e221 and C222 [51.53J, in
several solvents arc collected in Table 2. For the alkali metal complexes the general
decrease in stability as solvent DN increases is a result of increasing competition
from the solvent fC)J' M -1-. In a given solvent the increase in stability:
[M(C21 il" <[M(bheC21)]+ -[M(hmeC2])]+ <[M(C221 )J+~ where the ligands
incorporate the fifteen-membered diaza coronand ring. is a consequence of the
increasing number of oxygen donor at. ns and the "cryptatc effect" [4J. as is the
analogous variation [M(C22)]+ <[M(bheC22)]+ -[M(bmeC22)]+ <[ivl(C222)]+
where the ligands incorporate theeighteen-membered diaza coronand ring. In propyl
ene carbonate e21 and e22 arc selective for Na+ and K+~ respectively, whlc in
acetonitrile the stability of [Li(C22)] + approaches that of fNa(C;.~ ,j+ wh.ch is
slightly greater than that of [K(e22)] +. This demonstrates tll(1 influence of changes
in solvation on selectivity in these systems. f)\ir [M(bmeC21 )]+ and
[M(bheC21 )]+ ~ and [M(bmcC22)J+ data show changes in selectivity from Li " to
Na+~ and from Na+ to K+ as the solvent DN increases. In contrast to the more
flexible bibracchial crown ethers, the C221 and C222 cryptands remain selective for
Na+ and K+1 respectively, in a similar range of solvents and demonstrate the
dominance of thc M -I- size match to that of the cavity over solvation effects in
determining selectivity.

While complexes of son acid Ag " (I'M= I09~ ]15.122 and ]20 pm for 5,6,7 and
8~eoordination [35]) arc much more stable than their hard acid alkali metal analogues
because of a stronger interaction with the diaza donor atoms [79.80], there remains
some size selectivity in the bibracchial lariat ether complexes. Thus,
[Ag(bheC2] )J+ and [Ag(bmcC21}]+ are slightly more stable than [Ag(bheC22)]+
and [Ag(bmeC22)]+, and [Ag(C221 )]+ is slightly more stable than [Ag(C222)]+
probably because seven-coordinate Ag+ best matches the cavity sizes of the smaller
of each ligand pair. A substantial solvent dependence of complex stability also exists
with nitrogen donor acetonitrile competing most strongly with the rnacrocyclic
ligands for Ag+. In water log(K/dnl'~ mol-I) for Mg!". Ca2 +, 81'2+ and Ba2 + in
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Tahle 2
Tile variation or complex stability in several solvents at 29l\,1 K

---
Complex Solvent J)... 101:'(/\ dnr' THPI t )

M ':.::.;
u: Nit' K' RbI Cs

, i\g I-_.
(M(C21))"t Propylene carbonate 15.1 h 4.12 4.1(\ ~.~5

IM~(22)]' t /\ ccto11 ill'i le 14, III 4,.'9 4.45 4..12 l.n 2.2(1 7,lJ4
''\1(e22 Wi Propylene carbonarc 15, I" lW 4..11 4.43 2.lJJ I.lJS 15.57

I ~1((,22)]( t Methanol 19.0" 1,07 1.0 2,04 1.2 9.99
23..:;,1

IM(bmcC21 W· Acctouitrilc 14.lh I). U X.17 5.24 4JlJ J.77 7.0X
IM(blllcC211r' Propylene carbonutc 15.1 " 'i.O 7.1 5.0 4.2 J.6 12,2

IM(htlleC!IW. Methanol 19.0" 3,01 ·1 !{l) 4.h9 197 1.4(, lJ.Hh
215'1

IM(bmcC21)r' DiIIICthyI1'01"111aIIIidc 2h.()" 2.23 l51l l11 2.H4 2JI XJ7

[M(b1l1cC211]C • W,,:t'J' IS, I h <~ <' <2 <2 <2 7.57
3l0d

[M( bmc(22)Y I Acetonitrile 14.1 h 5.HO 7.11 ! (,. 11) \24 4.41 6,I}(l

[M(bmcC22)1' i Propylene carbonate IS.P· 5.1 (d, 6.0 4.7 4.0 II.7

[M(bmcC22lY I Methanol IlJ.O" 2.47 4.57 5.30 4.44 1M} 9039
2l5d

[M(bmcC22 ,y f Dimcthyltormamidc ~6.(lh 1.93 111 JX! lOS ~o3R R.2X

[M(bl11cC22 ))' i WHler 11'.1" <2 <2 2.2 <2 <2 7.1 ()
ll()"

[M(bhcC21)jIl j Acetonitrile 14.F 1'.61 7.00 6.24
[M(bhcC21 WI Methanol IlJ.O" 2.R5 4.71 903(,

2JSl

[M(bhcC21 W-l Dimcthylforma111 ide 26.l," 2036 J,llJ lOH 2.50 2.11 9034

[M~bhcC22W' Dimcthylforuu.m ide 16.hb 2.29 3,(,5 4/lCl 156 3.16 9.13

[rva (e221 )]h I Acetonitrile 14.; , 10.33 > 11.3 'J.5 "1.27 5.15 I: ,24
[M(C!21 )]h-l Propylene carbonate 15. l: 9,60 12.0') 9JH\ 7.03 4...12 1H.50

[M(C2~t )]i~ Methanol 19.0h 5JK 9.65 1':.54 6.74 4.13 14.64
2.lSd

[M(C221 )]h ~ Dimcthylfonuamidc 2(,H lSH 7.93 6.(,(1 5.1.' 3.61 12.41

[M(C222 )]h ' Accton it rill' 14.1 c (,,4.)7 9.6,~ 1:.1 l).50 4.57 X.99
1M (['222 )]h I Propylene carbonate 15.1 c 6.94 10,54 11.19 9.02 4.1 16.29

[M(C222 )]i f Mcthano: 19,0" 2,(1 7.9R 10.4 N.98 4.4 12.20
2.ljd

[M(C222)]h I Dimcthylforrna.c.dc 26,6c 6.17 7.9R 6.78 2.1 ~! In.rn

.. ,_ ....,.- ....

II Ref. [48].
b Ref. [69].
c Ref. [78].
d Refs. [70.71].
e Ref. [76].
f Ref. [77J.
(l Ref. [75].
h Ref. (53j.
I Ref. [52].
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[M(hhcC21 )f -1 :.:: ,,2. 4.86. 4.15 and J.<J9. in [M(bmcC21 )f of = < 2. 2.8. 3.62 and
145. in [MH)hcC22)J2-l = <~. 4.0H. 4.29 and 5.1J. and in [M(bmcC22)f+::;; <2.
2.4. 164 and 4.36 [81]. Thus. the most stable complexes arc [51'( bhcC21 )f" and
[Sr(bll1cC21)j2+ (fM=121 pill for 7~coordinatc 51'2+) and [Ba(~hcC22)l2+ and
rna(bmcC22)]2-l (J'M= 142 pm for R-coordinatc Ba~1). consistent with cavity size
being a significant factor in determining complex stability. The border-line hard acid
divalent first row transition mctul ions form similar complexes of increased stability
probably because they coordinate nitrogen more strongly than the hard acid alkaline
earth ions.

Our 7Li and 2.\Nit NMR kinetic studies of the monomolecular M + exchange on
the bibracchial laria t ether [M Lr complexes

"\

M 1· +L~ lM L] +

~,I

(7)

(8)

slu.w that the greater l\'~omplexatiol1 rate (k tJ ) of the bibrucchial luriur ether com­
plexes is largely the cause of their lower stuhrlitics (K= kc/kd ) by comparison with
those of the corresponding and less flexible cryptatcs [82] (Table 3). For each
complex. k1; and k.d characterise the slowest or the sequential steps in eitherdirection.
While k« arc similar for the Li 4- and Na+ bibracchial lariat ethers, the !J.IJ~ for the
ronnel" species arc smaller but this is compensated for by their more negative ~S3.

The faster acoustic method has detected two of the Na+ complexation sequence
steps in the formation of[Na(RNI5C5)]+

~ I k;>.

Na+RNJ5C5::;:: [Na+ .RNJ5C5]¢ [Na(RNI5C5)]+
k I k ;>.

where RNJ5C5 is the single arm lariat ether,
I-mcthoxycthoxycthyl-l.a,7.10. I3-ictraoxa-l-azacyelopcntadccane [83]. The
(k. dk _. I = KJ ) step is the initial complexation, where Na + remains outside the coro­
nand ring. and the second tk2/k _2) step results in Na+ being coordinated within the

Tab"': 3
Punuucter "ll' Li I and Na ' cxchungc in several complexes in methanol

CoIII 1" .:x

1Li( blwC21 WI
[Li (bl11cC21 1)1t
ILi(C221 W
1Na(bhcC22 W­
[Nil (bmcC22 Jr·
rNa(C222)t

Iu ~kl'( 29H.2 K ) ku(298.2 K) 1111~ As5
(dnr' mul 1 s J) (s I) (kJ mol . I) UK I 11101 - I)

·n (1070 27.1 -81.5
20.2 ILJ70 20.4 -113
191 78.4 23.8 -129
30SS 4130 42,8 -32.n
90.1 ~430 59.9 20.8
2700 2Kl

II Ref. [751.
bReI'. [76J.
c R I' {S")'c. -1-
u Ref. [77].
eReI'. (65).
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coronand nng and by the mcthoxycthoxycthyl arm with
k, ==9.0 x 10IOdm'~ 11101 ' 1 s I k _I ==1.1 X 10Ms- I, K1:=:429 dnr' mol -I, 11 2 = 1.2 X

1()7 s ~ I. k .. 2 == 1.5 x IO~ S --1 and K,! == RO at 29R.2 K. When R is replaced by CH" the
corresponding data is k1 = 9.1 x IOIl dnr' 11101"' 1 s- I. k . 1 = 5.9 x 107 s I,

K1==154lhn.l mol -· l , k2~5.9x lO"s-I. k_ 2==19x IO~s -) and
K2~ 14.9 dm mol-I. which demonstrates the complex stabilising effect or thc mcth­
oxycthoxycthyl ann.

4. Modified eryptates

The series 4.7JlI6-tdraoxa-I.IO-diazabicydo[R.R.2]eicosanc (C.~~C2)' its
-[8.R.5]t,ricosanc (C22C\) and -[ R.8.8]hcxc.lcosanc (C12CH) analogues. and
4.7.13-trioxa-J.IO-dic.tzahkydo[R.5.S]eicosanc (C2J(\) shown in Fig. 3. may be
viewed as diazacoronands in which the two amine hydrogens have been substituted
by a - (CI-I 2)" bridge, where II ~ 1. 5 and 8, and are related to the cryptunds whc: ('
this bridge is replaced by . (CH2)20((CH.,d10),.JCI-12h . BCl:ilUSC of this relationship
and their macrobicyclic nature, the members or this series arc conveniently referred
to as modified crypumds and provide all opportunity to study the influence of a
preformed cavity on selectivity whcn one arm is devoid of coordinating groups.

Unlike the cryptands, the smallest member of the series. C22C2' has u clam-like
structure where the upper and lower- (CH:)lO{CH1)lO(CH2).~ jaws are hinged
about the ;N(CH2hN( moiety [R4--RR]. (The generic name, diptychund. derived
from ditypchos and meaning hinged double tablet has been proposed for C22C2

[84].) The dihedral angle between the mean planes delineated by the two hinge
nitrogcns and the pairs of oxygcns in each jaw is calculated [89] as 88.4. 70.9, 89.n
and 100" from the crystal structures ofC22C2~ [Li(C22C2)]+.[Na(C21C2)]+ and
[K(C22C1)] +. respectively [84 88]. This variation of jaw angle presents the potential
for a different mode of selectivity for metal ions by comparison with that of the less
flexible cryptauds discussed earlier in which metal ion selectivity is predominantly
determined by the fit of the metal ions to the cryptund cavities.

In acetonitrile, log(K/dnr' mol-') for [M(C22C2)r varies in the sequence 7.8.
9.4, 7.2. 5.0, 9.4 and I().4 when 1\1 + = Li ", Na -f, K", Cs ". Ag' and TI +, rcspec­
tivcly, and the analogous values in dimcthylformamide arc 3.5, n.l. 12. 2.7., 9.4 and

C·"1'....I', \"5 C22Cs C22Ca

Fig. 1 Schematic rcprescnuuion. \',f some modified cryptands.
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(1.7 [89.90]. For the alkali metal ion [M(C22Cz)] ~ there is a decrease in stability on
going from acetonitrile to dimcthylformamidc as the solvent DN increases. but the
most stable complex in both solvents is [Na(C22C2)r consistent with there being
the least strain in its ~ll'ucture where the coordinated C22C2 jaw angle is dose to
that observed in free C2.~C 2' In lLi (C'22C2)r 1he j;IW angle is less than that in free
C22('2 while in [K«("22C2)]1 the jaw angle is greater. and in both cases it appears
that this results in structural strain which diminishes stability. '7Li and .BNa NT\1R
studies yield 10-5k rJ 29R.2 K )= 7.60 and 155 dnr' mol - 1 S - I, kd( 298.2 K )== 240 and
12.3 s I, AII~ =22.5 and 64.0 kJ 11101- I, and ..1S5 :: - 124 and - 9.5.J K - 1mo)-I

for monomolecular metal ion exchange in [Li(C22C2)] + and [Na(C22C2)r ' rcspec­
tivcly, in dimcthylformamidc [R9.90]. Thus. the greater stability or [Na(C22C2 )] +
arises 1'1'0111 its greater Ill,; and smaller "d' by comparison with those of
fl.i(C22Cz)] -+. The larger kd for [Li(C22C.:!)] + arises from a smaller AJJ5 and more
negative I1S~ which probably reflect the release or greater structural strain and
significantly greater rcsolvation or Li' ill the transition state than is the case for
[Na(C22Cz)r in which structural strain is less and Na ~ is more exposed to solvent
in the ground state so that less rcsolvation occurs in the transition state.

In dimcthylforrnamide [Na(C22C2)r is less stable than its Ag ' and TI ~ analogues
because this hard base oxygen donor solvent competes more cllccrivcly with
C22C2 for hard acid Na + than it does for soft acid Ag ~ and TI + which show a
greater tendency to coordinate son base nitrogen atoms [79.80]. This effect supcrim­
poses on the effects of cation size. In the soft base nitrogen donor acctoni trilc this
competition changes so that [Na(C22C2)]~ stability increases substantially while
that of [Ag(C22C2)] + is unchanged, In dimcthylformamidc. the greater stability of
[Ag(C22C1)]+ by comparison with that of [TI (C22C2)] + mainly reflects the greater
size of T) + (I'M;;::: 150 pm) and the greater strain in [TI{C22C2)] +. However.
[TI(C22C2)l + becomes more stable than [Ag(C22C1)t in acetonitrile probably
because the acid character of TI + lies in between those of Ag+ and hard acid K+

[91.92] and acetonitrile competes 1110re effectively for Ag' than for TI +.

The modified cryptaud, e21C5' is directly comparable to e21 i and our crystal
structures of [Na(C211 )]SCN and [Na(C2IC5)]SCN [93] show both to form exclu­
sive cryptates with Na + positioned on a 15~membered trioxa diaza cryptund face
with a SeN - within bonding distance. In [Na(C2ICs)] SCN. Na + is 37 pm distant
from the trioxa plane. while in [Na(C211 )]SCN N,,~ + is 14 pill from the trioxa plane
., " : :1" -, decreased distance is attributable to the Na + interaction wit 11 the fourth
. '. ~ .xygcn which is 266.2 pm distant. Reflecting the smaller size of Li ", there is

mding interaction between Li + and SeN - in the inclusive [Li(C21 C5)]SCN
cryptate [94] as is also the case for inclusive [Li(C211 )]SCN [40].

The presence of the fourth oxygen in [Li(C211)]+ and [Na(C211)]+ causes them
to he considerably marc stable than [Li(C21 Cs)r and [Na(C21 C5)] '. respectively.
in dimethyllormarnidc and other solvents as a consequence of the greater electrostatic
interaction of' Cz l l with Li ' and Na+ than is the case for C21C5 [55.67.95-100]
(Table 4). While inclusive [Li(C211}]+ is more stable than exclusive [Na(C211 )]+,
exclusive [Na(C21 Cs)] + is more stable than [LieC21 Cs)] + which. from 7Li chemical
shift measurements. appears to exist in an equilibrium between exclusive and inclusive
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Table ..,
Parumcters for [l.i(,21 Cd] I. Itile:! II )} I , 1Na(C21l'~)] I and INa(C211 il in several solvents

J) ... III ~kl " d
(d11I,1 11 h II I s I) (s I)

/\II~ t\\lj log
(k l mol I) (J K I mol I) (A'/dnr'mol I)

ILi(C2Il\l] ,
AceroniIri h,~11

Methunol"

[Lij(211)} I

Acetonitrile
Mcthunol"

14.1"
19.0" 0.22\
2).5"
2(l,(," O.07.l

14.1 "
IlJ,O" 4.~

2.~S

~(d)h 1.27

0.004..t

n.ll 1.1 MA

4.15
lOll

I.RO

>IWI

X.04

INa((,2~ ('~)I'

Al'elollit rileI'
Propylene curhouatc"

Acetone"
Mcthunol"

I)imcthyIforma 111 ide!'

17.0"
19.0"
~.1.5"

2(,.(,h

100
25,5

l'l4
104

214

1'4.H
19.4

t:7S
! ~;ou

57.1)

7(U

54.4
44.9

40.0

--I.U:
15.3

5.m:h

5.12 11

.l.9Sh

3.76h

Pyridine'! J3, 111 4.9
INa(C211)j'
Propylene carhouatel 15.1 h 210

Water' 11'.1 h 0.754
33.0"·

Methanol" IlJ.O" .ll.O
2.lS':

Trimethylphosph.uc! 2.l0" 1(,,(1

Tricthylphosphatc' l(d)f'. 4J

1)15 62.S

0.036

47.6

2.5

6.lJ2

S.l

lJ

5JH

4.72

Dicthylformamidc'' .lO.l)h 22.lJ

Dimethyl sulfoxide 29.Sh 14.5

16

12.1

1H.2

S4.7

M.S

69.5

50.5

4.4

17.4

4.94

5.2311

4.74

5.10

II Ref. 195].
h Rcr.169J.
. Refs. [7n, 71 J.
d ReL [53].
C ReLIS:!}.
f ReI'. [6(1 J.
~ Rcl'. [67J.

hRef.IlJ6J.
I IHi. Cox. J. Garcia-Rosas and II. Schneider. 1. Phys, Chcm., H4 (19RO) 3178.
J Ref. [S5J .
" Ref. (97).
I Ref. [98J.
111 Y. Marcus, 1. Soln, Chern.. U (1984) 599.
10 Ref. [97J.
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forms in solution [9~, I "' nus. 'he lower stability of [Li(C21C5)] + is probably a
consequence of the gr. I solvation energy of Li ' by comparison with that of
Na -1. Thegreaterstability of [Li (e211 )] + is mainly due to its much lower decomplcx­
ution rate (kd ) by comparison with that of [Na(C21I )] +\ while the greater complex­
ation rate of [Na(C2IC5)] + (!i.e) causes it to be more stable than [Li(C2IC~ll'.

It was noted in Section 2 that the decrease in stability of alkali metal
[M(C221 )] + and [M(C222 lr with increase in solvent DN was largely because kd

showed major increases while the changes in k, were relatively small [65]. A similar
effect is seen for [Na(C21 C~,)r (Table 4) and may be interpreted in terms of the
simplified reaction profile shown in Fig. 4, which refers only to the slowest complex­
ation and dccomplcxation steps of a multistep process [67]. Thus. 6G~ is set constant
to reflect its relatively small variation with solvent by comparison with that of
~G5. Because t\(i~ is the difference between !J.G; and l\G: \ and !lG' is the difference
between liG~ and ~G~ \ both dG~ and /l(f) arc decreased by a strong donor solvent
bccau-c L\G! is large and vice-versa for a weak donor solvent. (The deviation from
this pattern in pyridine may arise because its nitrogen donor atom is embedded in
the aromatic ring and the resulting steric hindrance renders it less able to compete
for Na+ than is the case for the smaller solvent molecules.) This effect is also
discernible for [Na(C2I I )] + in propylene carbonate, methanol and dimethylforrnam­
ide. However. as solvent molecular size increases steric effects on solvation may
cause deviations from the simple model proposed above.

The crvstal structures of [M(C22Cs)] + show a trend where Na -+ lies within the
mean plane of the four cryptand oxygens while K+ is 36.9 and 44.1 pm (there arc
two [K(C22Cs)]+ species in the crystal) and Cs' is 129.96 pill above this mean
plane [101. 102]. While the four oxygcns of [Na,C22C5)r arc almost perfectly
coplanar, deviation from coplanarity increases progressively in the K+ and Cs+

[Na(C21 CsW*unsolvaled

···········r··

t.Gs*
[Na(C21 CSW*solvaled

r············· .

I
!:lGc*

i~.._ ~ ~ .

/lcfJ. free enl3rgy of complexation
t.Gc*I: activation free energy of comple)(ation
liGdt .. activa!tion. free energy ofdecomplexation
t.Gt*-structcra-rearrarqement component of t'\Gd*
t.Gs*•solvation component of !:lGl

[Na(C21 Cs)tsolvated

fig, 4. Free energy profile for rNa(C2IC~)] + •
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an'II')!,lJl.:s. and ill none of these cryptatcs arc the crypta-td nitrogens in bonding
distance of the alkali metal ion. Comparison with inclusive [Na(C221)r and exclu­
sive ~ K(C211 )1' discussed earlier (411. shows that the uhscnrc of it lifth oxygen in
[Na(l... ·:~}\.' \]' 'a:!~.r.'.t Na' !.. ' i:ltl.~r;KI preferentially with tl«, tour oxygcns in the
Iacc of U!': cryptand and 10 become distant from the two nitrogcns, and that the
size or K ., excludes it j rom coplanarity with the four oxygcns of [K(C22C ~)] of as it
docs ill fK(C221 )r .(An unusual fcuturc \)1' C22C~.HJO.("'I0 4 is the position or the
H.,O-t oxygen 6(dl pill above the plane of the lour cryptund oxygcns [102].)

The alkali metal [M(C22C~.;)] + show a variation in M· j selectivity and arc or
lower stability than [M(C2.?l)]+ which is selective for Na' [102,103] (11Ibh: 5).
These differences are attributable to the grcutcr cicrtrostutic aura:.. tion between
rvt l and ('221 in [~1 (C]21)]1 and the inclusive nature of [Na(C221 )t .The weaker
interactions in IM(C22C~)]1 result in lower stabilities and in solvation of M -t being
more influential in determining selectivity. !\ similar relationship holds for
11\1 ((,122)J' and 1M (C22CH)]·~ [104]. All four of the above cryptands may be \'i~wcd

us derivatives of monocyclic C22. and 1M (C221 )r, [M (C22C~;)] + lind
[M(C222)r arc 1110re stuhlc than [M(C22,r[ 105 107] (Table 5), This is unsurpris­
ing lor IM(C211)]" and [M(C222)]+ because of their extra oxygen donor atoms
and the cryptatc effect 14.5]. The enhanced stability of [M(C22C ~)J~' h' [robably it

consequence of the C5 ann restricting conlormationnl Ilcxibility of the 18~mc\l1bcrcd

ring and blocking solvent access to M + on one side of [M(C22C5)] + • (Some support
for this is uuduccd from the solid state where K+ lies in thr- plane of the four
oxygcns of [K(C2:2)]'" [1081 while it lies above this plane ill [K(C22C\)]+ [102J.)
However, the stability of [M(C22CH)r+ is lower than that or [M(C22C.;)r and
approaches that of [M (C22)J -I- presumably because of the greater flexibility 01" the
CH ann [104J. The stabilities of the cryptutcs formed by C21(\\ C22C1• C22C:, ~1I1';

C22CH with bivalent metal ions largely reflect the influence cf the same siructur, )
factors observed It):' their alkali metal analogues [109. 110].

5. Metal complexes of pendant arm macrocyclic ligands

Since the synthesis of 1.4.7,IO·tctraazacyc1ododecane (cyclcn) [7tl] and
1,4.R.lI-tctnwzacyL!\.)(ctradecane (cyclam) [21] and ligands derived 1'4'0111 them
(Fig. 5) a Held of complexation research encompassing a wide range of metal ions
has evolved [22,28,29.31. J II]. We arc particularly interested in the metal complexes
of the cyclen and cyclam derivatives where a coordinating pendant arm is attached
to each nitrogen of the macrocyclic ring [24,26.27.1 J2- 120] (Fig. 5). Within this
urea our studies have been mainly concerned with the interplay between stability.
lability and .tructure in complexes of mono- and bivalent metal ions, and this is
reflected in the discussion which follows. Comparisons arc made with the fascinating
chemistry of closely related trivalent lanthanide complexes.

The first alkali metal complexes of pendant arm macrocyclic ligands to be the
subject of quantitative stability and kinetic studies were lIIO.,\: of
IA. "/.1 Il-tetrakist 2-hydroxycthyl )-1.4, 7.1 O~tetraazacyclododecanc (thee12) and its
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TLlhk S
Stability constants for some alkali mctal cornplvv's

----~--- -_. _.. ~ ---pO
SIll\'1.:11 t log(A.' 'd111"' mol I)

M ' .-
I . , Na' 1\.' Rh' (': ..1

IM(('22('dl'
Acctoni: ri !c".h (1.m 7.~\ (1.2(1 ),5 4,57
Propylene cnrbun.uc" 5. ~(1 5,1)5 7'(1 (I. (Ih 5.1f1

Met hanoIh 2JO 5.41 :'.X 5.7 4.1-:
Dime!hylormam idch 2.21 1,M, J.X5 .~.l\2 2.lJll

[M (,221lj'
An't011 itrill" HU,~ c;. II J I), ~ '1.27 5.15
I'll Ipykl1l' l':I rbon.uc' " I 12,(ll) I),XX 7.0.~ 4.lJ2.'

1\1 d haIlnl tI S.~;.; IJ.65 I (~ (I 74 4JJ
I)il11l't IIyIformil III ide J.SX 7.lJ.~ 11.'1(1 ') .\) l(ll

1M (C!2t'I\}J '
Aceton ill'i lc'' 17 U;h S.()!) lH5 ,'.1.\
IJiIl1dhyl tormamidc' I.~J 2.3 2.h ' ; "0

1M (('221 II .
Acetonitrile' (l.lJ7 IJ ,(1.\ II :{ ~)50 4.57
Dimethyllo nnaIII ide' 6.1-; 7.9X li,n 2.JIt

IM(<."22)] ,
Acetonitrile 4JlJI' 4.4I)l~ 4.J51' 3.37h 2.15 11

4..\(111 ,U2 h 2.4Sh

It Rd', 1102].
h R~r.II()J}.

" Rd',IS3}.
,I Ref, 152 J.
C Rcr.lI04],
f H~f. 1105].
}! R~f. [106 J.
h Ref, [107].

(r\~
X\J(

x• H (cyclen)

X a CH2CH20H (thec12)

X• CH2CH20CH3 (tmec12)

X.. (S)·CH2(CH3)CHOH(S·thpc12)

X.. CH2C02 ' (dota4')

X. (S)·CH(CH3)C02• (S·dotma4,)

X. H (cyclaln)

X. CH3 (tmc)

X. CH2CH20H (thec14)

Fig. 5. Schematic representations til .omc tetruazu-mucrocyclic ligands.
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2-mcth0;{Y (tmcc 12) and (S)-2-hydroxypropyl (Sthpc 12) analogues (Fig. 6 and
Fig. 7) [113.116-110]. These three ligands form complexes with all nf the alkali
metal ions and Ag ', and their stability constants appear ill Table 6. It is seen that
metal ion selectivity is less than for thc cryptatcs discussed earlier, and that there is
Cl strong dcpeu.lcuce of complex stability on the nature or the solvent, and on the
lik'lnd. This is consistent with complex stability being dominated by a combina ~ ion
of (i) t:1C solvation energy of the alkali metal ion. (ii) th.: electron donating power
of the solvent as indicated by DNI (iii) the coordinating power of the ligand donor

At: nanllomer

When A ... H,
ligand ... thec12.
When R I': Mo,
ligand I: tm/3c12

Fig, 6, Enuntiomcrisation or 11 Hnd Al M(thee 12 rand!! and AI M(uuccl I] I and M t exchange in both
systems. The& and 1\ cnautiomers are those where the pendant arms assume it clockwise and anticlockwise
chirality, respectively. wncn the structure is viewed from the centre l,J' the four oxygen ni;llW looking
towards M of and the nitrogen plane beyond.

B A[M{8-thpc12)t C 6[M{S-thpc1~;W

Fig. 7. The exchange process for equivalent forms of the i\INa(S-tllpcI2)r diustcreomcr, A lind B,
leading to the exchange or the mucrocyclc carbons between environments a and b. The und-rectcd
ill Na(S-thpc 12)~ 1 diastcreorncr is shown as C. The a and A diustercomcrs arc those where the pendant
arms assume a clockwise and anti-clockwise chirality, respectively, when the structure is viewed down
the Col axis from the four oxygen plane looking towards Na' and the nitrogen plane beyond. The rotation
of the plane delineated by the four oxygens away from eclipsing that delineated by the four nitrogcns is
exaggerated for illustration purposes.
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Table 6
Variation or 'Stability or [M(thee[:2)] ", [M I ",\ " , '~)} I and 1M (S-thpl.l ~)1' with M I ,I'lll solvent al

291-:.2 K and 1=;;0.05 11101 dm -.\ ( NEt,,("IO,,)

Solvent log(K/ullI ' mol I)

M'o,:;:;

Li l Na' K' Rb I ("I Ag'S

---'-'

[M(theeI2)] ,I

Acetonitrile 8.07 ().M) 3.4n 100 2,90 lJJ5
Propylene carbonate 8,90 '/A9 5.91 4.23 4.04 14.00

Methanol 109 4.53 2.43 2.20 I.YO 12.57
Dimcthylformumidc 1.9lJ 3037 I. 51) 1,39 1.23 11.16

[M(tmec 11)] I h

Acetonitrile 9,34 Y.IJ 6.07 4.X5 3.55 12.30
Propylene carbonate R.O P2 (1,7 .~~~1 1503

Ml:thanol 4.1 6.2 19 10 2.5 14.2
Dimcthylfonnnmidc 161 5.(lS :;.62 2.73 2.2H 1173

Wat..:r <2 2.20 <2 ....-'" <2 12.62..... -
[M(S-thpcI21] r c

Methanol 4.0 4.H 15 3.4 12 12.R

a Rcts. [116.118].
h Ref. [119].
c Ref. [120].

groups, and (iv) the ability of the ligand to assume a conformation which optimises
bonding with M +. Thus, as the solvation energy of 1\1 + increases with DN the
balance among (i )_.( iv) changes and the variation of complex stability with the
nature of M + changes. The change from hydroxy to inethoxy groups in thee12 and
tmecl Z, respectively, causes a substantial increase in stability attributable to the
greater electron donor powerof the methoxy groups. Differences in stability between
[Mtthecl Zj]" and [M(SwthpcI2)]+ are probably due to a combination of tile hydro­
phobicity and the stereochemical effects of the methyl groups of the latter complex.
The stabilities of the Ag I- complexes are substantially greater than their alkali metal
analogues because the soft acid nature of Ag+ causes it to coordinate the macrocycle
amine groups more strongly. In keeping with this, the Ag' complex stability is
decreased in nitrogen donor acetonitrile.

Both thecl2 and tmecl2 are achiral and 13C NMR studies arc consistent with
them forming eight-coordinate ~ and A enantiomeric complexes with Li +. Na+ and
K+ as shown schematically in Fig. 6. In the solid state, however, [LitthecfZj]" and
its Na + and K+ analogues are five-, seven- and eight-coordinate, respectively, with
all four macrocyclic nitrogens coordinating, but with the coordination of all four
hydroxy groups only occurring in [K(thec12)]+ [112.1 21,122]. Thus, differences in
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coordination number in the solution and crystalline stales arc attributable to packing
forces and inter-complex hydrogen honding in the latter state.

The solution coordination numbers and stcrcochcrnistrics of [M(thee12)] ~ and
[Mttmecl Zj]" arc derived from slow exchange DC NMR spectra where a single set
of resonances for the pendant arms show them to be equivalent white the two
resonances arising from the macrocyclc ring carbons show 'hem to exist as two
inequivalent sets (Fig. 8). As the temperature increases the L .acrocyclic ring reso­
nances (a and b) coalesce through cnantiomerisation 'while the pendant ann res­
onances (c and d for [Mtthccl Jl]". and c, d arl'J c for [M(tmccI2)]+) show little
variation other than SOP.1C narrowing and smell .hernical shift changes associated
with decreasing viscosity and changing dielectric constant. This is consistent with
exchange occurring between the approximately square antiprismatic ~ and 1\ cnanti­
omers of'[Mtthec lZl]" and [M(tmccI2)]+ in which t'1C square planes arc delineated
by four oxygens and four nitrogens [117-119] (Fjg. 6). This cnantiomcrisation
inverts each nitrogen as a consequence 01 1111' C1(rhtHlee of the macrocyclic ring
carbons between environments a and b.

The introduction ora chiral centre into each pendant .H·:l1 fn IA.7.JO-tetrakis(S)­
2-hydl'oxypropyl )-1 A,7,1 O-tctraazi.lcydododccane (S-thpc 12) promises the forma­
tion of !1 and A[Na (S-thpc t2)]'" diastcrcomcrs on complexation of Na + (Fig. I).
Each diastcreomer should exhibit a set of five DC resonances, however. at low
temperatures only one such set of resonances is observed consistent with either only
the /\ or only the A[Na(S-thpc12)] + diastercomcr existing at detectable levels. or
both diastercomers having very similar chemical shifts [120]. As temperature
increases the mucrocyclic ring resonances (a and b) coalesce, and minor non­
exchange induced changes occur in the pendant arm resonances (c. d and c) in an
analogous manner to that seen in Fig. 8. as do the corresponding resonances for
the Li + and K+ analogues. In a preliminary communication we interpreted this in
terms of exchange between ~ and A[Na (S-thpc 12)] + for which the chemical shifts
were very similar [117]. Subsccuently, our molecular orbital calculations through
Gaussian 94 using the LanL2DZ b1 'i,; set [123] showed the very much more stable
diastereomer to be A[ Na(S-thpc 12 J.: which has a distorted cubic structure (twist
angle (/J = 5.T') delineated by the l-alrallcl planes of the four oxygcns and the four
nitrogens. Thus, it now seems likely that the exchange involves the identical
A[Na(S-thpcI2)]+ diastercomcrs as shown in Fig. 7; an interpretation which
also explains the observation of only five 13C resonances at low temperature. (A
similar interpretation applies to free AS-thpcl2 for which
k!298.2 K) =34 800 s- I ~ 8Ht =53.9 kJ 11101- t and ~llt =22.8 J K- I mol -1.) This
exchange has no effect on the pendant arm environment. ')ul exchanges the macro­
cyclic ring carbons between environments a and b. While the sequence of events
producing the exchange is unknown, it is clear that each nitrogen has to undergo
two inversions, and that a single inversion of all four nitrogcns would produce the
undetected ~[M (S· thpcl2)] + diastereomer. In the crystalline state only the A chiral­
ity has been found as exemplified by A[Pb(S-thpc12 )]2 + [ 114] and
A[Bi(S-thpc 12 )]3 + [124].

The rate parameters for the cnantiomerisution of [Mtthecl Zj]" and
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12C-cnriched [21-1 4Jmethanol. Experimental temperatures and derived site lifetimes. r, appear to the left
and and right of the figure (adapted from Rcf.[119]).

[MftmeclZj]", together with those for monomolecular metal ion and ligand
exchange, do not show obviously systematic variations (Table 7). This is probably
because thecontributions to t1Gf vary in relative magnitude with M + and the ligand,
and arise from a range of sources which include the metal to ligand bond energies
and the magnitude of strain in the ligand. For five of the complexes in Table 7
cnantiomerisation is much faster than metal ion and ligand exchange while for
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[K( thee 12)]"'. monomolecular ligand exchange is approximately twice as rapid as
cnantiomcrisation. The double nitrogen inversion of [Na(S-thpc12)] + is twice as
'list as Na -I and ligand exchange and exhibits very different activation parameters.

The lJC N~AR spectra of the Li + and Na+ complexes of the smaller
I A.7-tris( 2-hydroxycthyl )-IA.7-triazacydononallc (thccv) [125] arc consistent with
their existence as distorted trigonal prismatic six-coordinate .1. and i\ cnantiomcrs
where the two parallel trigonal planes arc delineated hy three oxygens and three
nitrogcns, respectively. Molecular orbital calculations show that the trigonal twist
angle 41 for t1 and AINa(thec9)]+ is 10.0 which compares with 41=4.5" for
[Zn (S-thpc9 )]2 -f in the solid state [126]. (~= 0' for trigonal prismatic stcrcochemis­
try.) Both t1 and A[Li( thcc9)] + and their Na + analogues cnantiomcrisc more rapidly
in met hanoi than their thecl2 analogues as shown by k:= 1.11 x IOf) and
2.27xI05s· 1 at 298,2K~ ~IJf=27.2+0.3 and 21.7+0.2kJll1ol-l~ and- -
AS!::;; - 36.3 :::.~ 1.3 and - 69.6 +1.2 J K- I mol .- I for [Li(lhcc9)] + and
rNa(thcc9)r. respectively r125].

While DC NMR spectroscopy shows that ~ and AlPb(LhccI2)f+ also have
approximate square antiprismatic stereochemistries analogous to those in Fig. 6. the
euantiomcrisation rate is much slowed {k (298.2 K )= 6550 s- I.

111ft ::;:: 60.4 kJ 11101 '-1 and ~st = 30.6 J K-I 11101 - J in methanol: by comparison with
those of their alkali metal analogues [127J. Enautiomcrisution of ~ and
A[Cd(tmccI2)]2+ and its Hg2+ and Pb2+ analogues for which k(298.2 K)=4130,
4570 and 565 s-1, Alit = 48.9, 39.1 and 44.1 kJ 11101 - ', and ~st = -11.7, - 43.9 and
--44.2 J K- I mol- ', respectively, in methanol arc similarly slowed [128]. Over the
liquid temperature ranges of methanol and D20, A[Cd(S-thpcI2)f-t and
A[Pb(S-thpcI2)]2+ (A[Hg(S-thpcl2)f+ is insufficiently soluble for 13C NMR
studies) exhibit five DC resonances consistent with the existence of a single approxi­
mately square antiprismatic diastercomcr in each case [128], probably of a similar
structure to that of A[Pb(S-thpc12)]2 + in the solid state [24]. (Evidently, the rate
at which these diastereomers undergo the exchange process analogouv ; that shown
for their alkali metal analogues in Fig. 7 is in the slow exchange limit of the 13C
NMR time scalc.) The log(Kjdm311101- 1) values for [M(tI11CC 12 )]2 + and
A[M(S-thpcI2)]2+ in aqueous solution, where M2+ =Cd 2 + , I-Ig2+ and Pb2 + , arc
12.6.18.57 and 14.9, and 14.47,18.63 and i5.74. respectively, which arc much higher
than those of their alkali metal analogues consistent with stronger coordination in
the heavy metal complexes.

Trivalent lanthanide complexes of octadentatc ligands formed through the substi­
tution of pendant arms for hydrogen on the four nitrogcns of cyclen have generated
considerable interest because of their very high s~~~bil~\,es and kinetic inertness
[27,129·- t36] and their conscqu ':~nt potential for usc as contrast agents in magnetic
resonance imaging [132,137, 138J and as nucleuses 1.135, 136,139). Their high stabilit­
ies are exemplified by log(Kjdm 3 mol -1)=28.2, 2fL6 and 29.2 for [Eu(dota)]4- and
its Tb3 + and Lu3 + analogues in water at 293.2 K [131]. Enantiomerisation processes
similar to those shown in Fig. 6 have been observed for ~ and A[La(thec12)j3+ in
1H NMR studies in methanol [1341, while only the A diastereomer is observed for
[La(S~thpcI2)P+ and its Eu3 + and Lu3 + analogues [135]. In the solid state
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[Eu((hpcl2) I-I.'!Or j is nine-coordinate with a structure midway bet ween a capped
cubeand a capped square antiprism when the four o-carbons or the ~-hydroxyprnpyl

arms have R..R.R.S and S.S.,".R chirality 1136].
Two intcrcouvcrtinu ISOIl1'~rs or 104.7, IO-tctrakis(:lcctato)-IA.7.1 (l-tctra-

azacyclododccancncodymiumt In" p 11 (dotuj] . where til = La. PI'. Nd, Sm. Ell.
Tb, Dy, Ho. Er, Tm, Yh tlll(1 LH. h.rvc been detected in solution by 1}1 and Be

Nf\.1R methods [140]. The relative stabilities of these isomers vary with the lanthanide
ion. and dota"- is octudcntatc in both cases. One isomer Ius either a square
untiprismatic or a cappel; square antiprismatic structure (when it ninth coordination
site is occupied by water) similar to the struct 1I1'l'I.; or [I::1I(dota)l1i)r II JJ] and its
Gd + [I 3(l. 141]. v-: [141, 142] and Llr'" [143 Janulogucs. The other isomer has a
structure chsc to either a square prism or a capped square prism. lntcrconvcrsion
of 8 and 1\ enantiomers ( Fig. <)) occurs in both isomers each or which possesses the
same mncrocyclic ring conformation. For isomcrisution of the major to thc minor
[Luldotulll-O]" isomer. the minor to the major [Lutdotnlll-O] isomer, and the
cnanticmcrisation of hoth isomers k(2lJX.1 K )=63.4. 340 and 1Rs~ I. /jilt = 6903.
54.4 and ]00.5 kJ mol .- I. and LlS1 =22.0. -] 4.] and )] 6.J K-I mol -I, respectively
[1401. Ihc slower and similar cnantiomcrisation rates for both isomers arc ascribed
to the rigidity of the coordination cage of [Lu(dot.a)H~()r. Similar isomcrisations
and cnantiomcrisations have been observed for [Yb(dota)H'20] - r144]. The substitu­
tion of a methyl group onto the methylene carbon of each arm to produce R chirality
results in the IA.7.1 O..tctrakis((R)..mcthylacctato)-1.4. 7.1 O..tctraazacyclododecane
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Fig. 9, The enruniomcrisation and isomcrisntion of the major (A and B) and minor (C and J)

[Lutdotaj] isomers showing the macrocyclic ring conformations. The capping coordinated water is
not shown.



,\'J': l.unotn .. Cot/rdinal,,,,, C"t'lIIi."I'.l' !~('J'it·ll'.\ Iftfl i I W7) l55 lSV 277

ligand. dotmu" -. which forms two [Yb(R-dotma)]' complexes in solution. in one
or which it carboxylute group may be dissociated [129].

When the mucrocyclic ring size is increased from 12- to l-l-mcm bcrcd. as in
IA.R.II-tet rakis: 2-hydroxydhyl )-IAJL l l-tctruazacyclotctrudccanc (thee14). the
mucrocyclic hole radius increases from .... 127 to .... IJ5 pin [2R] and the number or
configurational isomers with lour nit rogcns in a plane increases to five designated
as trans I-,V [21]. In methanol the temperature variation or the natural abundance
DC"" NMR spectra of[Cd(thccI4)]2~ and its Iig2 1 and Pb2 + analogues arc consistent
with thcc l-l assuming a trauv III configuration in which two pendant arms arc
coordinated by the metal centre, and with a trunsann ular exchange process occurring
as shown in Fig, 10 [144. i45]. When the lour 2-hydroxyethyl pendant arms are
Ut' enriched (99 atol11%) the trunsannular oscillation is more completely character­
ised. An unusual aspect of tl:c [Cd (thee14)f" system is that the coalescence of the
two All quartets in rilst exchange results in a singlet 1.'C resonance because of it

reversal of the relative chemical shifts of the two carbons in the monodcntutc and
hidentatc pendant anus. This reversal is absent from the Hg2

+- and Ph2
-i analogues

and a con vcntionul coalescence e!' two DC AB quartcts to one quartet is observed
in fast exchange (Fig. II ).

The kinetic parameters for tnc transannular mechanism for [CdC thee 14)]2 of and
its Hg2 + and Pb2~ analogues arc k(298.2 K )=34200. 3130 lind
J I 200 s .~ 1. Ii/-lt =44.0. 38.0 and 45.4 kJ 11101 - I. and l\st = -- 10.6, - 50.6 and
- 15.2 J K- I 11101 - I. and the six-coordinate metal ion radii arc 95. 102 and 119 pill.
respectively [35]. Thus. the increase in size of the metal ion on going from Cd2 +

10 Hg2+ results in it decrease in the rate of the exchange process because of the
more negative ASf for [Hg(thee 14))2 + • This probably indicates that Hgl+ is a tighter
fit for the molecular hole in thee] 4 and a more rigid transition state results in which
Hg2

-+ is in the tctraaza plane in a stereochemistry similar to that of the postulated
intermediate species in Fig. 10, However, [Pb(thecl4 )]2+ does not obey this trend
and behaves kinetically as if it is a smaller ion, Leadt II) has two more electrons
than Hg1 + 1 and it has been suggested that they act as a stcrcochcmically active lone
pair such that the coordir:' ion chemistry of Pb' + resembles that of a smaller metal
ion in macrocyclic complexes possessing three 01' more coordinating nitrojens
[114.146]. The intermediate shown in Fig. ]0 has a similar structure to that 0:" the
monodcprotonatcd NP+ analogue in theground state [147] in contrast to theground

Fig. 10. The transannular exchange mechanism proposed for [Cdtthecl4W", and its Ilg;! ~ loll(l Pb;! ~

analogues,
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downllcld and uptrcld quartets. respectively. Fur [Ph( thee 14)j~' ,/(DC 1.\,) =40.5 and 40,2 Hz for the
dowulicld and uplicld quartets, respectively (adapted from Ref's, [144] lind 1145]).

state structurcs deduced for [Cd (t heel4)J2 + and its Hg2 -+ and Pb2 + analogues. This
difference probably arises because the smaller NF ~ , whose ionic radius is 69 pm,
fits more easily into the thee 14 macrocyclic hole,

The mechanism in Fig, 10 contrasts with that proposed for the intramolecular
exchange between equivalent trigorul-bipyramidal structures of live-coordinate
[M(tlllc)X]+ (where M1+=Zn2

+ , Cd2 + or Hgl ' • tmc e tctrumcthylcyclam and
X - is a monodcntatc anion) which proceeds through a Berry-type mechanism
involving rearrangements where tme is in a folded trans I (cis I) configuration and
X - occupies an axial site [148, 149]. It also contrasts with the mechanism where
five-coordinate [Pb(cyclam)Xr: intcrconvcrts between folded cyclam trans V (cis

V) R,R,R.R and S,S,S,S conllgurationr [150].

6. Metallocvclodextrfns•

Cyclodcxtrins arc homochirul cyclic oligosuccharidcs composed of from six to
thirteen o-l A-linked n-glucopyranosc units and arc produced by the cnzymuic
degradation of starch [13--17]. The rx-. B- and y-cydodextrins arc the most plentifully
produced and studied, and arc composed of six, seven and eight n-glucopyranose
units, respectively, as shown in Fig. 12. They possess annular structures whose wide
and narrow hydrophilic ends arc d-Jincatcd by O( 2)1-1 and O( 3)H secondary, and
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O(6)H primary hydroxy groups, respect ivcly. Their hydrophobic annular interiors
are lined with mcthinc and methylene groups and ether oxygcns, The size or the
cyclodcxtrin annulus increases with the number of linked n-glucopyrunosc units so
that (J.-, r~- and y-cyclodcxtrin can partially or completely "include" a wide range of
guests in their annuli to form host-guest complexes, also referred to as "inclusion
complexes" [I 4~ )7J, The variation in size and the homochirulity of the cyclodcxtrin
annuli provide opportunities for both size and chirul discrimination in this inclusion
process as indicated by differences in complex stability as the identity of either the
guest or the cyclodcxtrin is varied. Only secondary bonding exists between the
cyclodextrin and guest. Nevertheless. the inclusion complexes formed can exhibit
considerable stability. and the most stable inclusion complexes arc usually formed
with substrates possessing some aromatic character,

While cyclodcxtrins can bind metal ions to form mctallocyclodcxtrins, such com­
plexation is generally weak and involves the formation of hydroxo species [15 J"
153], Th·...;. most mctallocyclodcxtrin studies arc of modified cyclodextrins where
one or more hydroxy groups are substituted by a group which coordinates metal
ions to form binary mctullocyclodcxtrins, Subsequently, a guest may include in the
cyclodextrin annulus and also coordinate to the metal centre to produce it ternary
mctallocyclodcxtrin. This is exemplified by our studies of the formation of binary
Il1ctallo·(,A-t3-aminopropylamino)-6A

..dcoxy-Il-cyclodcxtrins ([M(r3CDpn)f +) and
theircomplexation of the tryptophan anion (Trp - ) to form thc ternary mctullocyclo­
dextrins ([M(BCDpn)Trpr) as shown in Fig. 13 and Table 8, The
mctallo-rr'-! 2-( N,N-bi~;( 2-aminocthyl lamino)cthylamino)-ot\-deoxy-[l-cyclodcxtrius,
[M(f~C[)trcn)F.j- (I in Fig. 14) and Uv1H3CDtrcl1)Trpr- arc similarly formed [154-­
156] (Table 8). The substitution of a fiCD primary hydroxy group by
NH(CH2hNH2 and --NH(CH2hN«CH2hNH2)}z results in strong M1

+ binding in
the binary cyclodcxtrins which. nevertheless, is not (IS strong as that in [M (pnj]' +
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and [M (trcnj]' -f. respectively, where pn is 1.3-diaminopropane and tren is 2.2'.2"­
triamlnotricthylumine [157) (Table H). This probably reflects the stcric hindrance to
M2 + binding caused by the J3CD moiety in ~CDpn uno J3CDtren, and differences
in the electron donating powers or the secondary amine groups in pCDpn and
pCDtren and primary amine groups in pn and trcn, The stability variations for both
binary mctullocyclodcxtrins with the nature of M2 + arise through a combination
of M2 + size and ligand Held variations, and the higher stabilities of
[M(pCDtren)]2+. by comparison with those of [M(pCDpn)]2+, arise from the tetra­
dentate nature of pCDtren.

The binding of (R)-Trp - and (S'j-Trp - by[Ni(pCDpn)f + shows a tenfold discrim­
ination for [Ni(pCDpn)(S)-Trp] + over [Ni(~CDpn)(R)-Trp] + while the Co2 + and
Cu2 + analogues show smaller discriminations, and the Zn2 + analogue shows none
[154,155]. Thiseffect of M2 + on chiral discrimination is coincident with the variation
of the ionic radii of six-coordinate Co2 +, Ni2 +• Cu2 + and Zn2 + which are 74.5, 69,
73 and 74 pm [35], respectively, and the ligand field imposed constraints in Co2+•

Ni2 + and Cu2+ complex stereochemistry. It is interesting that
[Zn(BCDpn)(R)-Trp]+ and [Zn(~CDpn)(S)-Trp]+ are of the same stability, while
the analogous diustereomcrs for the other three metal ions diller in stability. The
absence of ligand field effects in d to Zn2+ probably allows more flexibility in thc
structures of [Zn(pCDpn)(R)-Trp]~ and [Zn(pCDpn)(S)-Trp]+ and as a result
enuntioselectivity isdecreased. In contrast, the d () electronic configuration for similar
sized Cu2+ imposes a tetrugonally distorted octahedral stereochemistry which may
impose restrictions on the interaction 01 the chirul centres of (R )-Trp - and
(S)-Trp- with the f3COpn moiety and decrease the stability of
[Cu<r~CDpn)(R)-Trp]+ by comparison with that of [Cu(JiCDpn)(S)-Trp]+ . Similar
arguments apply in the cases of d7 Co2 + and d" Ni 2+ whose six..coordinate gcome­
tries more closely approach regular octahedra. The crucial influence of M2 + in chiral
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TablrR
Stahility constants for 6"_( J.aminopmpylamino).6".dco\y·tl-rydodrxtrins HleDpll)··!! and (r'.( 2-(N,N
.his( 2-" minoet hyl )amino)cthylami no).6t1·J eoxY-I\·cyclodo..1rin weDt rc 11)' meta llocyclodcx trins and
related species in aqueous solrtion"

Equilihria involving M2 +

M ,Z , ----
Co2

j N·"
"

ln2 1

M }. I +pn =IM (pnWI

M}.~ +trcn=[M(lrcnW'
M}. I +nCDpn =[M(jK'DpnW I

M}.' +JJCDtrcn=IMHiCDtrcnW +

M2 I +JiCDpnll j ~ [M(JlCDpnlf 1)""
M}. f +IICDtrcnH ' 0--" [M(/K'DtI'cnll W+

M 2
+ +Trp =[M(Trp'),

IMq~CDpn)fI +t1l}-Trp =[MnICDpn)(R)-Trrl'
1M qiCDpnW~ + (S ,-Trp =[M (j\CDpn)lS)-TI pJ '
: M (JlCDtrcn'f '+(R)·Trp == [M (j\('DtrcnHR)·rrpj ,
[M (JlCDII'Cn)F ' +(S ,-Trp ="[M OK'Dtl'cnHS)·Tl'p] ·
[M HK])trcn)f I +(1~)-Tr)i1l =IM WCDtrcn)(R)-Tl'plf f '
[M(JiCDlrcn'1 2

I +(S,·Tl'pH =1 MWCDtl'cnHS)·Trpllj2 j

[M WCDtrcnlf W~ +(R)-TrpH =[M UK"DtfcnH )(R)·Tl'plf I' I

(MH1CDtrcnU)]-'~ +(S)·1'rpl1=[M!flCf)trcIIH )(.\')-Trpll)"' I

Equilibria not involving M2 I

IJCD +(R)-Trp == fICO' (R)-Trp
~(,D +(S,·Trp .. = ~CD' (S)-Trp·
[JCDpn +(R)-Trp· = ~(,Dpn' (R}-Tt·p
nCDpn +(5 j-Trp ;:::: pCDpn' (S)-Trp·
pCDtrcn+(R)-Trp- = lJCDlrcn' IR,·TI'f'
nCDlrcn +(S)-Trp. = nCDtrcn' (S,-Tl'p

• Ref. [154J.
b Ref. [ ISS].
c Ref. [156].
d At 298.2 K and 1;::::0.10 moldm- J (NaCI04, .

----
6JI 9,75

12.7 14.6 IX.5
4,22 5.2 7J5

11.65 17.29
2,) :U ],09

fU(1 11,56
4.011 5.42 H.II
4,04 4.1 7.R)
4.,'2 5.1 K.nlJ

M.2 9.5
H.l \},4

4.6 4.3
4J 4.2
3.56 4.4
3,6 4.4

log(K/tlm3 mol I)

2J3
2J3
141
l40
6.36
6.5

14.5
4/'6
12.25
JO
7.92
4.90
5..1
5..1
8,1
8..1

4.82
4.96

discrimination in these systems is demonstrated by the lack of chiral discrimination
in the pCDpn' (8)-Trp - and pCDpn' (R)..Trp - complexes. A similar variation in
chiral discrimination is seen in the analogous ph enylalanine anion metallocyclo­
dextrins [158J.

The stabilities of the ternary metallocyc1odextrins appear to be dominated by
three major factors: (i) the hydrophobic interaction between the guest and the pCD
annulus interior. (ii) the coordination of the guest to the metal centre, and (iii) the
interaction of the guest's chiral centre with the chirality of pcn. It is only. when the
last factor makes a different contribution in the diastereomeric ternary metallo­
cyclodextrins that thermodynamic enantioselectivity occurs, This is illustrated
by the absence of enantioselectivity in [M(~CDtren)(R)-Trp]+ and
[M(pCDtren)(S)-Trp]+ wnere factors (i) and (ii) appear to dominate despite a
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Fig. 14. Schematic representation of some mctullocyclodextrins.

considerable increase in stability over that of (1\1 (~CDpn)(R)-Trpt and
[M(~CDpn)(S)-Trp]+ [156]. The cifcct of protonation of the guest is shown by
[M(~CDtrcn) (R)-TrpH]2 + where monodentate tryptophan (TrpH ) does not coord­
nate as strongly as bidcntate Trp" in the more stable [M(pCDtren)(R)-Tl'p]+ . The
[M(pCDpn)(R)-Trpl-Ir -I species is not detected probably because it has a lower
stability reflecting the lesser stability of [M(f3CDpn)F + by comparison with that of
[MOjCDtrcn)]2+ where the tetradcntatc trcn substituent coordinates M2+ much
more strongly than does bidcntate pn.
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The stabilities of riCDtren'(R)~Trp-' and I~CDtrcn'(S)-Trp- arc _](}_1 times
greater than those for r3CDp'1' (R)-Trp·· and flCDpn' (S)-Trp- which are .... 10 times
greater than those for rJeD . (R)-Trp· and fleD' (S)-Trp- (Table 8). This variation
is auributablc to the interaction of the Trp aminocarboxylatc group with the
narrow end of the cyclodcxtrin annulus such that Trp' egress is hindered more than
ingress by the substitution of a polyamine a: the C( 6) site of pCD. The stabilities
of [M(pCDtrcn)(R)-Trp]+ and [M<rlCDtrcn)(S)-Trpr are greater than those of
MTrp + and pCDtrcn .Trp -- consistent with the coordination or Trp - by M 2+ and
the interaction of Trp" with the riCD annulus reinforcing each other to stabilise
[MH1CDtrcn)(/\)·Trpr and [M(pCDtrcn)(S)-Trp] +. However, while the stabilities
of [M(BCDpn)(R)-Trp]+ and [M(l3CDpn)(S)..Trp] ' arc greater than those of
f3CDpn .Trp -, indicating the stabilising effect of coordination of Trp- by M2 of ,

they more closely approach those or MTrp + consistent with competition between
the Trp - binding effects of the fiCD annulus and M 2 + in these ternary metallocyclo­
dcxtrins lowering their overall stubilitics [I 57].

Chiraldiscrimination by mctallocyclodcxtrins has led to their usc as chiral discrimi­
nating agents in the mobile phase in HilLe cnantiomcric separation. This isexempli­
tied by 6A·r2-( 4-iJl1idaz~oty' lcthylamino]-61\-dcoxY-B-cydodextrincoppcr( If) (2 in
Fig. 14) [159], which complexes the (R )·cnantiomers of several aromatic aminoacid
anions more strongly than their (S)-cnanliumers [160.] 6I]. Such (R)-cnan1.iomcrs
appear to form a more stable ternary metallocyclodcxtrin because the aromatic
moiety of the guest (R)-amino acid anion includes in the fJCD annulus while that
of the (S)-amino acid anion does not. When 2 is used as thc chiral discriminating
agent in the mobile phase in HPLC studies, the (R~ .nantiomers of tryptophan,
phenylalanine and tyrosine clute ahead of the (5)-cllantiomers [l 60,161]. This is
because the amino acid anions partition between the mobile aqueous phase and the
non-aqueous stationary phase, while the binary and ternary metallocyclodextr.rs
arc insolul.ie in the latter phase. T~lUS, the cnantiomer which forms the most stable
ternary mctallocyclodextrin spends less time in contact with the HPLC stutionarv
column and elutes first. TJw enantiomcrs of the aliphatic amino acids alanine"
proline. histidine and leucine were not separated by this HPLC method. probably
because- the inclusion of an aromatic moiety of the enantiomeric guest in the
homochiral cyclodext rin annulus is necessary to engender enantiosclcctivity.

In contrast to 2, the usc of 6A-[4-(2-aminoethyJ )ill1icJi~l.olyl]hist-

amino)-6 '-t.koxy-ri-cyclodcxtrincoppcr(l f) (3). as a chiral discrimination agent
causes (S)-Trp- to clute before (R)-Trp- [162]. This reversal of cnantiosclectivity
arises from the higher stability of the (S)-Trp- ternary mctallocyclodextrin which
appears to include the aromatic moiety of the guest inside the pen annulus,
while that of its less stable (R)-Trp- »ualogue docs not. Thc complexation of
alanine. phenylalanine and tryptophan anions by tj.~-( 2-aminocthylyJ­
amino)-6A-deoxy-f3-cyc!nt! l' Xlrincoppcr(H) (4). shows no mcrurablc cnantioselec­
tivity, but the I\S~ of 4 as a chiral discriminating agent in HPLC studies results in
(R)-Trp - eluting after (S)-Trp - consistent with d very small cnantioselectivity being
amplified by chromatography [163].

The ternary mctallocyclodextrin, [Ni(flCDpn)( R)-Trp] +, shown in Fig. 13 incor-



284 S.F. Lincoln / CO(Jl'dilU1liOlI ClIC'IIt;S/fy Reviews /(j(j ( N(7) 255 ·]8<)

porates a metal centre in close proximity to a hydrophobic: cavity containing a guest.
This resembles a Michaelis metalloenzyme complex, as do a range of ternary l11etall(1.
cyclodextrins which have been studied as meta lloenzyme mimics [164, I(,S). The finrt
such reported study appears to be the catalysis of the deacyclation of Ji~nitrophen~'l
acetate by the metallo-e-cyclodcxtrin 5 (in Fig. 14) []66]. Deacylation is acceleratdd
by > 103 over the uncatalysed rate, and proceeds through acylation of the pyridinec­
arboxaldoxime ligand followed by deacylation of the resulting acetate. Nevertheless,
catalysis by 5 is only four-fold more effective than that caused by tl~i~

pyridinecarboxyaldoximonickelt II) complex. It appears that while the IjtCD aJ1lHllilS
of 5 retains the included; iJ-nitrophcnyl acetate in close proximity to the attackihg
pyridinecarboxaldoxime oxygen, significant freedom of movement exist s for p-nitrio­
phenyl acetate in the annulus which may diminish the overall catalytij effect of :j.

The importance of tlie relative orientations of the metal centre ~l11d guest !in
the ternary metallocyclodextrin is illustrated by thr: tOOO-fold rate acceleration
of the deacylation of p-nitrophcnyl acetate caused by 6A.(1AJ ~ lfl-tetra­
azadodecyl )-6A-p-cyclodextrincobalt( III) (6 in Fig. 14), and the smaller acceleration
caused by 3A-(1,4,7,IO-tetraazadodecyl )-3A-P-cyclodextrincoba1t(III) (7) [l67~ 168].
The probability of the nucleophilic attack on included p-nitropheny! acei ate by a
hydroxo ligand bound to the C03 + substituent in 7 appears to be decreased by steric
hindrance. The [Co(cyclcn)(OH )(H20 )]2+ complex has no catalytic effect but
6A

_( 1A,7, IQ-tetraazadodecyl )-6A-p-cyc1odextrin causes an 8.6 fold deacylation rate
acceleration under the same conditions. The influence of the metal centre on catalysis
is illustrated by the Ni2 +, Cu2 + and Zn2 + analogues of 6 which cause only 16, 14
and 12-fold accelerations of deacylation of p-nitrophenyl acetate, respectively [169].

Michaclis-Mcnten kinetics are observed for hydrolysis of p-nitrophenyl diphenyl­
phosphate in the presence of the Z112+ metallo-B-cyclodextrin (8 in Fig. 14) which
accelerates the hydrolysis by a factor of 7 by comparison with the catalysis caused
by the complex where the modified pCD substituent is replaced by a methyl group
in the tetraaza macrocycle [170]. Zinc(II) appears to act as a bifunctional catalytic
centre through simultaneously providing a nucleophilic OH- ligand to attack the
phosphate ester, and stabilising the development of negatively charged phosphate
oxygen through coordination. The increased catalytic effectiveness of the ternarj
metallocyclodextrin arises from p-llitrophenyl diphenylphosphate being localised
adjacent to Zn2 +. While pCD substituted by diethylenetriamine at C(6) is not a
catalyst for the hydrolysis of ribonucleoside 2' ,3'-cyc1ic phosphates, its2n2+ metallo­
cyclodextrin accelerates the hydrolysis of the 2', 3'-cyclic monophosphates of adeno­
sine, guanosine, cytosine and uridine, 23~, 28-, 3.5- and 9.6-fold, respectively [171].
This variation is consistent with the purine residues of the first two 2', 3'-cyclic
monophosphates aiding the formation of more stable ternary metallocycIodextrins
than do the pyrimidine residues of the second two, and the importance of inclusion
of the guest in the metallocyclodextrin cavity in the catalytic process. (It is probable
that coordination to Zn2 + of the ribonucleoside 2', 3'-cyclic phosphate guests occurs
and increases the stability of the ternary metallocyclodextrin as is the case for the
same metallocyclodextrin with a range of different coordinating guests [172].)
Smaller accelerations occur for the hydrolysis of ribonucleotide dirners. The ternary



S.l·~ Lincolu ] Cnordinutio« Chemlstr» Reviews Ui6 ( /'197) 25.':-289 285

metallocpclodcxtrin (9 in Fig. (4) formed when Zn2 +)8 simultaneously coordinated
by bis( hrstanlino)-~~cyclodextrin and imidazole resembles the active site of carbonic
anhydrase where Zn2 + is bound by three imidazoles at the base of a cavity formed
by the t~rotein [173]. For CO2 hydration, ..9 is a substantially: better catalyst than
Zn2 + al!onc, but dehydration of HCOi i not catalysed by:9 probably because
HCOi~ eoordlnates too strongly to Zn2 +

The: sjudy of metallocyclodcxtrins as enzrme mimics represents an expanding and
excitingjarea of research [l64~ 174-179]. II: should be remembered, however, that
metalloenzymes have optimised their active site-substrate siereochemistries over

I

milliotl~~ of years, and i~ is to be HI~tici'pated that significant misa;lig?ments of catalyt~c
centre ifnd guest arc likely to arise III ternary metallocyclodcxtrins such that their
catal}~it; activity 'viii often be ow relative ,to that of metalloeazymcs.
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